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his edition is dedicated to our esteemed colleague and close
friend, Harry N. Herkowitz, MD, who passed away, too early,
in June 2013. In a humble attempt to honor him and his legacy,
we list Harry’s name along with our mentors, thus changing
the title of this book to Rothman-Simeone and Herkowitz’s he
Spine. Harry abruptly and unintentionally let the editorship
of this great work, of which he truly was the lead and driving
force for the irst six editions. We present this seventh edition
proudly and with the hope that our departed friend would
approve. To ill the void let by this one man, we have added
two new editors whom Harry respected immensely.
Harry was a luminary in spine. Orthopedic surgeons and
neurosurgeons worldwide have beneited from his extensive
and signiicant contributions to the ield. Harry worked
incredibly hard and accomplished much during his career,
rising to the presidency of multiple organizations. He was an
excellent and exceptionally active surgeon. He was a surgeon’s
surgeon, as we say, who was respected as a superb educator, a
leader among leaders, and a shining example of a clinical
researcher. Harry emphasized and fostered patient-oriented
care long before it was in vogue. His manner of practice and
teaching epitomized evidence-based medicine, once again
before it became a deined process. With an intrinsic drive, he
continued to search for excellence. His accomplishments, for
a single person, were extraordinary.
Unlike most of us, Harry did not begin his career in a university setting with its attendant peer pressure to publish and
produce; his was an internal force. Ultimately he surpassed
his original goals. “Don’t worry, I will get it done,” was a
consoling and airming phrase he used oten. And ater he
uttered those words, we didn’t worry, and he would always

get it done. Today, it would be unusual to get through a round
of fellowship candidate interviews without hearing the word
“privademics,” and it is to this type of practice that many of
our young colleagues aspire. Harry, under the guidance of our
mentor Richard Rothman, MD, PhD, blazed a trail into this
heretofore unknown hybrid world brilliantly and sellessly,
setting aside his and his group’s personal inances and time.
In so many ways and in so many settings, Harry changed the
lives of patients, colleagues, and trainees. He rewarded those
who lived up to his expectations with a lifetime of honor and
friendship. He changed the course of contemporary spine
surgery through his research and his leadership of numerous
professional organizations, not the least of which was the
American Board of Orthopaedic Surgery.
Harry was cordial to everyone, tough when needed, and
extremely loyal to his friends. His professional and personal
life was about giving and sharing with others what he had
learned along the way (much of which was from Richard
Rothman). hose of us who knew him well saw his soter side.
Besides being a great, loyal, and true friend, he was, most
importantly, a devoted family man. He adored his wife, Jan,
and children, Seth (and wife Lauren) and Rachel (and husband
Michael). Sadly, he never met his granddaughter.
We all strive to move forward, improving on the past when
possible and appropriate. But the spine world, and the friends
Harry let behind, are not the same without him. He bound
contemporary orthopedic and spine communities together.
hank you to Harry’s mentors, and family, who shared this
giant with us.
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Preface
As can be seen from the Dedication and Acknowledgment
pages, the Editorial Board for this seventh edition of he Spine
has undergone some changes. With the passing of Harry N.
Herkowitz, MD, and the fact this may be the last edition for
some of the remaining long-term editors, two new editors—
Christopher N. Bono, MD, and Jefrey S. Fischgrund, MD—
have stepped in, and up, to help us create this new edition of
Rothman-Simeone and Herkowitz’s he Spine. We hope readers
will ind this edition—as well as future editions—as important
and useful as previous ones.
his edition of he Spine comes 7 years ater the sixth
edition. We have strived to continue the original concepts of
Richard H. Rothman, MD, PhD, and Frederick A. Simeone,
MD, which was to correlate basic science, knowledge of the
natural history, and clinical course of spinal disorders with
current treatments based on established scientiic principles
and evidence-based literature. his edition, as in those of the
past, provides a comprehensive look at spinal disorders afecting adults and children. It is directed at clinicians of all levels
and specialties who treat spinal conditions and who need and
appreciate our underlying principles, which ultimately lead to
enhanced quality of care for patients.
Since this may be the last edition for some of the editors,
we feel it is important to briely describe the background for
this seventh edition of he Spine. In our Preface to the sixth
edition, we highlighted each of the previous editions by choosing important wording from the Prefaces. We have followed
the same pattern here so that new readers, as well as long-term
ones, can put this edition in historical perspective.
he forerunner to he Spine was he Intervertebral Disc by
Drs. Rothman and DePalma. In their preface written in 1970,
the authors wrote: “he role of the intervertebral disc in the
production of neck and back pain, with or without radiation
into one of the extremities, has been the subject of much
investigation for many decades…he disc has been attacked
from every conceivable angle, the most important of which is
its biochemical nature and its response to physiologic aging
and trauma. In spite of the exhaustive studies recorded in the
literature, it is alarming to ind how little of this knowledge
has been acquired by those concerned with neck and back disorders…We are sure that much that is recorded in this book
is still very controversial. Yet, we believe that our approach to
this complex problem will be helpful and rewarding to others.”
his comprehensive monograph on the disc totaled 373 pages.
It crystallized concepts of the disc for spine physicians of the
day and served as the forerunner of many books to follow.
xx

In the Preface to the irst edition, Rothman and Simeone
stated, “he Spine had as its genesis a strong feeling on the part
of its editors that a need existed for a comprehensive textbook
to include all aspects of diagnosis and treatment of spinal
disease. Our goals were to lower the traditional disciplinary
barriers and biases and to present a uniform guideline to
problem solving in this area…his book has been designed
to include all facets of disease related to the spine, whether
orthopedic, neurosurgical, or medical in nature… An attempt
has been made to achieve completeness without exhaustive
and burdensome details. he contributing authors have not
merely recorded the possibilities in diagnosis and treatment of
spinal disorders, but have relied on their personal experience
to ofer concrete recommendations.” he irst edition of he
Spine, following the dictates of the editors, covered the full
range of knowledge of spinal disorders known at the time and
became an essential component of the libraries of all medical
personnel who dealt with spinal disorders. he authors, one a
neurosurgeon (F.A.S.) and one an orthopedic surgeon (R.H.R.),
combined their eforts to teach the world not only diseases of
the spine, but also the importance of working together in an
attempt to understand and treat the disease processes. heir
spinal fellowship, as well as personal fellowship, was based on
this multidisciplinary yet regimented approach to the spine
and has been the model that we have sought to achieve in our
own clinical and teaching environments.
he Preface to the second edition of he Spine stated,
“Advancements in medicine generally follow broader scientiic
and even social trends. he treatment of spine diseases is
no exception. Consequently, increments of new information
have been added to the general body of knowledge in spotty,
but predictable, areas. hese new developments constitute the
raison d’être for this second edition. he dramatic progress
in radiologic imaging stands out as the most useful innovation [at that time, computed tomography]. Each contributor
has demonstrated his commitment to summarizing the most
recent information in a manner useful to students and clinicians alike, and for this the editors are proud and appreciative.”
he Preface to the third edition included the following:
“he current edition has new editorial leadership. hose of us
involved in the direction of this project have tried to follow
the model previously established by Drs. Rothman and
Simeone in inding the best authors for each chapter. We,
hopefully, have emphasized, as in the past editions, the importance of understanding the basic science in a concise manner,
which leads to the ability to make appropriate decisions and
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manage patients with simple or complex spinal problems. We
have attempted to update each section, have eliminated those
areas that are not current, and have separated some components of the basic science from the clinical to aid readers in
locating pertinent information in the ever-increasing body of
knowledge related to the spine.”
he Editorial Board for the fourth edition of RothmanSimeone he Spine carried over from the third edition. “It
provided expanded information on magnetic resonance
imaging and laparoscopic and endoscopic surgery. It contained
a comprehensive discussion of disc degeneration and its treatment. his edition also introduces a chapter on outcomes
research and its importance to our assessment of functional
outcome in addition to the more traditional measurements of
success, including radiographic parameters.”
he ith edition of he Spine added much new information, along with signiicant updates in content and references.
his edition introduced Key Points, which were four or ive
important concepts and facts contained at the end of many of
the clinical chapters. A Key References section was added for
each chapter that highlighted the most signiicant references.
Chapters new to the ith edition included surgical management of osteopenic fractures, disc and nuclear replacement,
management of lat back deformity, use of transforaminal
lumbar interbody fusion, and use of bone grat extenders and
bone morphogenetic protein in the lumbar spine. Other new
chapters included thoracoscopic surgery and its clinical applications and intraoperative monitoring, including motorevoked potentials. A new chapter on genetic application and
its exciting role for future treatments of degenerative disease
was included in the basic science section. Minimally invasive
posterior approaches to the lumbar spine were also introduced
in that edition.
he sixth continued under the same Editorial Board as the
ith edition. he editors were charged with ensuring that the
chapters within their sections contained the latest evidencebased information whenever available. New chapters included
those devoted to arthroplasty for cervical and lumbar degenerative disorders. In addition, revision strategies for failed disc
replacements highlighted the potential diiculties in dealing
with this complex surgical problem. he sixth edition also
signiicantly expanded the discussion of minimally invasive
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techniques with six chapters devoted to the rationale for
minimally invasive surgery and the surgical techniques,
results, and complications. A chapter devoted to sot stabilization for lumbar ixation was also added. Also new to that
edition were a chapter devoted to anulus repair and a chapter
devoted to the basic science of spinal cord injury. As had been
done in previous editions, chapter updates were incorporated
throughout the book whenever appropriate.
his, the seventh edition of he Spine, includes many of the
chapters and authors from the sixth edition. However, all have
been updated to include what is new in the basic and clinical
sciences related to the topic, with relevant references and
updates on clinical outcomes where warranted. In essence, as
in all other editions, these chapters epitomize the newer academic catchphrase of “clinical translational research.”
We have also expanded international authorship, including
adding new contributors. he genetics chapters have been
enhanced with both basic and clinically relevant information.
Even more content on minimally invasive surgery has been
added, with updates on outcomes, approaches, and techniques.
We have eliminated some topics (e.g., facet replacement) that
have fallen out of favor and/or use. We have added discussion
on the sacroiliac joint, since that is one of the newest areas in
spine care. We have updated the current status on motionsparing techniques, including disc replacement with now
longer-term follow-up and experiential updates in complications and their treatment. Although this is speciically important to disc replacement, it is the crux of change in most
preexisting chapters.
he current Editorial Board remains committed to the
broad-based appeal of this book. he authors include basic
scientists, neuroradiologists, neurologists, physiatrists, and
rheumatologists, along with orthopedic surgeons and neurosurgeons. In addition, this book remains unique in providing
comprehensive sections on pediatric disorders and adult
disease. Its comprehensive content ranges from degenerative
disease to deformity to trauma and tumor. Alictions of the
spinal cord, along with detailed discussions of complications
and their management, contribute to this book’s broad appeal.
We feel this edition of he Spine continues to be the primary
reference resource for all physicians and other clinicians with
an interest in spinal disorders and treatments.
Steven R. Garin
Frank J. Eismont
Gordon R. Bell
Jefrey S. Fischgrund
Christopher M. Bono
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C H A P T E R

Development of the Spine

I

Christopher M. Bono
Amandeep Bhalla
Steven R. Garin

he embryologic development of the human spine is an enormously complex process that is only partially understood. Differentiation of the pluripotent tissues of the embryo leads to
early formation of a repetitive segmented vertebral structure.
Because the embryo is exquisitely susceptible to malformation
and developmental error, each step of formation is critical.1-4
Familiarity with these various steps can be helpful in understanding not only congenital syndromes, but also the possible developmental role concerning predisposition to some
degenerative spinal processes, typically considered “wear and
tear” conditions.5,6 he continuously expanding understanding of the genetic basis of life, with the genetics of spinal
development no exception, has aided the understanding of
these syndromes.7-13
Fundamental to understanding spinal embryology is the
concept of metamerism. In principle, metamerism is the
development of a highly specialized organism, with multifunctional organ systems, from many anatomically similar
segments arranged in a linear fashion. his is particularly easy
to conceptualize in the spine because the fully developed spine
comprises numerous units with similar shape, arrangement,
and function. Metamerism also pertains to the development
of the appendages from the metameres, however, which do not
have such repetitive arrangement of consecutive units.
In embryonic development, the metameric segments are
called somites. Primitively, all somites have the same developmental potential. Genetic signaling, speciic to the species,
determines the degree of regional specialization, such as limbs
in mammals versus ins in ish or the lack thereof in snakes.
Using these comparative examples, one can also understand
the concepts of isomerism and anisomerism. Isomerism is
characteristic of more primitive animals, in which the number
of somites is greater but more uniform and not so highly specialized. his is akin to the snake, which has a great number
of vertebral units sustaining its long body, but no limbs. In
contrast, anisomerism is present in more developed species,
such as mammals, in which many of the somites have been
deleted (resulting in a lesser number of vertebrae), whereas
the remaining somites are more highly specialized so that
complex, specialized appendages can be developed.

Although the mature vertebral column is composed of
numerous similar units, the tissues within each of those units
are highly specialized. he vertebrae, discs, nerves, and blood
vessels have embryologic precursors that form according to
rapidly dynamic interstructural relationships. his chapter
provides the essentials of human spinal development as they
relate to the fully developed structure to understand its form,
function, and various pathologic possibilities better.

Early Embryologic Spine Precursors:
Day 17 to Week 4
he development of the human spine begins on the seventeenth day of gestation. his is within the triploblastic stage of
the embryo, during which it is shaped as a disc (Figs. 1.1 and
1.2). On one side of the disc is the amnion cavity, and on the
other is the yolk sac. On the dorsal layer (which is in contact
with the amnion) of the disc, there are epiblastic cells that
converge and invaginate into the disc to form the primitive pit
or node. When embedded within the tissue, it forms a tubelike
structure that extends craniad, “burrowing” deep to the
embryonic disc along its ventral surface. he tube cavity is in
continuity with the amniotic luid. his extension is known as
the notochordal tube.
At this point, the ventral wall of the notochordal tube is in
contact with the yolk sac, which causes disintegration of these
cells. A lat remnant of dorsal wall cells from the notochordal
tube forms the notochordal plate on the nineteenth day. his
plate matures and thickens to form a solid round structure
known as the notochord. he yolk sac reforms, which obliterates the temporary communication between the amnion and
the yolk sac (persistence of this yolk sac/amnion communication is lethal). he presence of the notochord induces a
thickening in the overlying ectodermal cells, which are fated
to become neuroectodermal cells. he thickening forms the
neural plate. At this time, the neural plate is in continuity with
the amniotic cavity. On the eighteenth day, the sides of the
plate begin to curl up to form a tube. When the edges have
3
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FIG. 1.1 During triploblastic stage (seventeenth day of gestation), the embryo is shaped as a disc.
EEC, extraembryonic coelom. (From Brooks M, Zietman AL. Clinical Embryology: A Color Atlas and Text. Boca
Raton, FL: CRC Press; 1998:57.)
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FIG. 1.2 (A) On one side of the disc is the amniotic cavity, and on the other is the yolk sac. The notochordal
tube “burrows” deep into the embryonic disc. (B) When the ventral wall of the notochordal tube contacts the
yolk sac, it disintegrates. (C) Remaining dorsal wall cells thicken to form the notochordal plate; this matures and
thickens to become the notochord. L, left; R, right. (From Brooks M, Zietman AL. Clinical Embryology: A Color
Atlas and Text. Boca Raton, FL: CRC Press; 1998:57.)

fused together, it is known as the neural tube. he amniotic
luid trapped inside is the precursor to spinal luid.
he notochord lies ventral to the neural tube in the midline.
Mesodermal tissues on either side of these structures condense
to form longitudinal columns. By the nineteenth day, there are
three distinct columns on either side of the midline: (1) medial
paraxial columns, which give rise to the somites; (2) intermediate mesodermal columns, which form the urogenital organs;
and (3) lateral mesodermal plates, which form the gut cavities.

In considering the development of the spine, attention is
focused on the medial paraxial columns. he juxtaposition to
the intermediate columns may help explain, however, why
abnormalities of the urogenital tract are frequently associated
with vertebral anomalies.1
he somites are arranged in consecutive fashion along the
dorsal aspect of the embryo. hey are irst formed in the
rostral (or cranial) aspect of the embryo, continuing caudad
to form 42 to 44 individual segments over a period of days
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paraspinal musculature, nucleus pulposus, and neural
elements. his development is achieved through numerous
sequential steps and stages.

Precartilaginous (Mesenchymal) Stage:
Weeks 4 and 5
he mesenchymal cells within the sclerotome divide into three
main regions. One immediately surrounds the notochord.
his region is the precursor for the vertebral bodies and the
anulus ibrosus portion of the intervertebral discs. A second
region surrounds the neural tube; this is destined to develop
into the posterior arch of the vertebra. he third region of cells
is within the body wall and is related to extraspinal tissue.
In metameric fashion, the sclerotomes are organized into a
consecutively stacked arrangement. he next step in spinal
development has been explained by the “resegmentation”
theory.14-18 Resegmentation describes the division of each
sclerotome into a cranial and caudal half. he cranial half is
loosely arranged, whereas the caudal half is composed of
densely packed cells. A small portion of the densely packed

From Somites to Spinal Column
he sclerotomes, myotomes, notochord, and neural tube eventually develop into the discoligamentous vertebral complex,
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FIG. 1.4 Cross section of thoracic somite in a chick embryo. The notochord
(n) underlies the neural tube (nt). The somite is divided into dermatome (d),
myotome (m), and sclerotome (s). Lateral to this, the somatic mesoderm
(sm), endoderm (end), and ectoderm (ect) are shown. Ventral to the
sclerotomes lie the paired dorsal aortae (da).

FIG. 1.3 Somites of the human embryo are externally represented as a
series of dorsolateral swellings.
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FIG. 1.5 (A) Cross section of pig embryo. Arrows indicate the direction of somite cell migration to form the
vertebral process (vp), costal process (cp), and centrum (cent). The neural tube shows the anterior horn masses
and the dorsal root ganglia. (B) Cartilaginous vertebral arch (va) and costal process (cost) are evident, as is the
myotomic precursor to the spinal muscles (myo). Arrow indicates the intracentral vestige of the notochord,
called the mucoid streak.
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where the medial paraxial columns previously existed. Because
they are close to the dorsal surface, they are visibly apparent
as a series of beaded elevations (Fig. 1.3).
Within the somite diferent regions have specialized fates
(Figs. 1.4 and 1.5). he dorsolateral cells become the dermomyotomes. hese eventually give rise to the skin (lateral) and
muscle (medial) overlying the spine. he ventromedial cells
within the somite become the sclerotomes. hese are the
precursors of the skeletal components (vertebrae) of the spine.
he neural tube is fated to become the spinal cord.
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cells migrate superiorly to form the annular portion of the
intervertebral disc, surrounding the notochord. Most of
the densely packed cells fuse with the loosely packed cells
of the adjacent caudal sclerotome. his fusion creates the
centrum, the precursor of the vertebral body. he centrum
develops from portions of two neighboring sclerotomes. his
has signiicance on the anatomy of the fully developed spinal
column. Initially, the segmental nerve precursors are located
at the midportion of each sclerotome, whereas the segmental
artery lies at the junction between two adjacent levels. Ater
resegmentation, the nerve lies at the level of the disc and the
artery lies at the mid-centrum, where one would expect to ind
them in the fully developed specimen.
Experimental data support the resegmentation theory.8,19-22
he crux of these experiments includes implanting a quail
somite (from a quail embryo) within a chick embryo’s native
somites. he quail somite is juxtaposed to a chick somite, and
they develop together as the embryo grows. he quail tissue
can be diferentiated from the chick tissue using special staining techniques. Eventually, the somites give rise to sclerotomes
that develop into centra. With the use of this model, it has
been shown that the centrum does arise from the caudal and
cranial halves of adjacent sclerotomes. he posterior arches
(i.e., laminae) appear to follow this same pattern of growth.
his process seems to be highly inluenced by the Pax1 and
Pax9 genes.22 It is unclear whether the spinous process develops from one sclerotome or two adjacent levels.8,22 Other
investigators have produced evidence of resegmentation using
genetic labeling techniques.20 hese studies involved injection
of retroviral particles containing the lacZ transducing vector
BAG into a single somite of a chick embryo. In other words,
a single somite was genetically altered so that its cells would
produce the lacZ gene product—the protein β-galactosidase.
When the investigators evaluated the developed embryo, they
detected β-galactosidase in the caudal and cranial halves of
two adjacent vertebrae, suggesting that cells from the labeled
somite were incorporated into two neighboring vertebrae.

recent evidence has shown that the cartilaginous spinous
process is formed from Msx1 and Msx2 (two embryologic
proteins), producing mesenchymal cells, which require BMP4
to diferentiate.23 hese relationships highlight the important
interactions of primordial proteins in governing further
development of the spine.
he developing centrum and vertebra have the notochord
as a central axis. Intervening segments of loosely packed
cells are present between the regions of densely packed cells.
he outer disc is formed by these loosely packed cells of the
sclerotome, which are fated to become the anulus ibrosus. he
notochord disintegrates within the centrum during resegmentation and chondriication except in the region of the intervertebral disc, where some of its cells remain. he nucleus
ibrosus is the replacement of the embryologic notochord.

Ossiication Stage: Week 8 and Beyond
Primary ossiication centers develop in utero. In the spine,
ossiication centers form within the cartilaginous template.
here are three primary ossiication centers in the typical
embryonic vertebra: one in the center of the centrum and one
in each of the vertebra arch halves. At about the ninth week,
the preparation for ossiication of the centrum is heralded by
anterior and posterior excavations of the cartilaginous centrum
produced by the invasion of pericostal vessels.24 hese vessels
produce ventral and dorsal vascular lacunae, which support
the initial ossiication (Fig. 1.6). Ossiication of the centra
starts irst at the lower thoracic spine working craniad and
caudad from that point.25

Cartilaginous Stage: Weeks 6 and 7
Before the sixth week, the embryonic spinal precursor is
composed of mesenchymal cells. Starting in the sixth week,
cartilage-producing centers, or chondriication centers, form
within each developing vertebra. Although type II collagen
production within the extracellular matrix has been detected
in the ith week, it is most active during the cartilaginous
stage; it tapers of during the ossiication stage, but its production persists within the notochordal remnants of the nucleus
pulposus.12 Two chondriication centers form in each half of
the centrum, which eventually fuse into a solid block of cartilage. A hemivertebra is formed because of a failure of
chondriication in one half of the vertebral body. he segmental arteries from either side of the centrum fuse at its middle
aspect. Chondriication centers also form within each half of
the vertebral arch and eventually fuse with each other in the
midline and to the posterior aspect of the centrum.
Next, primitive cartilaginous transverse processes and
spinous processes develop from the vertebral arch. More

T12

FIG. 1.6 Lateral radiograph of a 34-week spine. Ossiication of the centra
starts irst at the lower thoracic spine, working craniad and caudad from
that point.
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Cervical

I
FIG. 1.7 Secondary centers of ossiication of a thoracic vertebra. The
centers at the tips of the spinous and transverse processes appear at 16
years and fuse at approximately 25 years. The ring apophysis of the centrum
ossiies at around 14 years and fuses at about 25 years.

Secondary ossiication centers develop ater birth. In the
spine, these appear ater puberty. here are ive centers: one in
the tip of the spinous process, one in each transverse process
tip, and one ring epiphysis in the superior and inferior endplates of the vertebral bodies. his development occurs at
about 15 or 16 years of age, but eventually these ossiication
centers fuse in the middle of the third decade (Fig. 1.7).26 he
transverse processes of the lower cervical vertebrae, particularly C7, may show an additional costal center of ossiication
that produces the troublesome cervical rib; this reinforces the
concept that all vertebrae primitively had the potential of
forming ribs.
A pair of embryologic joints, known as neurocentral joints,
is not present in the fully developed spine. hese are located
at the junction of the vertebral arches and the centrum but are
anterior to the site of the future pedicle. Although not true
“joints,” they allow expansion of the vertebral arch and spinal
canal along with growth of the vertebral body. his expansion
is most rapid between 18 and 36 weeks of gestation.2 At birth,
the spinal canal diameter at L1 through L4 is approximately
70% of adult size, whereas at L5 it is only 50%.2 his indicates
diferential growth within regions of the vertebral column
during fetal development. Full adult dimensions are reached
by 1 year of life at L3 and L4 levels. he neurocentral joints
persist until 3 to 6 years of age. he fusion of the fetal vertebral
arches to the centra occurs well anterior to the pedicles, at the
site of the neurocentral joints. he deinitive vertebral body
includes more than just the bone derived from the ossiication
center of the centrum, so the terms body and centrum are not
accurately interchangeable (Figs. 1.8 and 1.9).
It is commonly thought that isthmic spondylolysis occurs
because of a stress-type fracture within the pars interarticularis
of the lower lumbar vertebrae, most commonly L5. Speciic
anatomic features of the adult lumbar spine, such as variation
of the dimensions of the “lateral buttress” within the lumbar
spine, have been described. Prenatal factors have been sought,
but with limited success. Sagi and colleagues5 analyzed histomorphologically the lumbar spines of fetal spines aged 8 to 20
weeks to determine the sequence and location of ossiication
of the pars interarticularis of the various levels. hey reported
several indings. First, the pars begins to ossify in the twelth
to thirteenth week of gestation. In the upper lumbar levels,

Thoracic

Lumbar

FIG. 1.8 Fusion of the fetal vertebral arches to the centra occurs well
anterior to the pedicles, at the site of the neurocentral joints. The
contributions of the vertebral arches to the dorsolateral parts of the bodies
are apparent. The deinitive vertebral body includes more than just the
bone derived from the ossiication center of the centrum, so that the terms
body and centrum are not accurately interchangeable.

ossiication begins at the posterior portion of the pedicle and
continues caudad, creating uniform ossiication and trabeculation of the pars interarticularis. In contrast, the pars of the
lower lumbar levels begins within the center of the pars itself,
extending from this point to connect to the neighboring
structures. Sagi and colleagues5 found that this resulted in
uneven ossiication. his inding may help explain areas of
weakness within the pars interarticularis of the lower lumbar
levels and may suggest that there is a prenatal predilection for
a stress fracture in most individuals.

Fate of the Notochord
In the early embryo, the notochord serves as a rigid template
around which the future vertebral column develops. It is a
uniform structure that is present throughout the entire length
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FIG. 1.9 Neurocentral synchondroses lie well within the vertebral body in
all cases. Normally, costovertebral synchondroses develop a true diarthrodial
joint only in the thoracic region.

vertebral bodies. Within the developing vertebral body, the
notochord is stretched into a “mucoid streak” (see Fig. 1.5B).
With continued growth, the mucoid streak disappears, leaving
behind only bone.
he notochord expands in the region of the intervertebral
disc to form the nucleus pulposus. his was originally
described in detail by Luschka.30 he notochord is a major
source of the nucleus pulposus, and it has been shown histochemically and autoradiographically that notochordal cells
proliferate and remain vital several years ater birth.31 Although
notochordal cells generally do not seem to be demonstrable
in the human nucleus pulposus of individuals older than 5
years of age, Schwabe32 reported their survival in the incarcerated discs of the sacrum in a series of specimens ranging from
22 to 45 years in age. A chordoma is abnormal neoplastic
growth of notochord cells that remain within the spine in
adult life. his suggests that notochordal rest cells can persist
well into middle age in some individuals. hese neoplasms
may develop at any point along the original notochordal track
but are usually in the rostral (basisphenoid or basiocciput) and
caudal (sacral) regions.
As a theme of development of the spine, the region of the
previous notochord lies anterior to the center of the fully
developed vertebral body. his has been veriied by Nolting
and colleagues,25 who detected remnants of notochordal tissue
anterior to the cartilaginous body center in 13 fetal spines
aged 10 to 24 weeks. his inding further reinforces that
using the terms centrum and vertebral body interchangeably
is inaccurate.

From Neural Tube to Spinal Cord
of the primordial spinal column. A sheath exists around the
notochord in its early stages. Immunohistochemical staining
studies of 4- and 5-week embryos identiied that a complex of
extracellular matrix molecules is already present within this
sheath, including sulfated glycosaminoglycans, hyaluronic
acid, ibronectin, laminin, tenascin, and collagen II.27 Aggrecan, keratan sulfate, and other large aggregating proteoglycans
(present in the mature spine) were not detected at this stage,
suggesting that these appear later in development. he notochordal cells themselves showed reactivity to transforming
growth factor-β (TGF-β), suggesting an early inluence of this
growth factor on the developing extracellular matrix, and the
formation of vasculature, cartilage, and bones.27,28 Disruptions
in the TGF-β signaling pathways have been implicated in the
abnormal bone morphology and ligamentous laxity found in
Loeys-Dietz syndrome, an autosomal dominant mutation of
TGF-BR1 or TGF-BR2. Patients with this syndrome, irst
described in 2005, may have cervical osseous deformity and
instability.29
In the 20-mm embryo, the notochord becomes an intrinsically segmented structure in the thoracic and lumbar region;
in the 30-mm embryo, this structure is evident in the cervical
region as well. Segmentation leads to areas of fusiform enlargements in the region of the intervertebral disc, while the
notochord is slowly obliterated in the region of the developing

On the twentieth day, ectodermal tissues on either side of the
neural plate become thick and “pucker up.” his area is known
as the neural crest, which contains cells that eventually compose
the neural elements. he mesenchymal tissue beneath the
neural crest is the neural fold. As the folds grow toward the
midline, the two neural crests meet and fuse on day 22. he
underlying neural plate forms a tube, known as the neural
tube, whose walls are composed of the previous neural plate.
he neural tube invaginates itself within the dorsum of the
embryo. On the twenty-sixth day, the fused neural crest cells
invaginate into the embryo and divide into right and let
globules. hey are termed the dorsal root ganglia. hey are oval
and appear before ossiication of the spine.33
By the ith week, the neural tube has changed into a
diamond shape and is termed the neural canal. A sulcus limitans forms between its anterior (basal) and posterior (alar)
halves, which are destined to become motor and sensory
tracts. he dorsal root ganglion is composed of sensory cells
alone. It develops two “arms.” One arm is an extension toward
the posterior aspect of the neural canal, which eventually joins
the future site of the posterior column of the spinal cord. he
other arm is a lateral extension that projects from the dorsal
ganglion to reach peripheral tissues.
During the sixth week, the sulcus limitans disappears, and
the basal and alar halves join together, while keeping their
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Development of the Costal Elements
he costal elements persist only in the thoracic spine of the
fully developed normal spinal column. During the ith week,
costal processes are formed and project from either side of the
centrum. By the seventh week, they become sequestrated, or
separated, from the centrum, by forming costovertebral and
costotransverse joints. he cartilaginous structures begin to
ossify in the eighth week, recognizable as ribs. In the cervical
spine, the primordial costal processes fuse with transverse
processes to form the costotransverse bar. Eventually, the
unique cervical transverse processes form, which contain the
transverse foramen for the vertebral artery. In the lumbar
spine, the costal processes do not fully form. hey persist only
partially as the transverse processes of the fully developed
spine. he embryonic transverse process forms the mammillary process (not the transverse process). he transverse
and mammillary processes eventually fuse. In the sacrum,
the costal processes fuse with the embryonic transverse processes and merge to become the anlage of bone of the lateral
sacral mass.

Development of the Intervertebral Disc
he intervertebral disc warrants special attention because it is
the pathologic focus of many spinal conditions. In the early
stages of embryonic development, there are an increasing
number of cells in the peripheral portion of the disc and a
decreasing number adjacent to the notochord. As the embryo
grows beyond a crown-rump length of 10 mm, the cells in the
peripheral zone become elongated and are arranged in a
lamellar pattern. When it reaches a length of 20 to 40 mm,
collagen ibers begin to be synthesized and are exported from
the cells, forming a collagen-rich extracellular matrix. he
collagen ibers follow the pattern of the cells and are arranged
in a lamellar pattern as well, giving the peripheral disc (or
anulus ibrosus) its characteristic composition of circumferential bands of tissue. No fully continuous ibers span the entire
periphery of the disc; rather, multiple strands interdigitate to
create a highly tensile structure. hese lamellar bundles appear
to be more densely arranged in the anterior anulus and less
dense in the posterior anulus of the developing spine, which

may explain the propensity for posterior disc rupture in young
patients.6 As the embryo passes into the fetal stage at 2 months,
the cells begin to decrease in number, and the production of
extracellular matrix is increased.
By the start of the fetal period, the disc has three distinct
regions: (1) an external ibrous zone, (2) an internal hyaline
zone surrounding the notochord, and (3) a ibrocartilaginous
zone. he disc grows by interstitial and appositional growth.34
Interstitial growth refers to growth that occurs at the outer
attachment of the anulus to the cartilaginous endplates.
Appositional growth refers to growth that occurs longitudinally between the vertebra and the disc. Lamellar ibers form
attachments to the cartilaginous endplates in the region of the
nucleus pulposus, which completely encases the gel-like structure. he outer layers of the anulus become deeply embedded
into the peripheral portion of the endplate cartilage.
As the endplate ossiies, forming the ring apophysis, the
inserted annular ibers become tightly ixed. he “weak link”
in this complex is between the ring apophysis and its corresponding vertebral body, so that apophyseal separation fractures are more common than rupture of the intervertebral disc
in the immature spine. he interval between the apophysis and
the vertebral ossiication center provides an entrance for
vessels to supply nutrition to the endplate and to the intervertebral disc by difusion. his supply is obliterated ater union
of the ring apophysis to the vertebral body.
here is a lack of agreement regarding the extent of the
vascularity of the fetal intervertebral disc. In the fetal disc, the
anulus pulposus seems to be vascularized. Taylor and
Twomney35 found that a plexus of vessels around the circumference of the disc sent branches deep within the anulus. In
contrast, Whalen and colleagues36 reported that these vessels
entered only the outermost lamellae of the anulus ibrosus. In
addition to vessels within the anulus, regularly spaced vascular
channels within the cartilage have been shown within the
interface between the cartilaginous endplate and the disc (Fig.
1.10). hese channels most likely do not act as blood vessels
but rather as a sinusoidal “cul-de-sac” system that delivers
nutritional factors by difusion. he deep regions of the disc

FIG. 1.10 Section through cartilaginous vertebra of 30 weeks after vascular
injection. Note the coronal vascular pattern. Each tuft consists of a central
artery entwined by recurrent veins that end in a chondrous lacuna as a
terminal arteriovenous anastomotic sinusoid (cul-de-sac). Nutrients difuse
from the sinusoid into the surrounding tissues.
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respective motor and sensory functions. Ventral horns form
in the basal portion, which appear as gray matter because they
are composed of motor cell bodies. Axons grow out from the
ventral horns to peripheral structures. hese axons join with
the dorsal root ganglion to form the spinal nerves, which exit
the vertebral column as a single unit.
In the seventh to eighth week, white matter inally develops
within the spinal cord, representing myelin formation along
axon sheaths; this occurs in ascending and descending tracts.
he central part of the spinal cord retains a small cavity lined
with ependymal cells that allows the transfer of luid. his
cavity was previously illed with amnion, the early embryologic analogue of cerebrospinal luid.
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are probably not vascularized at any point in development.
he adult intervertebral disc is avascular, receiving nutrition
only through difusion through the endplates aided by the lux
of luid to and from the nucleus pulposus. his avascularity
may be present at 17 to 24 weeks.24

Spinal Ligament Development
here is a paucity of literature concerning the development of
the spinal ligaments in the human fetus. Misawa and colleagues37 dissected 25 human fetuses 6 to 24 weeks of age. hey
found that, at 6 to 7 weeks, “light zones” represented areas of
low cell density that correlated with vertebral bodies, whereas
“dark zones” were areas of high cell density and corresponded
to the intervertebral regions. he posterior longitudinal ligament was irst recognized at 10 weeks, whereas the appearance
of the ligamentum lavum was concomitant with that of the
lamina at 12 weeks. he ibers of the ligamentum lavum
became discernible only at 15 weeks.

Inluence of Fetal Movement
Development of the human skeleton seems to be strongly
inluenced by the interaction of its immature moving parts. In
the appendicular skeleton, the opposing surfaces of the femoral
head and acetabulum are codependent on each other for
normal development into a highly mobile, but stable, weightbearing joint. In the spine, the development of facet joints is
thought to be inluenced by torsional loading. It is commonly
thought, however, that these demands are placed on the spine
only postnatally during upright posture.
he importance of fetal spinal movement has been recognized only more recently. Boszczyk and colleagues38 used
ultrasonography to study the movements of 52 normal fetal
spines in utero. hey found that rotational movements of 4 to
10 degrees were measurable in fetuses at 9 to 36 weeks. hese
investigators concluded that this amount of rotation inluenced the ultimate morphology of the joint and that torsional
stresses are present prenatally and postnatally. Functional
demands on the spine may begin even before birth.

Development of Specialized Vertebral Regions
Most of the spine develops in a very uniform manner. he
more particular mechanical requirements of the cranial and
caudal extremes of the spine have led to unique development
processes, however, enabling functional transition between
the head and lower limbs.

Occipitocervical Complex
Four occipital myotomes can be readily identiied in the
human embryo of 4-mm crown-rump length.39 he irst is
small, the second is of intermediate size, and the third and

fourth are equivalent to the succeeding cervical segments. he
irst cervical nerve and the hypoglossal artery clearly delimit
the most caudal occipital segment. Eight rootlets of the hypoglossal nerve can be discerned rostral to the hypoglossal
artery, and these usually unite into four, but no less than three,
main roots. his conirms the involvement of at least three
precervical segments in the formation of the occiput. DeBeer40
claimed that a total of nine segments might be involved in
skull formation. he irst four appear very primitive but contribute to the preotic cranium, whereas the ith is rudimentary,
without a myotome. he last four segments are deinite precursors of the occipital complex.
he deinitive hypoglossal nerve shows some retention of
its multisegmental origins. Its rootlets usually coalesce into
two distinct fascicles that exit through separate openings in
the dura, and occasionally these do not unite until they have
let the skull. he formation of the hypoglossal canal may also
indicate a multisegmental relationship. he usual single aperture has been regarded in some texts as homologous to the
intervertebral foramen between the neural arch equivalents of
two occipital somites, but during chondriication a membranous strut that separates the two main fascicles of the nerve
may be observed. By further chondriication and ossiication,
a double hypoglossal canal accommodating both strands of
the nerve may result. Most likely, this mesenchymal strut is a
representative of the membranous neural arch process of an
intervening segment and is a good indicator that at least three
somitic levels were involved in forming the part of the occipital
bone surrounding the hypoglossal canal.

Atlantoaxial Complex
he axis and atlas, although considered two vertebral levels in
the fully developed spine, actually arise from three diferent
centra. Sensenig41 irst described this in detail in 1937, and
later O'Rahilly and Meyer42 provided a description. hese
three centra have been named the X, Y, and Z components.
he apical X component at irst projects into the early foramen
magnum and forms an occipitoaxial joint. It has come to be
known as the proatlas and constitutes the main portion of the
odontoid process. Although it is commonly written that the
odontoid process develops from the centrum of C1, this is
probably not entirely true.43 Remains of the occipitocervical
syndesmosis are apparent by the formation of the alar ligaments. he Y component becomes the centrum of the atlas,
and the Z component becomes the centrum of the axis (C2).
he X, Y, and Z components are related to the irst, second,
and third cervical nerves, which explains the redundancy of
the numbering of the upper cervical nerves. Muller and
O'Rahilly44 determined that these three components actually
develop from only two and a half sclerotomes in the chick
embryo.
Considering the segmental complexities involved in the
development of the normal human craniocervical articulations, the occasional occurrence of anomalous separations,
fusions, and intercalated ossicles should not be surprising. he
odontoid process has origins from the axial portion of the
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FIG. 1.11 Schematic representation of craniocervical sclerotomes and their segmentally related deinitive
cranial and vertebral elements and nerves. The cranial and cervical sclerotomes originally formed a continuum.
The axis incorporates three sclerotomic elements. The caudal four cranial sclerotomes contribute to the occiput,
and their nerves coalesce to form the hypoglossal nerve.

occipital and upper two cervical sclerotomes and is formed
from two separate ossiication centers that fuse by the seventh
month of gestation.45 A second ossiication center, forming the
tip of the odontoid, appears by age 3 to 6 and fuses by puberty.
Because the odontoid process develops from its own centrum,
it can be better understood how an os odontoideum may arise.
his anomaly is manifested as a spherule of bone suspended
between the two alar ligaments without any apparent bony
connection to the C2 body. Os odontoideum has been theorized to be related to prior injury to the odontoid process, but
its etiology may also be developmental. Os odontoideum can
manifest clinically as neck pain, myelopathy, or even sudden
death.45 Its embryologic development also helps explain the
region at the base of the odontoid process that predisposes to
nonunion ater displaced fractures.
Morphologic anomalies of the odontoid have been
described and are attributable to early development. With
absence of the midline integration of the primary ossiication centers, biid odontoid process may result, which may
lead to craniocervical instability. Furthermore, inclination of
the odontoid process may be inluenced by traction of the
apical ligament on the tip of the odontoid process during
development of the craniocervical junction.46 Retrolexion of
the odontoid has been described in patients with Chiari I
malformations.47
he most frequent manifestation of variant segmentation
is the appearance of a third (midline) occipital condyle, also
known as a basilar tubercle. his structure occurs as a projection on the basion (anterior central point) of the foramen
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Preotic
sclerotomes

magnum. Sometimes it is expressed as a simple rounded
tubercle, but in better developed cases there is actually an
articular facet that receives the tip of the odontoid process
forming a true diarthrosis (joint). Occasionally, accessory
facets lateral to the central projection are present. In a series
of 600 skulls, some suggestion of a third condyle was present
in 14% of specimens.48
Toro and Szepe49 observed that the third condyle oten
occurs with occipitalization of the atlas. hey also thought that
it may be the expression of the hypochordal arch of the “anteproatlas.” As they used this term, it seems to designate the
most caudal occipital somite (Fig. 1.11). A more complete
separation of this ante-proatlas may form a true occipital
vertebra. First described by Meckel in 1815, this malformation
forms a more or less complete ring inferior to the foramen
magnum, and its anterior arch is oten fused to the skull,
bearing a third condyle. his condition is distinguished from
occipitalization of the atlas by the radiologic identiication of
the true atlas beneath it. Transverse processes of variable relative size may be present in occipital vertebrae, but these do
not show a transverse foramen.50 Because bony eminences on
either side of the third condyle are common to these structures, they may encroach on the foramen magnum, causing
neurologic sequelae.
Occipitalization of the atlas occurs in 0.1% to 0.8% of the
population according to the series of skulls examined. If the
occipitalization is complete, there is no movable atlantooccipital articulation, and the atlas ring is more constricted.
Also, the level of the odontoid tip shows a higher relative
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FIG. 1.12 Nonfused “loating” ossicles may occur within craniocervical
syndesmoses. A variably shaped, usually pea-sized ossiication that occurs
between the basion and the tip of the odontoid (in the presence of a
complete odontoid process) has been labeled Bergmann ossicle (BO).

position, and the fusion is oten asymmetrical. Inglemark’s
series of skulls showed that in 78% of the true congenital cases
the posterior arch was fused to the posterior rim of the
foramen magnum; the anterior arch was fused in 54%, and
lateral fusions occurred in 23%.51 Toro and Szepe49 suggested
that the variable expressions of fragments of the proatlas arch,
which normally form parts of the atlas, may enhance the
predilection of this segment to fuse to the skull.
Nonfused “loating” ossicles may occur within the craniocervical syndesmoses. A variably shaped, usually pea-sized
ossiication that occurs between the basion and the tip of the
odontoid (in the presence of a complete odontoid process) has
been labeled Bergmann ossicle (Fig. 1.12)52 and is most likely
a variant derivative of the ante-proatlas mesenchyme. Putz53
also recorded the incidence of a small ossicle between the
anterior lip of the foramen magnum and the anterior arch of
the atlas and within the anterior atlanto-occipital membrane.
He was convinced that this was a manifestation of the hypochordal potential of the last occipital (ante-proatlas) somite.

Sacrum
Ossiication of the bodies of the sacral vertebrae is unique in
that, in addition to the single central ossiic zone, two true
epiphyseal plates later provide accessory ossiication to the
superior and inferior surfaces of each segment. he central
centers for the superior three sacral vertebrae are evident at
week 9, whereas these centers for the fourth and ith segments do not appear until ater week 24. Each vertebral arch
of the sacrum shows the conventional bilateral centers, but in
addition six centers produce the sacral alae. Between weeks
24 and 32, these centers appear anterolateral to the anterior
sacral foramina of the upper three sacral vertebrae. hey

FIG. 1.13 Anteroposterior radiograph of a 34-week fetal pelvis showing
two of the eventual three ossiic centers (arrows) of the costal contributions
to the alae. These form in the cartilage that anchors the fetal sacrum to the
auricular processes of the iliac wings.

are expressions of the ever-present potential of the vertebral
anlagen to produce costal equivalents (Fig. 1.13).
In the early part of the irst year ater birth, the sacral
vertebrae are still separated by intervertebral discs, and the
lower two are the irst to fuse in late adolescence. Before this,
the ossiic centers for the superior and inferior epiphyseal
plates of the bodies appear, and between 18 and 20 years of
age, lateral epiphyseal plates form on the auricular surfaces of
the sacral alae. By the middle of the third decade, the entire
sacrum should be fused, although internal remnants of the
intervertebral plates remain throughout life. hese may be
visualized in a sagittal section or in radiographs taken at the
appropriate anteroposterior angle.
he coccygeal segments lack neural arch equivalents and
form a single ossiic center for their bodies. he irst usually
appears before 5 years of age, and the succeeding three ossify
during consecutive 5-year intervals.

Genetic Control of Spinal Segmentation
In the previous edition, an extensive discussion of the genetic
control of segmentation was presented. his discussion
focused on the wealth of information provided by studies
performed on the fruit ly, Drosophila. he most essential
concept provided by these studies is the fact that the individual
aspects of the advanced stages of development are the result
of a sequential action of numerous genes, and the mutation of
single-efect genes, whose phenotypic expressions have provided the classic mendelian patterns of heredity, usually show
errors in only a single step in this concatenation of events.
Drosophila development shows that a set of maternal efect
genes (so labeled because they are exclusively derived from the
maternal genome) initially establishes the axial symmetry of
the body within the ovum. A group of approximately 20 segmentation genes guides cellular construction of the deined
segments. Mutations of these genes are manifest as deletions
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Links Between Fly and Human
Evolution recognized a fundamental advantage in deriving a
body plan from the regional diversiication of a series of basically similar modules because virtually all higher organisms
develop from some type of segmental organization. Although
vertebrate segmentation is not externally obvious in the postembryonic stages, the sclerotomic contributions to the axial
skeleton retain the original metameric organization; the
common neurologic examination based on a knowledge of the
myotomic and dermatomic distribution of the cranial and
spinal nerves pays perpetual homage to the truth that humans
and the other vertebrates are segmentally constructed animals.
As would be expected, the homeobox-containing genes
discovered in humans9 do not act in exactly the same manner
as they do in Drosophila because the types of segmental
organization are quite diferent. Nevertheless, the nucleotide
sequence cognates of the Drosophila homeobox genes found
in mammals seem to have considerable inluence in the early
establishment of brainstem and spinal cord formation.13 As in
the more primitive forms, malfunctions of the genes controlling the more fundamental aspects of segmentation most
likely produce early lethal mutations. Because higher vertebrates do not have an autonomous larval stage, the occurrence
of such mutations would be lost to general observation.

Nevertheless, some gross errors of segmentation that may
reach parturition do show genetic implication.

Congenital Syndromes: Genetic Evidence of
Segmentation in Humans
Klippel-Feil Syndrome
In humans, congenital vertebral fusions, most commonly
manifested in the various types of Klippel-Feil syndrome,
serve as a prime example of segmentation. Many instances of
this syndrome seem to result from spontaneous mutations or
individual teratogenic accidents in the early developmental
sequences because most reports present single case histories
without examination of the extended family and the family’s
pedigree. Gunderson and colleagues11 provided substantial
evidence, however, that many cases of Klippel-Feil syndrome
are probands of a familial history of the condition. hese
authors provided the pedigrees of 11 probands. Of particular interest is their type II of the syndrome, which exhibits
fusions limited to the cervical regions at C2–C3 and C5–C6.
Gunderson and colleagues11 concluded that this disorder,
which produced segmentation errors at consistent spine levels
through several successive generations, strongly indicated a
dominant mutant defect of a gene that controls these speciic
levels of segmentation.

Caudal Dysplasias
Another class of segmental spinal malformations that indicates
genetic import is grouped under the generic term of caudal
dysplasias.4 his malformation complex has proved to be heritable and has a marked association with maternal diabetes.
From this complex, certain insights into genetic mechanisms
of mammalian spinal development may be derived. hat some
degree of caudal segment regression is a natural phenomenon
is shown by the reduction of the original postsacral somites
from eight (±2) to four (±1) in normal human development.
In more severe forms of lumbosacral agenesis, all vertebral
elements as far cephalad as the upper lumbar region may fail
to develop. he association with maternal diabetes has been
attributed to a teratogenic efect of hyperglycemia because
experimental elevations of blood glucose have produced
varying degrees of caudal deiciencies in animals.53 Similar
efects have been induced by various toxic insults during
embryogenesis of the spine.
Because caudal agenesis is not a consistent occurrence in
the ofspring of diabetic mothers, a more complex genetic
association has been suspected, particularly as diabetes mellitus and spine defects have been associated with human leukocyte antigen (HLA)-type histocompatibility genes.4 his
inference has been supported by studies of the T-locus genes
in the mouse. his locus apparently is a segment of the mouse
chromosomes with a collection of genes that have a profound
efect on spine development and other aspects of embryogenesis.56 here is evidence that a gene complex, functionally
similar to the mouse T locus, may be operable in humans
because an association between histocompatibility antigens of
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afecting the normal segment number. Most mutations of the
segmentation genes are lethal, and knowledge of them has
been obtained from the doomed larval forms. Because they
are commonly recessive, however, the mutant strain can be
propagated for continuous study. he equivalent genetic
efects would not be so readily observable in vertebrates, but
comparative evidence strongly indicates that similar genetic
mechanisms are operable.
Only ater the segmental boundaries have been established can the structures characteristic of each segment be
determined. hese designations are efected by the homeotic
selector genes. he term homeotic (from the Greek homoeos,
meaning “similar”) was originally used by Bateson54 to label
the mutant substitution of segment appendages because he
surmised that they indicated a similarity (genetic homology)
in their underlying developmental mechanisms. In contrast
to the segmentation genes whose mutations afect the whole
segment, mutations of the homeotic genes are expressed as
homologous structures (e.g., legs and wings) grotesquely
appearing on inappropriate segments. It is now known that
these homeotic genes are closely grouped in two locations
on the third chromosome of Drosophila’s four chromosomes.
Another signiicant outcome of Drosophila genetic research
has been the identiication of a sequence of nucleotide base
pairs that is common to the homeotic selector genes.10 Intergenetic cross homologies of certain gene regions are not
unusual, but the relatively small sequence common to these
homeotic genes contained only a 180–base pair unit that could
easily be used as a probe to identify the locations of its homologues. his compact genetic fragment was called the homeobox by McGinnis and associates,55 and the protein it encodes
is known as the homeodomain.10
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the HLA type and the inheritance of human spina biida has
been reported.57
he HLAs are controlled by a cluster of contiguous genes
located on the human chromosome 6. As in the mouse T
locus, each gene in this group has several alleles, and numerous serologically discrete forms of cell surface antigens may
be coded by the gene complex. he total ensemble of the HLAs
produced within an individual determines its HLA “personality.”57 he comparative evidence suggests that the HLA
complex, because of its deined chromosomal localization, its
coding for the antigen complex, and its efect on spine development, is a reasonable candidate for the human analogue of
the mouse T locus.
In vertebrates, as in other forms of segmented animals, a
deinite sequence of genetically controlled events establishes
the basic aspects of segment formation. When this has been
accomplished, some analogue of the homeotic system of genes
most likely determines the regional specializations of the
individual segments. his system provides an early determination within the vertebrate sclerotome because these embryonic
cell masses exhibit a marked “position efect” before any
regional diferentiation of the somite is visibly evident. his
efect has been shown in the chick embryo, in which the
transplantation of an early thoracic sclerotome into the cervical region results in a rib-bearing thoracic vertebra whose
speciic character development was not modiied by its heterotopic location.58 his early position identity may be because
vertebrate embryonic patterns are mostly established through
early cell-to-cell interactions subsequent to cell cleavages, and
these involve the antigen-mediated cell surface recognitions
and adhesions as shown by the HLAs. Nevertheless, some
analogues of the homeotic mechanisms in Drosophila,
although difering in their modes of expression, must determine whether a given vertebra exhibits cervical, thoracic, or
sacral characteristics.
he range of anomalies observed in the human spine well
support the concept that regional vertebral speciication may
be the result of a homeotic type of selective repression. In
addition to the obvious articulated ribs of the thoracic region,
each human vertebral level shows some expression of the
costal element potential, but it is usually incorporated as an
immovable projection. Anomalous free or articulated rib
components have been observed at virtually every vertebral
level, including the sacrum and coccyx.59 he hypochordal
potential may best indicate the existence of early segmental
totipotency in the vertebrates, however. his component is
normally expressed at only the C1 level in humans and in the
caudal region in other mammals. If there is some interference
in the normal control mechanisms, it may also arise at other
levels because hypochordal elements have been observed to
occur below the last normal vertebra in some cases of lumbosacral agenesis.
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he spine is a segmental column of similar formed bones that
constitutes the major subcranial part of the axial skeleton. Its
individual elements are united by a series of intervertebral
articulations that form a lexible, although neuroprotective,
support to the trunk and limbs. he spinal column typically
consists of 33 vertebrae. he mobile section of the spine
comprises 7 cervical, 12 thoracic, and 5 lumbar vertebrae; 5
fused vertebrae form the inlexible sacrum that ofers a relatively rigid connection to the innominate bones. Caudad to
the sacrum, four or ive irregular ossicles compose the coccyx.

Vertebrae
he movements of the spine involve 97 diarthroses (i.e.,
synovial joints, having substantial motion) and an even greater
number of amphiarthroses (i.e., ibrocartilaginous joints,
having less motion). he individual vertebrae bear multiple
processes and surface markings that indicate the attachments
of the numerous ligaments that stabilize these articulations.
Despite an appreciable degree of regional variation of these
characteristics, the embryologically homologous segmental
origin of the spine provides a basic uniformity so that a single
generalized description can be applied to the basic morphology of all but the most superior and inferior elements.
he typical vertebra consists of two major components: a
roughly cylindrical ventral mass of mostly trabecularized
cancellous bone, called the body, and a denser, more cortical
posterior structure, called the dorsal vertebral arch. he vertebral bodies vary considerably in size and sectional contour but
exhibit no salient processes or unique external features other
than the facets for rib articulation in the thoracic region. In
contrast, the vertebral arch has a more complex structure. It
is attached to the dorsolateral aspects of the body by two stout
pillars, called the pedicles. hese are united dorsally by a pair
of arched lat laminae that are surmounted in the midline by
a dorsal projection, called the spinous process. he pedicles,
laminae, and dorsum of the body form the vertebral foramen,
a complete osseous ring that encloses the spinal cord.
he transverse processes and the superior and inferior
articular processes are found near the junction of the pedicles

and the laminae. he transverse processes extend laterally
from the sides of the vertebral arches, and because all vertebrae
are phyletically and ontogenetically associated with some
form of costal element, they either articulate with or incorporate a rib component. In the thoracic spine, the costal process
persists as a rib proper. In the cervical spine, the costal process
becomes the anterior part of the transverse process that
encloses the vertebral artery foramen, and in the lumbar spine
it becomes the mature transverse process; the immature posterior (neural arch) component becomes the mammillary
process.
he articular processes (zygapophyses) form the paired
diarthrodial articulations (facet joints) between the vertebral
arches. he superior processes (prezygapophyses) always bear
an articulating facet, whose surface is directed dorsally to
some degree, whereas the complementary inferior articulating
processes (postzygapophyses) direct their articulating surfaces
ventrally. Variously shaped bony prominences (mammillary
processes or parapophyses) may be found lateral to the articular processes and serve in the multiple origins and insertions
of the spinal muscles.
he superoinferior dimensions of the pedicles are roughly
half that of their corresponding body, so that in their lateral
aspect the pedicles and their articulating processes form the
superior and inferior vertebral notches. Because the base of
the pedicle arises superiorly from the dorsum of the body,
particularly in the lumbar spine, the inferior vertebral notch
appears more deeply incised. In the articulated spine, the
opposing superior and inferior notches form the intervertebral
foramina that transmit the neural and vascular structures
between the corresponding levels of the spinal cord and their
developmentally related body segments.

Pars Interarticularis
he pars interarticularis deines the parts of the arch that
lie between the superior and inferior articular facets of all
subatlantal movable vertebral elements (Fig. 2.1). he term
pars interarticularis arose to designate that area of the arch that
is most stressed by translational movement between adjacent
17
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FIG. 2.1 Rendering of the oblique dorsal view of the L5 vertebra showing
the parts of the vertebral arch: (1) pars interarticularis as the cross-hatched
area, (2) pars laminalis, and (3) pars pedicularis. Dotted line indicates the
most frequent site of mechanical failure of the pars interarticularis.

segments, particularly in the second cervical and ith lumbar
vertebrae, which are susceptible to traumatic and stress fractures in this region (i.e., hangman’s fracture of C2 and isthmic
spondylolysis of L5).1 In sequential alternation with the intervertebral facet joints, it roofs the lateral recesses of the spinal
canal and contributes to the dorsal margins of the intervertebral foramina. In the subcervical vertebrae, it also provides the
dorsal part of the base of the transverse process.
Biomechanical forces on the pars interarticularis place it in
a position to receive the shearing stresses that occur when
translational (spondylolisthetic) forces tend to displace, in a
dorsoventral plane, the superior articular processes with
respect to their inferior counterparts on the same vertebra.
he usual site of failure in the pars interarticularis permits the
superior articular facets, pedicles, and vertebral body to be
ventrally displaced as a unit, while the inferior articular facets
remain attached to the dorsal arch components. hese tend to
retain their articular relationships with the superior facets of
the next lower vertebra.
In the case of the second cervical vertebra (axis) there is a
unique anterior relationship of its superior articular facets
with the more posteriorly positioned inferior processes that
elongates the C2 pars interarticularis. As this ofset area
receives the greatest leverage between the “cervicocranium”
and the lower cervical spine, the indicated line in the illustration in Fig. 2.2 shows the common site of mechanical failure
in hyperextension injuries to the upper cervical spine.
In the case of the lumbar vertebrae, the pars interarticularis
has been subdivided further. McCulloch and Transfeldt2
referred to the “lateral buttress,” which they believed ofered
particular structural support to the intervening structures.
hey described it as the bony bridge that connects the superolateral edge of the inferior facet to the junction of the transverse
process and the pedicle. In a follow-up anatomic study, Weiner
and colleagues3 measured the surface area of the lateral buttress in human cadaveric lumbar spines. hey found the
greatest areas (about 80 mm2) from L1 to L3, whereas area
averaged 50 mm2 at L4 and only 15 mm2 at L5. hese investigators thought that the broadness of the buttress in the upper
lumbar spine can obscure or confuse landmarks for placement
of pedicle screws, and its relative thinness (or nonexistence)
in the lower lumbar spine can be a predisposing factor to stress

FIG. 2.2 Depiction of lateral view of C2 (axis) vertebra. The ofset
relationship of the superior facet to the inferior facet elongates the pars
interarticularis (cross-hatched area). Dotted line indicates the most frequent
site of failure in upper cervical hyperextension injury (hangman’s fracture).
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FIG. 2.3 Lateral view of dried preparation of the spine with anterior
longitudinal and supraspinous ligaments intact.

fractures or iatrogenic injury to the pars interarticularis.
Cadaveric study of L5 pedicle morphology in patients with
L5-S1 isthmic spondylolisthesis has shown greater L5 pedicle
length compared to that of unafected subjects, which increases
with age.4

Regional Characteristics
Although the 24 vertebrae of the presacral spine are divided
into three distinct groups (Fig. 2.3), in which the individual
members may be recognized by one or two uniquely regional
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that are characteristic of the cervical region. he most obvious
diagnostic feature of the cervical vertebrae is the transverse
foramina that perforate the transverse processes and transmit
the vertebral arteries. he anterior part of the transverse
processes represents fused costal elements that arise from the
sides of the body. he lateral extremities of the transverse
processes bear two projections, the anterior and posterior
tubercles. he former serve as origins of anterior cervical
muscles; the latter provide origins and insertions for posterior
cervical muscles. A deep groove between the upper aspects of
the tubercles holds the cervical spinal nerves.
he cervical pedicles connect the posterior vertebral arch
to the vertebral body. Anatomic studies have shown that the
cervical pedicle height ranges from 5.1 to 9.5 mm, and width
ranges from 3 to 7.5 mm.6,7 he pedicle is angled medially
between 90 and 110 degrees.7
he superior and inferior articular processes appear as
obliquely sectioned surfaces of short cylinders of bone that,
when united with the adjacent vertebrae, form two osseous
shats posterolateral to the stacked vertebral bodies. he

Cervical Vertebrae
Of the seven cervical vertebrae, the irst two (Fig. 2.4A–D) and
the last require special notation, but the third to the sixth are
fairly uniform, and a common description suices (Fig.
2.4E–F). Because the cervical vertebrae bear the least weight,
their bodies are relatively small and thin with respect to the
size of the vertebral arch and vertebral foramen. In addition,
their diameter is greater transversely than in the anteroposterior direction. he lateral edges of the superior surface of each
body are sharply turned upward to form the uncinate processes
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FIG. 2.4 Atlas, axis, and a typical vertebra of each region are illustrated photographically and radiographically.
The following numerical key is applicable to all subdivisions of this igure. (A) Oblique view of atlas. (B) Ventral
radiographic view of atlas. (C) Oblique view of axis. (D) Vertical radiographic view of axis. 1, Lateral mass of atlas.
2, Superior articulating process. 3, Posterior arch. 4, Anterior arch. 5, Transverse process. 6, Inferior articulating
process. 7, Transverse foramen. 8, Alar tubercle. 9, Groove for vertebral artery.10, Neural arch element of
transverse process. 11, Costal element of transverse process. 12, Superior articulating process. 13, Pedicle.
14, Body. 15, Uncinate process. 16, Lamina. 17, Spinous process. 18, Articular pillar. 19, Anterior tubercle of
transverse process. 20, Neural sulcus. 21, Posterior tubercle of transverse process. 22, Superior demifacet for
head of rib. 23, Inferior demifacet for head of rib. 24, Odontoid process. 25, Articular facet for anterior arch of atlas.
Continued
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features, there is a gradual craniocaudal progression of morphologic changes. he vertebrae found above and below the
point of regional demarcation are transitional and bear some
of the characteristics of both areas. here may be variations in
the number of vertebrae, particularly with adolescent idiopathic scoliosis, where up to 10% of individuals can have
atypical number of thoracic or lumbar vertebrae.5
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FIG. 2.4, cont’d (E) Oblique view of typical (fourth) cervical vertebra. (F) Vertical radiographic view of typical
cervical vertebra. (G) Oblique view of typical (ifth) thoracic vertebra. (H) Vertical radiographic view of thoracic
vertebra. The plane of the articular facets would readily permit rotation. (I) Oblique view of typical (third)
lumbar vertebra. (J) Vertical radiographic view of lumbar vertebra. The plane of the articular facets is situated to
lock the lumbar vertebrae against rotation.

cervical vertebrae present a tripod of lexible columns for the
support of the head. As in the upper cervical spine, the combination of the articular processes and the intervening bone is
oten referred to as the lateral mass in the subaxial region. It
is a common site for screw insertion during internal ixation
of the cervical spine.8

he laminae are narrow and have a thinner superior edge.
At their mid-dorsal junction, they bear a biid spinous process
that receives the insertions of the semispinalis cervicis muscles.
he height of the lamina of C4 is 10 to 11 mm, whereas the
lamina thickness at C5 is about 2 mm.9 he lamina is thickest
at T2, where it measures an average of 5 mm.
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he irst two cervical vertebrae are structurally and developmentally diferent. Together, they form a complex articular
system that permits the nutational (i.e., nodding) and rotational movements of the head. he irst cervical vertebra, or
atlas, is a bony ring consisting of an anterior and a posterior
arch, which are connected by the two lateral masses. It has all
the homologous features of a typical vertebra with the exception of the body. he lateral masses correspond to the combined pedicles and articular pillars of the lower cervical
vertebrae, but the superior and inferior articular facets are
concave. he superior articular surfaces face upward and
internally to receive the occipital condyles of the skull, whereas
the inferior articulating surfaces face downward and internally
to rotate on the sloped “shoulders” of the axis. his slope helps
prevent lateral translation while permitting rotation.
he posterior arch consists of modiied laminae that are
more round than lat in their sectional aspect and a posterior
tubercle that represents an attenuated spinous process that
gives origin to suboccipital muscles. Immediately behind the
lateral masses on the superior surface of the posterior arch of
C1, two smooth grooves house the vertebral arteries as they
penetrate the posterior atlanto-occipital membrane. hese
arteries take a tortuous course from the transverse processes
of the atlas, making an almost 90-degree turn medially as they
exit the foramen and a subsequent 90-degree turn superiorly
to enter the dura and subsequently the foramen magnum. he
vertebral artery courses over the posterior ring of the atlas 10
to 15 mm from the midline in adults and, although the arteries
are closer to the midline in the pediatric population, 97% are
located at least 1 cm from the midline.10 Dissection further
lateral risks injury to these vessels.
he transverse foramen also houses a venous system. In an
anatomic and radiologic study to characterize the venous
system within the transverse foramen, Magro and colleagues11
found ventral longitudinal veins that may also exist in a plexus
arrangement. Anastomosis between the plexus transverse
veins and vertebral veins can be present. An understanding of
venous anatomy in the transverse foramen may help contextualize false-positive diagnoses of vertebral artery dissection
from magnetic resonance angiography caused by slow low
vertebral veins.
he anterior arch forms a short bridge between the anterior
aspects of the lateral masses. It bears an anterior tubercle that
is the site of insertion of the longus colli muscle. On the
posterior surface of the anterior arch, a semicircular depression marks the synovial articulation of the odontoid process.
Internal tubercles on the adjacent lateral masses are the attachment sites of the transverse atlantal ligaments that hold the
odontoid against this articular area. Cadaveric studies have
shown that the right-sided tubercles tend to be of larger caliber
and that the mean angle formed between both tubercles and
the dental facet is 75 degrees.12
he second cervical vertebra, or axis, provides a bearing
surface on which the atlas may rotate. Its most distinctive
characteristic is the vertically projecting odontoid process that
serves as a pivotal restraint against horizontal displacements

of the atlas. his bony prominence represents the phyletically
purloined centrum of the irst cervical vertebra. It exhibits a
slight constriction at its neck and an anterior facet for its
articulation with the anterior arch of the atlas. Posteriorly, a
groove in the neck of the odontoid marks the position of the
strong transverse atlantal ligament.
he apex of the odontoid process is slightly pointed. It is
the attachment site of the apical ligament. Posterior to the
apex, two lateral roughened prominences indicate the attachments of the alar ligaments. hese structures and the apical
ligament connect the odontoid process to the base of the skull
at the basion, the anterior aspect of the foramen magnum. he
occipital attachments of the alar ligaments are on the medial
surface of the occipital condyles, adjacent to the atlantooccipital joints. Atlantal attachments of the alar ligaments have
also been described, but these are more likely to be anatomic
variants and not essential components of craniovertebral junction stability.13 he superior articulating surfaces of the axis
are convex and are directed laterally to receive the lateral
masses of the atlas. he inferior articulating surfaces are
typical of those of the cervical vertebrae and serve as the start
of the articular columns. he transverse processes of the axis
are directed downward. Anteriorly, the inferior aspect of the
body of the axis forms a liplike process that descends over the
irst intervertebral disc and the body of the third cervical
vertebra.
he seventh cervical vertebra is transitional. he inferior
surface of its body is proportionately larger than the superior
surface. It has a long, distinct spinous process that is usually
easily palpable (the vertebra prominens). he superior and
inferior articulating facets are more steeply inclined and
presage the form of these structures in the thoracic region.
Blunt transverse processes have heavy posterior struts and
much lighter anterior struts that surround transverse foramina
that are oten bilaterally unequal and seldom pass the vertebral
arteries. Frequently, one or both of the anterior struts realize
their true potential as a costal element and develop into a
cervical rib.

Thoracic Vertebrae
All 12 thoracic vertebrae support ribs and have facets for the
diarthrodial articulations of these structures. he irst and last
four have speciic peculiarities in the manner of costal articulations, but the second to the eighth are similar (Fig. 2.4G–H).
he body of a mid-thoracic vertebra is heart-shaped. Its
length and width are roughly halfway between that of the
cervical and lumbar bodies. Oten a lattening of the let side
of the body indicates its contact with the descending aorta. In
the mid-thorax, the heads of the ribs form a joint that spans
the intervertebral disc, so that the inferior lip of the body of
one vertebra and the corresponding site of the superior lip of
the infrajacent element share in the formation of a single
articular facet for the costal capitulum. he typical thoracic
vertebra bears two demifacets on each side of its body. he
thoracic vertebral arch encloses a small, round vertebral
foramen that would not admit the tip of an index inger, even
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when the specimen is from a large adult. his limited space
for the spinal cord predisposes to severe spinal cord injury
with minimal dimensional compromise.
Because the pedicles arise more superiorly on the dorsum
of the body than they do in the cervical region, the inferior
vertebral notch forms an even greater contribution to the
intervertebral foramen. he pedicle height increases from T1
to T12, but the transverse pedicle width (which is more critical
for transpedicular screw containment) does not follow this
same craniocaudal pattern.14 Cinotti and colleagues15 found
that the pedicles in the T4 to T8 region had the smallest
transverse diameter. Scoles and colleagues16 documented
similar indings in 50 cadaveric human spines, with the smallest diameters measured at T3 to T6. On average, the transverse
pedicle diameter at T3 is 3.4 mm in women and 3.9 mm in
men. At T6, it averages 3 mm in women and 3.5 mm in men.
At T1, however, the mean diameter is 6.4 mm in women
and 7.3 mm in men. Lehman and colleagues described key
morphologic characteristics to facilitate safe medial-lateral
starting points for placement of thoracic pedicle screws.17
he ventral lamina is an anatomically reproducible structure
consistently located medial to the superior articular facet in
the thoracic spine. hey also noted the center of the pedicle
lays 2 to 3 mm lateral to the midline of the superior articular
facet.
he superior articular facets form a stout shellike projection from the junction of the laminae and the pedicles. heir
ovoid surfaces are slightly convex, are almost vertical, and are
coronal in their plane of articulation. hey face dorsally and
slightly superolaterally, and in bilateral combination they
present the segment of an arc whose center of radius lies at
the anterior edge of the vertebral body. hey permit a slight
rotation around the axis of this radius. he inferior articular
facets are borne by the inferior edges of the laminae. he
geometry of their articular surfaces is complementary to the
superior processes.
On the ventral side of the tip of the strong transverse
processes, another concave facet receives the tuberculum of
the rib whose capitulum articulates with the superior demifacet of the same vertebra. he spinous processes of the thoracic vertebrae are long and triangular in section. he spinous
processes of the upper four thoracic vertebrae are more
bladelike and are directed downward at an angle of about 40
degrees from the horizontal. he middle four thoracic spinous
processes are longer but directed downward at an angle of 60
degrees, so that they completely overlap the adjacent lower
segment. he lower four resemble the upper four in direction
and shape.
he irst thoracic vertebra has a complete facet on the side
of its body for the capitulum of the irst rib and an inferior
demifacet for the capitulum of the second rib. he costal
articulations of the 9th to 12th thoracic vertebrae are conined
to the sides of the bodies of their respective segments. On the
last two thoracic vertebrae, transitional characteristics are
evident in the diminution of the transverse processes and their
failure to buttress the last two ribs. Because the ribs are disconnected from the sternum, they are frequently referred to as
“loating ribs.”

Lumbar Vertebrae
he lumbar vertebrae are the lowest ive vertebrae of the
presacral column (see Fig. 2.4I–J). All their features are
expressed in more massive proportions. hey are easily distinguished from other regional elements by their lack of a
transverse foramen or costal articular facets. he body is large,
having a width greater than its anteroposterior diameter, and
is slightly thicker anteriorly than posteriorly. All structures
associated with the vertebral arch are blunt and stout. he
thick pedicles are widely placed on the dorsolaterosuperior
aspects of the body, and with their laminae they enclose a
triangular vertebral foramen. Although the inferior vertebral
notch is deeper than the superior, both make substantial
contributions to the intervertebral foramen. he transverse
processes are lat and winglike in the upper three lumbar
segments, but in the ith segment they are thick, rounded
stumps. he fourth transverse process is usually the smallest.
Aside from their relative size, the lumbar vertebrae can be
recognized by their articular processes. he superior pair arise
in the usual manner from the junction of the pedicles and
laminae, but their articular facets are concave and directed
dorsomedially, so that they almost face each other. he inferior
processes are extensions of the laminae that direct the articulating surfaces ventrolaterally and lock themselves between
the superior facets of the next inferior vertebra in an almost
mortise-and-tenon fashion. his arrangement restricts rotation and translation in the lumbar region. he lumbar segments also have pronounced mammillary processes, which are
points of origin and insertion of the thick lower divisions of
the deep paraspinal muscles.

Sacral Vertebrae
he sacrum consists of ive fused vertebrae that form a single
triangular complex of bone that supports the spine and forms
the posterior part of the pelvis (Figs. 2.5 and 2.6). It is markedly curved and tilted backward, so that its irst element
articulates with the ith lumbar vertebra at a pronounced
angle (the sacrovertebral angle).
Close inspection of the lat, concave ventral surface and the
rough, ridged convex dorsal surface reveals that, despite their
fusion, all the homologous elements of typical vertebrae are
still evident in the sacrum. he heavy, laterally projecting alae
that bear the articular surfaces for articulation with the pelvis
are fused anterior costal and posterior transverse processes of
the irst three sacral vertebrae. hese lateral fusions require
that separate dorsal and ventral foramina provide egress for
the anterior and posterior divisions of the sacral nerves. he
ventral four pairs of sacral foramina are larger than their
dorsal counterparts because they must pass the thick sacral
contributions to the sciatic nerve. he ventral surface of the
sacrum is relatively smooth. here are four transverse ridges
that mark the fusions of the vertebral bodies and enclose
remnants of the intervertebral discs. Lateral to the bodies of
the second, third, and fourth elements, the ridges of bone that
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FIG. 2.5 Composite anteroposterior view of sacrum. The roughened crests
on the dorsum (left side) indicate longitudinal fusions of vertebral arch
structures. The articular process is directed backward to buttress the
vertebral arch of the ifth lumbar vertebra. Art crest, articular crest; Art pro,
articular process; Cost proc, costal process; Lat crest, lateral crest; Sarc tub,
superior articulating tubercle; SC, sacral comua; Spin crest, spinous crest.
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separate the anterior sacral foramina are quite prominent and
give origin to the piriformis muscle.
he dorsal aspect of the sacrum is convex, rough, and
conspicuously marked by ive longitudinal ridges. he central
one, the middle sacral crest, is formed by the fusion of the
spinous processes of the sacral vertebrae. On either side, a
sacral groove separates it from the medial sacral articular crest
that represents the fused articular process. he superior ends
of these crests form the functional superior articular processes
of the irst sacral vertebra, which articulate with the inferior
processes of the ith lumbar vertebra. hey are very strong,
and their facets are directed dorsally to resist the tendency of
the ith lumbar vertebra to be displaced forward. Inferiorly,
the articular crests terminate as the sacral cornua, two rounded
projections that bracket the inferior hiatus where it gives
access to the sacral vertebral canal. More laterally, the lateral
crests and sacral tuberosities form uneven elevations for the
attachments of the dorsal sacroiliac ligaments.
he sacrum and its posterior ligaments lie ventral to the
posterior iliac spines and form a deep depression that accommodates, and gives origin to, the inferior parts of the paraspinal
muscles. he grooves between the central spinous crest and
the articular crests are occupied by the origins of the multiidus
muscles. Dorsal and lateral to these are attached the origins of
the iliocostal and iliolumbar muscles.

Coccyx
he coccyx is usually composed of four vertebral rudiments,
but one fewer or one greater than this number is not uncommon. he coccyx is the vestigial representation of the tail. he
irst coccygeal segment is larger than the succeeding members
and resembles to some extent the inferior sacral element. It
has an obvious body that articulates with the homologous
component of the inferior sacrum, and it bears two cornua,
which may be regarded as vestiges of superior articulating
processes. he three inferior coccygeal members are most
frequently fused and present a curved proile continuous with
that of the sacrum. hey incorporate the rudiments of a body
and transverse processes but possess no components of the
vertebral arch.
he coccyx contributes no supportive function to the spine.
It serves as an origin for the gluteus maximus posteriorly and
the muscles of the pelvic diaphragm anteriorly.

Arthrology of the Spine

FIG. 2.6 Anterior radiographic view of lumbosacral and sacroiliac
articulations. Load transfer from the lumbar spine to the iliac bones via the
costal processes of the irst and second sacral segments is obvious.

he articulations of the spine include the three major types of
joints: synarthroses, diarthroses, and amphiarthroses (Figs.
2.7 to 2.9). he synarthroses are found during development
and the irst decade of life. he best examples are the neurocentral joints of the immature spine, which are the two unions
between the centers of ossiication for the two halves of the
vertebral arch and that of the centrum. Until they are obliterated during the 2nd decade, they possess a thin plate cartilage
between the two apposed bony surfaces. Another example is
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diarthroses are of the arthrodial or gliding type, with the exception of the trochoid or pivot joint of the atlantodens articulation.
he amphiarthroses are nonsynovial, slightly movable connective tissue joints. hey are of two types: the symphysis, as
exempliied by the ibrocartilage of the intervertebral disc, and
the syndesmosis, as represented by all the ligamentous connections between the adjacent bodies and the adjacent arches.

C2

Articulations of the Vertebral Arches
C7

C7

T6

B

A

FIG. 2.7 (A) Anteroposterior radiograph of dried preparation of cervical and
upper thoracic spine. Note greater relative thickness of cervical discs and
more lateral disposition of cervical articular pillars. (B) Lateral view of
preceding specimen. The normal curvatures did not survive the preparation,
but the gradual increase in size of the bodies and the intervertebral
foramina is well illustrated.

T12

T12
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L3

FIG. 2.8 Anteroposterior (left) and lateral (right) radiographs of lower
thoracic and upper lumbar region of articulated dried preparation.

the early union between the articular processes of the sacral
vertebrae, known as ephemeral synchondroses.
he diarthroses are true synovial joints, formed mostly
by the facet joints and costovertebral joints, but also include
the atlantoaxial and sacroiliac articulations. All the spinal

he synovial facet joints formed by the articular processes of
the vertebral arches possess a true joint capsule and are capable
of a limited gliding articulation. he capsules are thin and lax
and are attached to the bases of the engaging superior and
inferior articulating processes of opposing vertebrae. Because
it is mostly the plane of articulation of these joints that determines the types of motion characteristic of the various regions
of the spine, it would be expected that the ibers of the articular
capsules would be longest and loosest in the cervical region
and become increasingly taut in an inferior progression.
he syndesmoses between the vertebral arches are formed
by the paired sets of ligamenta lava, the intertransverse ligaments, the interspinous ligaments, and the unpaired supraspinous ligament. he ligamenta lava bridge the spaces between
the laminae of adjacent vertebrae from the second cervical to
the lumbosacral interval. he lateral extent of each half of a
paired set begins around the bases of the articulating processes
and can be traced medially where they nearly join in the
midline. his longitudinal central deiciency serves to transmit
small vessels and facilitates the passage of a needle during
lumbar punctures. he ibers of the ligamenta lava are almost
vertical in their disposition, but are attached to the ventral
surface of the cephalad lamina and to the superior lip of the
subjacent lamina.
his shinglelike arrangement conceals the true length of
the ligaments because of the overlapping of the superior
lamina. heir morphology is best appreciated from the ventral
aspect as in Fig. 2.9B. he yellow elastic ibers that give the
ligamenta lava their name maintain their elasticity even in
embalmed specimens. It has been stated in some texts that the
elasticity of the ligamenta lava serves to assist in the maintenance of the erect posture. A more probable reason for this
property is simply to keep the ligament taut during extension,
where any laxity would permit redundancy and infolding
toward the ventrally related nervous structures, as occurs in
degenerative lumbar spinal stenosis.
here are two separable layers of the ligamentum lavum,
one supericial and one deep, that have distinct attachments
to the inferior lamina.18 he supericial component inserts at
the classically described location along the posterosuperior
aspect of the lamina. he deep component inserts along the
anterosuperior surface of the lamina.18 his attachment can
have signiicance during surgical removal of the ligamentum
lavum for exposure of the neural elements.
he intertransverse ligaments are ibrous connections
between the transverse processes. hey are diicult to distinguish from extensions of the tendinous insertions of the segmental muscles and in reality may be just that in some regions.
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FIG. 2.9 (A) Dried preparation of thoracic vertebrae showing the supraspinous ligament (SSL) and interspinous
ligaments (ISL). (B) Anterior view of upper thoracic vertebral arches showing the disposition of the ligamenta
lava (LF).

hey appear as a few tough, thin ibers between the cervical
transverse processes, and in the thoracic area they blend with
the intercostal ligaments. Being most distinct between the
lumbar transverse processes, the intertransverse ligaments
may be isolated here as membranous bands.
he interspinous ligaments (see Fig. 2.9A) are membranous
sets of ibers that connect adjoining spinous processes. hey
are situated medial to the thin pairs of interspinal muscles that
bridge the apices of the spine. he ibers of the ligaments are
arranged obliquely as they connect the base of the superior
spine with the superior ridge and apex of the next most
inferior spinous process. hese midline ligaments are found
in pairs with a distinct dissectible clet between them.
he supraspinous ligament (see Fig. 2.9A) is a continuous
ibrous cord that runs along the apices of the spinous processes
from the seventh cervical to the end of the sacral spinous crest.
Similar to the longitudinal ligaments of the vertebra, the more
supericial ibers of the ligament extend over several spinal
segments, whereas the deeper, shorter ibers bridge only two
or three segments. In the cervical region the supraspinous
ligament assumes a distinctive character and a speciic name,
the ligamentum nuchae. his structure is bowstrung across the
cervical lordosis from the external occipital protuberance to
the spine of the seventh cervical vertebra. Its anterior border
forms a sagittal ibrous sheet that divides the posterior nuchal
muscles and attaches to the spinous processes of all cervical
vertebrae. he ligamentum nuchae contains an abundance of
elastic ibers. In quadrupeds, it forms a strong truss that supports the cantilevered position of the head.

Special Articulations
he atlanto-occipital articulation consists of the diarthrosis
between the lateral masses of the atlas and the occipital

condyles of the skull and the syndesmoses formed by the
atlanto-occipital membranes. he articular capsules around
the condyles are thin and loose and permit a gliding motion
between the condylar convexity and the concavity of the
lateral masses. he capsules blend laterally with ligaments that
connect the transverse processes of the atlas with the jugular
processes of the skull. Although the lateral ligaments and the
capsules are suiciently lax to permit nodding, they do not
permit rotation.
he anterior atlanto-occipital membrane is a structural
extension of the anterior longitudinal ligament that connects
the forward rim of the foramen magnum, also known as the
basion, to the anterior arch of the atlas and blends with the
joint capsules laterally. It is dense, tough, and virtually cordlike
in its central portion.
he posterior atlanto-occipital membrane is homologous
to the ligamenta lava and unites the posterior arch of the atlas.
It is deicient laterally where it arches over the groove on the
superior surface of the arch. hrough this aperture, the vertebral artery enters the neural canal to penetrate the dura.
Occasionally, the free edge of this membrane is ossiied to
form a true bony foramen (called the ponticulus posticus)
around the artery.
he median atlantoaxial articulation is a pivot (trochoid)
joint (Figs. 2.10 and 2.11). he essential features of the articulation are the odontoid process (dens) of the axis and the
internal surface of the anterior arch of the atlas. he opposition of the two bones is maintained by the thick, straplike
transverse atlantal ligament. he ligament and the arch of the
atlas have true synovial cavities intervening between them and
the odontoid process. Alar expansions of the transverse ligament attach to tubercles on the lateral rims of the anterior
foramen magnum, and a single, unpaired cord, the apical
odontoid ligament, attaches the apex of the process to the
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basion. he entire joint is covered posteriorly by a cranial
extension of the posterior longitudinal ligament, which is
named tectorial membrane in this region. Because the atlas
freely glides over the superior articulating facets of C2, the
atlantoaxial pivot is essential for preventing horizontal displacements between C1 and C2. Fracture of the odontoid or,
less likely, rupture of the transverse ligament produces a very
unstable articulation.

C1
AA
TAL

Dens

Articulations of the Vertebral Bodies
he vertebral bodies are connected by the two forms of amphiarthroses. Symphyses are represented by the intervertebral
discs, and syndesmoses are formed by the anterior and posterior longitudinal ligaments.

Remn
IVD

C2

Intervertebral Disc

C3

FIG. 2.10 Sagittal section through adult odontoid process showing
articular relationships with anterior arch of the atlas (AA) and transverse
atlantal ligament (TAL). Despite the fact this patient was older than 50 years,
a cartilaginous remnant of the homologue of an intervertebral disc (Remn
IVD) may be discerned. Radiologically, this might be confused with fracture
or a nonunion status.
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In view of the semiliquid nature of the nucleus pulposus and
the vacuities that may be shown in the nucleus of aging specimens, von Luschka19 attempted to classify the intervertebral
disc as a diarthrosis, in which the vertebral chondral plates
were the articular cartilages, the anulus provided the articular
capsule, and the luid and ephemeral spaces within the nucleus
corresponded to the synovia and the joint cavity. Although the
intervertebral disc forms a joint that should be classiied in its
own exclusive category because its development, structure,
and function are generally diferent from those of any other
joint, it most closely conforms to an amphiarthrosis of the
symphysis type.
he intervertebral disc is the ibrocartilaginous complex
that forms the articulation between the bodies of the vertebrae.
Although it provides a very strong union, ensuring the degree
of intervertebral ixation that is necessary for efective action
and the protective alignment of the neural canal, the summation of the limited movements allowed by each disc imparts
to the spinal column as a whole its characteristic mobility. he
discs of the various spinal regions may difer considerably in
size and in some detail, but they are basically identical in their
structural organization. Each consists of two components: the
internal semiluid mass, called the nucleus pulposus, and its
laminar ibrous container, known as the anulus ibrosus.

Nucleus Pulposus
Dens
C1
PA

C2

FIG. 2.11 Sagittal section through atlanto-occipital articulation of a
4-year-old child. The major ossiication centers of the odontoid process
are still separated from the body of C2 by a well-diferentiated disc. The
cartilaginous apex of the process shows a condensation marking the apical
ossiic center. C1 AA and C1 PA mark the anterior and posterior atlantal
arches. The dura (DU) overlies the membrana tectoria (MT), which is a
superior extension of the posterior longitudinal ligament. The transverse
atlantal ligament (TAL) and apical ligament (AL) are also indicated. SK, skull.

Typically, the nucleus pulposus occupies an eccentric position
within the conines of the anulus, usually being closer to the
posterior margin of the disc. Its most essential character
becomes obvious in either transverse or sagittal preparations
of the disc in which, as evidence of internal pressure, it bulges
beyond the plane of section. Palpation of a dissected nucleus
from a young adult shows that it responds as a viscid luid
under applied pressure, but it also exhibits considerable elastic
rebound and assumes its original physical state on release.
hese properties may still be shown in the spine of a cadaver
that has been embalmed for many months.
Histologic analysis provides a partial explanation for the
characteristics of the nucleus. As the deinitive remnant of the
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Anulus Fibrosus
he anulus is a concentric series of ibrous lamellae that encase
the nucleus and strongly unite the vertebral bodies (Fig. 2.12).
he essential function of the nucleus is to resist and redistribute compressive forces within the spine, whereas one of the
major functions of the anulus is to withstand tension, whether
the tensile forces be from the horizontal extensions of the
compressed nucleus, from the torsional stress of the column,
or from the separation of the vertebral bodies on the convex
side of a spinal lexure. Without optical aid, simple dissection

FIG. 2.12 A dissected third lumbar disc. Lamellar bands are still visible
when the section is cut deep into bony apophyseal ring. A layer of
spongiosa was left attached to the superior surface of the disc to show that
only a thin chondral plate intervenes between the vascular trabeculae and
the disc. The inward buckling of the lamellae near the cavity of the
extirpated nuclear material is well shown. The specimen is from a
52-year-old man.

and discernment reveals how well the anulus is constructed
for the performance of this function.
On horizontal section, it is noted that an individual lamella
encircling the disc is composed of glistening ibers that run an
oblique or spiral course in relation to the axis of the vertebral
column. Because the disc presents a kidney-shaped or heartshaped horizontal section, and the nucleus is displaced posteriorly, these lamellae are thinner and more closely packed
between the nucleus and the dorsal aspect of the disc. he
bands are stoutest and individually more distinct in the anterior third of the disc, and here when transected they may give
the impression that they are of varying composition because
every other ring presents a diference in color and elevation
with reference to the plane of section. Teasing and inspection
at an oblique angle shows in the freed lamellae, however, that
this diference is due to an abrupt change in the direction of
the ibers of adjacent rings. Previous descriptions of the anulus
have claimed that the alternating appearance of the banding
is the result of the interposition of a chondrous layer between
each ibrous ring.20 In reality, the alternations of glistening
white lamellae with translucent rings result from diferences
in the incidence of light with regard to the direction of the
iber bundles. his repeated reversal of iber arrangement
within the anulus has implications in the biomechanics of the
disc, which are discussed later.
he disposition of the lamellae on sagittal section is not
consistently vertical. In the regions of the anulus approximating the nucleus pulposus, the irst distinct bands curve inward,
with their convexity facing the nuclear substance. As one
follows the successive layers outward, a true vertical proile is
assumed, but as the external laminae of the disc are approached,
they may again become bowed, with their convexity facing the
periphery of the disc.21,22
he attachment of the anulus to its respective vertebral
bodies warrants particular mention. his attachment is best
understood when a dried preparation of a thoracic or lumbar
vertebra is examined irst. In the adult, the articular surface of
the body presents two aspects: a concave central depression
that is quite porous and an elevated ring of compact bone that
appears to be rolled over the edge of the vertebral body. Oten
a demarcating issure falsely suggests that the ring is a true
epiphysis of the body, but postnatal studies of ossiication have
indicated that it is a traction apophysis for the attachment of
the anulus and associated longitudinal ligaments.23
In life, the depth of the central concavity is illed to the level
of the marginal ring by the presence of a cribriform cartilaginous plate. In contrast to other articular surfaces, there is no
closing plate of compact osseous material intervening between
this cartilage and the cancellous medullary part of the bone.
he trabeculations of the spongiosa blend into the internal
face of the chondrous plate, whereas ibers from the nucleus
and inner lamellae of the anulus penetrate its outer surface.
As intimate as this union between the central disc and vertebra
may appear, the outer bony ring afords the disc its irmest
attachment because the stoutest external lamellar bands of
ibers actually penetrate the ring as Sharpey ibers. Scraping
the disc to the bone shows the concentric arrangements
relecting the diferent angles at which the ibers insert (see
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embryonic notochord, it is similarly composed of loose, delicate ibrous strands embedded in a gelatinous matrix. In the
center of the mass, these ibers show no geometric preference
in their arrangement but form a felted mesh of undulating
bundles. Only the ibers that are in approximation to the
vertebral chondral plates display a deinite orientation. hese
approach the cartilage at an angle and become embedded in
its substance to aford an attachment for the nucleus. Numerous cells are suspended in the ibrous network. Many of these
are fusiform and resemble typical reticulocytes, but vacuolar
and darkly nucleated chondrocytes are also interspersed in the
matrix. Even in the absence of vascular elements, the profusion of cells should accentuate the fact that the nucleus pulposus is composed of vital tissue. here is no deinite structural
interface between the nucleus and the anulus. Rather, the
composition of the two tissues blends imperceptibly.
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Fig. 2.12). he ibers of the outermost ring of the anulus have
the most extensive range of attachment. hey extend beyond
the conines of the disc and blend with the vertebral periosteum and the longitudinal ligaments.

Regional Variations of the Disc
he discs in aggregate make up approximately one-fourth of
the length of the spinal column, exclusive of the sacrum and
coccyx. heir degree of contribution is not uniform in the
various regions. According to Aeby,24 the discs provide more
than one-ith of the length of the cervical spine, approximately
one-ith of the length of the thoracic column, and approximately one-third of the length of the lumbar region.
he discs are smallest in the cervical spine. heir lateral
extent is less than that of the corresponding vertebral body
because of the uncinate processes (Fig. 2.13). Here, as in the
lumbar region, they are wedge-shaped, the greatest width
being anterior, producing lordosis. he thoracic discs are
heart-shaped on section, with the nucleus pulposus being
more centrally located than in the lumbar region. he thickness and the horizontal dimensions of the thoracic disc
increase caudad with the corresponding increase in size of the
vertebral bodies. he normal thoracic kyphosis results from
a disparity between the anterior and posterior heights of the
vertebral bodies because the discs are of uniform thickness.
he lumbar discs are reniform and are relatively and absolutely
the thickest in the spine. he progressive caudal increase
in the degree of lumbar lordosis is due to the equivalent
increase in the diferential between the anterior and posterior
thickness of the disc. In a study of lumbar disc morphology,
Zhong and colleagues noted that disc length increased from
upper to lower lumbar levels, although the L4–L5 disc, and the
L5-S1 discs had similar lengths.25 he L4–L5 nucleus pulposus
height was tallest of the lumbar levels. he authors concluded
that the geometry of the anulus ibrosus and nucleus pulposus
show segment-dependent properties.
he cervical intervertebral discs have been a source of
controversy because of the so-called joints of Luschka, or

FIG. 2.13 Frontal section through fourth to ifth cervical vertebrae showing
typical cervical disc and its joints of Luschka (arrows). A probe has been
passed through the vertebral arterial canal to show its relationships to the
uncovertebral joints.

uncovertebral joints. hese articular modiications are found
on both sides of the cervical discs as oblique, cletlike cavities
between the superior surfaces of the uncinate processes and
the corresponding lateral lips of the interior articular surface
of the next superior vertebra. Because they initially appear in
the latter part of the irst decade and are not universally
demonstrable in all cervical spines, or even in all subaxial discs
of the same cervical spine, it is preferable to call them “accommodative joints” that have developed in response to the shearing stresses of the torsions of cervical mobility (see Fig. 2.13).

Spinal Ligaments
Anterior Longitudinal Ligament
he anterior longitudinal ligament is a strong band of ibers
that extends along the ventral surface of the spine from the
skull to the sacrum. It is narrowest and cordlike in the upper
cervical region, where it is attached to the atlas and axis and
their intervening capsular membranes. It widens as it descends
the column to the extent, in the lower lumbar region, of covering most of the anterolateral surfaces of the vertebral bodies
and discs before it blends into the presacral ibers. he anterior
longitudinal ligament is not uniform in its composition or
manner of attachment. Its deepest ibers, which span only one
intervertebral level, are covered by an intermediate layer that
unites two or three vertebrae and a supericial stratum that
may connect four or ive levels. Where the ligament is adherent to the anterior surface of the vertebra, it also forms its
periosteum. It is most irmly attached to the articular lip at the
end of each body. It is most readily elevated at the point of its
passage over the midsection of the discs, where it is loosely
attached to the connective tissue band that encircles the anulus
(Fig. 2.14).

Posterior Longitudinal Ligament
he posterior longitudinal ligament difers considerably from
its anterior counterpart with respect to the clinical signiicance
of its relationships to the intervertebral disc. Similar to the
anterior ligament, it extends from the skull to the sacrum, but
it is within the vertebral canal. Its central iber bundles diminish in breadth as the size of the spinal column increases. he
segmental denticulate coniguration of the posterior longitudinal ligament is one of its most characteristic features.
Between the pedicles, particularly in the lower thoracic and
lumbar regions, it forms a thick band of connective tissue that
is not adherent to the posterior surface of the vertebral body.
Instead, it is bowstrung across the concavity of the dorsum of
the body. he large vascular elements enter and leave the
medullary sinus located beneath its ibers.
In approximating the dorsum of the disc, the posterior
longitudinal ligament displays two strata of ibers. he supericial, longer strands form a distinct strong strap whose ilaments bridge several vertebral elements. A second, deeper
stratum spans only two vertebral articulations and forms
lateral curving extensions of ibers that pass along the dorsum
of the disc and out through the intervertebral foramen. hese
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FIG. 2.14 Bodies of third and fourth lumbar vertebrae from a 58-year-old
man. The spiral course of ibers of the outer lamellae is evident. The
periosteal attachment of the relected anterior longitudinal ligament is well
shown, in addition to the delineation of the loosely attached area raised
from the surface of the disc.

deeper intervertebral expansions of the ligament have the
most signiicant relationship with the disc.
hese ibers are most irmly ixed at the margins of their
lateral expansions. his produces a central rhomboidal area of
loose attachment, or in some cases an actual fascial clet of
equivalent dimensions, on the dorsolateral aspect of the disc.
At dissection, this characteristic may be readily shown by
inserting a blunt probe beneath the intervertebral part of the
longitudinal ligament and exploring the area to deine the
margins of the space where the ibers are strongly inserted
(Fig. 2.15). his situation is particularly pertinent to problems
involving dorsal or dorsolateral prolapse of the nucleus pulposus. With a dorsocentral protrusion of a semiluid mass, the
strong midline strap of posterior longitudinal ibers tends to
restrain the herniation. If an easily dissectible clet ofers a
space for lateral expansion, however, the mass can extend to
either side, dissecting the loose attachments.
Trabeculations of connective tissue bind the dura to the
dorsal surface of the posterior longitudinal ligament. his
attachment is irmest along the lateral edges. Numerous
venous cross connections of the epidural sinuses pass between
the dura and the ligament. he venous elements are the most
ubiquitous structures among the components related to the
vertebral articulations.
Although not frequently included in anatomic discussions
of the spine, an additional structure travels deep to the posterior longitudinal ligament, extending laterally and posteriorly
to surround the dura of the cauda equina. It has been termed
the peridural membrane, irst by Dommissee in 197526 and
later by Wiltse.27 he basivertebral veins cross the peridural

FIG. 2.15 Posterior longitudinal ligament traversing the bodies of third and
fourth lumbar vertebrae. The central strap of long ibers can be seen
passing over the hemostat. The lines of strong attachment of the ibers at
the lateral expansions are indicated by the black dots as they outline the
rhomboid area, where the ibers are readily dissected from the dorsal
surface of the disc. In this case, the instrument was inserted into an actual
fascial cleft, and the points show the weakest area of the lateral expansion.

membrane because it ofers no obstruction to vascular communication between the intraosseous vessels of the vertebral
body and the epidural space. Its possible clinical signiicance
is that it may provide a containing membrane for herniated
discs or hematomas, which may be noted on advanced imaging
such as computed tomography (CT) or magnetic resonance
imaging (MRI) as a delimiting barrier to the pathology.

Relationships of the Roots of
the Spinal Nerves
he dorsal and ventral nerve roots pass through the subarachnoid space and converge to form the spinal nerve at approximately the level of its respective intervertebral foramen. Owing
to the ascensus spinalis—the apparent cranial migration of the
distal end of the spinal cord during development that actually
arises from diferential growth of the lower parts of the vertebral column—the course of the nerve roots becomes longer
and more obliquely directed in the lower lumbar segments. In
the cervical region, the nerve root and the spinal nerve are
posteriorly related to the same corresponding intervertebral
disc; in other words, the nerve root exits the spinal canal at
the same level it branches from the spinal cord.
In the lumbar region, a diferent situation prevails. he
nerve roots contributing to the cauda equina travel an almost
vertical course over the dorsum of one intervertebral disc to
exit with the spinal nerve of the foramen one segment lower.
In the cervical and lumbar regions, dorsal or dorsolateral (i.e.,
paracentral) protrusions of disc material afect the descending
rather than exiting nerve root. When the meningeal coverings
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(dura) blend with the epineurium, the nerve components
become extrathecal. he actual point of this transition is variable but usually occurs in relation to the distal aspect of the
dorsal root ganglion.
he nerve root is intimately related to the pedicle of the
vertebra. Ugur and colleagues28 found no distance between the
upper cervical pedicles and their corresponding nerve roots
in 20 cadaveric spines, whereas there was a slight distance in
4 of the 20 specimens in the lower cervical region. For all
specimens, the distance from the nerve root to the inferior
aspect of the upper pedicle ranged from 1 to 2.5 mm. he
distance from the medial aspect of the pedicle to the dural sac
ranged from 2.4 to 3.1 mm. A similar relationship between the
thoracic nerve roots and pedicle exists.29 he distance from
the pedicle to the superior nerve root in the thoracic spine
ranges from 1.5 to 6.7 mm, and the distance from the pedicle
to the inferior nerve root, 0.8 to 6 mm. Ebraheim and colleagues30 measured these distances in the lumbar spine, inding
a mean distance of 1.5 mm from the pedicle to the inferior
nerve root, 5.3 mm from the pedicle to the superior nerve
root, and 1.5 mm from the medial pedicle wall to the dura.
Of particular interest is the distribution of epidural fat
around and within the intervertebral foramen. his fat has a
irm character and forms a mechanically supportive “bushing”
for structures entering and leaving the spinal canal. A prominent extension of this fat body also follows the inferior and
ventral surfaces of each lumbar nerve. It is interposed between
the root and the external surfaces of the pedicle and vertebral
body that deine the inferior part of the intervertebral foramen.
Its amelioration of the downward and ventral distraction of
the nerve that accompanies the spine and lower limb motions
is obvious. Histologically, it is composed of uniform cells that
are contained within a ine membrane (perhaps the elusive
peridural membrane).31 here is no ibrous tissue in normal
epidural fat and only tenuous attachments to the dura.

Intervertebral Foramen
he intervertebral foramen is the aperture that gives exit to
the segmental spinal nerves and entrance to the vessels and
nerve branches that supply the bone and sot tissues of the
vertebral canal. It is superiorly and inferiorly bounded by the
respective pedicles of the adjacent vertebrae. Its ventral and
dorsal components involve the two major intervertebral
articulations. he dorsum of the intervertebral disc, covered
by the lateral expansion of the posterior longitudinal ligament,
provides a large part of its ventral boundary, whereas the joint
capsule of the articular facets and the ligamentum lavum
contribute the major parts of its dorsal limitation. Along with
the root, the remaining space is illed with loose areolar tissue
and fat (Fig. 2.16).
However ample the overall dimensions of the intervertebral
foramen may be, its elliptical nature is responsible for many
of its relational problems. In the lumbar region, the vertical diameter of the foramen ranges from 12 to 19 mm; this
undoubtedly accounts for the fact that a complete collapse of
the disc may produce little or no evidence of nerve compression.
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FIG. 2.16 Three aspects of the relational anatomy of the disc. A shows the
topographic arrangement of the normal disc with the apophyseal ring and
perforated chondral plate in relation to the nucleus pulposus and the
anulus. B indicates the inclusions of the motor segment as originally
described by Junghanns (cross-hatched area). Arrows deine the limits of the
motor segment proposed here. C indicates the dissipation by the lateral
thrust in a compressed disc. Related anatomy of the intervertebral foramen
is also indicated. The two structures passing ventral to the spinal nerve are
the sinuvertebral nerve and the artery. The other vessels are veins.

he sagittal diameter may be only 7 mm, however, making
this dimension exquisitely sensitive to changes. Because the
diameter of the fourth lumbar nerve can be just slightly less
than 7 mm, the tolerance for pathologic alteration of the bony
or connective tissue relationships is restricted.32
he existence of additional ligamentous elements in relation to the intervertebral foramen could limit further the
space for the exiting spinal nerve. hese structures, known as
the transforaminal ligaments, are frequently found in the
lumbar region.33,34 he transforaminal ligaments are strong,
unyielding cords of ibrous tissue that pass anteriorly from
various parts of the neural arch to the body of the same or the
adjacent vertebra and may be 5 mm wide. Grimes and colleagues35 found these ligaments span from the nerve root
itself. hese investigators noted four diferent bands, the most
signiicant of which spread from the nerve root to the anterior
aspect of the facet capsule. Other bands spanned from the
nerve root to the superior pedicle, the inferior pedicle, and the
intervertebral disc anteriorly.
In the cervical spine, the space available for the exiting
nerve root may be compromised by structures just lateral to
the foramen. In 10 adult human cadaveric specimens, Alleyne
and colleagues36 found the dorsal root ganglia of the C3 to C6
spinal nerves to be slightly compressed by the ascending
vertebral artery. his compression was most pronounced at
the C5 level, which the authors suggested as a possible explanation for the greater susceptibility of this nerve to iatrogenic
injury during procedures such as laminoplasty.
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Numerous anatomic variations in the relationships of the
lumbosacral nerve roots can exist. hese variations may help
explain seemingly anatomically inconsistent neurologic indings with compressive disorders such as herniated discs or
lateral stenosis.
he most common variation involves atypical origins, or
foraminal exits, of individual lumbosacral roots. Although
myelographic studies indicated only a 4% incidence of lumbosacral root anomalies, an anatomic study by Kadish and
Simmons37 reported an incidence of 14%. he L5-S1 level is
the most commonly involved. Observations by these authors
provided four types of variations: (1) intradural interconnections between roots at diferent levels, (2) anomalous levels of
origin of nerve roots, (3) extradural connections between
roots, and (4) extradural division of nerve roots. Furthermore,
nerve roots may be conjoined, in which two adjacent roots
share a common dural envelope as they leave the dural sac.38
he bifurcation of conjoined roots can occur close to the
intervening pedicle, creating a secondary axilla, which may be
involved in the etiology of neuropathy. he L5-S1 segment is
the most common for presence of a conjoined nerve root.
Although the diagnosis of a conjoined nerve root is oten
made during surgery, clinical suspicion should be raised in a
patient with a herniated disc with symptoms corresponding
to two dermatomes.
A source of confusing neurologic indings may relate to the
variant anatomy of the furcal nerve. he name furcal nerve has
been applied to the fourth lumbar nerve because it exhibits a
prominent bifurcation to contribute to the lumbar plexus
(femoral and obturator nerves) and sacral plexus (lumbosacral
trunk). Kikuchi and Hasue39 found that it is oten indeinite
in its intradural ainities, frequently exhibiting two dorsal
root ganglia that have distinct root sources at the conus
medullaris. hey proposed that when symptoms indicate the
involvement of two levels, suspicion should be directed toward
four possible causes: (1) two roots compressed by a single
lesion, (2) the presence of two lesions, (3) the anomalous
emergence of two roots through the same foramen, or (4) the
existence of the peculiarly doubled components of the furcal
nerve (Fig. 2.17).
Infrequently, variant “ixation” alters the expected sequences
of nerve root exit. In a preixed lumbosacral plexus, the furcal
nerve (the division between the lumbar and sacral plexuses)
exits through the third lumbar foramen, and the preceding
and subsequent nerves exit one vertebral level higher than in
the conventional distribution. Conversely, in the postixed
plexus, the furcal nerve exits the L5-S1 foramen, and the
lumbosacral nerve sequence is all one level lower than usually
described.40
Although Kadish and Simmons37 noted that the existence
of anomalous interconnections between nerve root levels
dispels any notion of “absolute innervation,” Parke and Watanabe41 showed that there is a consistent system of intersegmental connections between the roots of the lumbosacral
nerves. hey described an epispinal system of motor axons
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Lumbosacral Nerve Root Variations
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FIG. 2.17 Cross connection L4 and L5 nerve roots (spinal nerves) in the
extraforaminal region through the furcal nerve. (Modiied from McCulloch
JA, Young PH. Essentials of Spinal Microsurgery. Philadelphia: LippincottRaven; 1998:390.)

that courses among the meningeal ibers of the conus medullaris and virtually ensheathes its ventral and lateral funiculi
between the L2 and S2 levels. hese nerve ibers apparently
arise from motor neuron cells of the ventral horn gray matter
and join spinal nerve roots caudal to their level of origin. In
all the spinal cords studied, many of these axons commingled
at the cord surface to form an irregular group of ectopic
rootlets that could be visually traced to join conventional
spinal nerve roots at one to several segments inferior to their
original segmental level (Figs. 2.18 and 2.19). Occasionally,
these ventral ectopic rootlets course dorsocaudad to join a
dorsal (sensory) nerve root. Although the function and the
clinical signiicance of this epispinal system of axons have yet
to be explained, a given segmental level of motor nerve cells
may contribute ibers not only to an adjacent segment, but also
to nerve roots of multiple inferior levels.
An additional variant aspect of the lumbosacral nerve roots
concerns the relative location of their dorsal root ganglia.
Almost all anatomic illustrations depict the lumbosacral
dorsal root ganglia in an intraforaminal position, the central
part of the ganglion lying between the adjacent pedicles.
Hasue and colleagues42,43 found, however, that the lumbosacral
dorsal root ganglia may also be positioned internal or external
to their foramina. hey designated the internal positions as
subarticular or sublaminar, depending on their relationship to
these structures rooing the spinal canal, and found that
approximately one-third of the L4 and L5 ganglia are in the
subarticular position. If the ganglion is subarticular, it is in the
lateral recess and subject to the direct consequences of a lateral
stenosis.

Innervation of the Spine
he distribution of the medial branches of the dorsal ramus
of the spinal nerve to the external periosteum, facet joints, and
ligamentous connections of the neural arches (and the general
ramiication of the “recurrent” sinuvertebral nerve, known as
the nerve of Luschka or ramus meningeus, to structures related
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FIG. 2.18 (A) Photomicrograph of the lateral surface of human conus medullaris showing ectopic rootlets (ER)
that receive axons from cells in the ventral horn nuclei. Note origin of some ibers at the level of L4 motor
nuclei extends caudad to join S1 root. (B) Photomicrograph showing ER passing posteriorly to join a dorsal
(sensory) nerve root (DR). DL, last denticulum of denticulate ligament; VR, ventral root.
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FIG. 2.19 Photomicrographs of a 5-µm cross section from the conus medullaris at the S1 level showing
ectopic rootlets in various stages characteristic of their emergence from the ventrolateral surface of the cord.
(A) Rootlets just appearing on the pial surface (1, 2) eventually join free rootlets (3, 4) that have originated from
higher levels. The conventional roots of L5 and S1 nerves have emerged from the typical zone of rootlet
emergence (RE). A and V, Anterior spinal artery and vein. (B) Higher power photomicrograph of (A) shows
greater detail of rootlet emergence. The entire ventrolateral pia is intertwined with epispinal axons, of which
only a few form ectopic rootlets. Dense circular band of pial straps (5) is characteristic of the region of the
epispinal ibers. ([A], ×33. [B], ×133.) (From Parke WW, Watanabe R. Lumbosacral intersegmental epispinal axons
and ectopic ventral nerve rootlets. J Neurosurg. 1967;67:269-277.)

to the spinal canal) has been known for more than a century.
he recognition that degenerative disease of the intervertebral
disc and its consequences is a major cause of low back pain
has stimulated more inquiries, however.
Many investigations have attempted to delineate the
origins, terminal ramiications, and nerve ending types of the
sinuvertebral nerve, oten with contradictory results. More
comprehensive works22,44-51 have agreed on the general source

and composition of this nerve and have described it as
variously branching from the distal pole of the dorsal root
ganglion, the initial part of the spinal nerve, or the dorsal
sections of the rami communicantes. It was recognized that a
multiple origin is common, especially in the lumbar region,
and small autonomic branches oten have a separate course,
entering the intervertebral foramen independently. he extent
and complexity of the relationships of the sinuvertebral nerve
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FIG. 2.20 Schema of major intraspinal distribution of dorsal central
branches of segmental vertebromedullary arteries and distribution and
source of the sinuvertebral nerves. The pattern of the nerve shown entering
the superior foramen is derived from the data provided by Groen and
colleagues.53 Dotted lines show a composite of the variant ranges (arrows
indicate two or more segments) and ramiications tabulated by these
authors. The nerve entering the inferior foramen shows the extent and
distribution described in previous reports. 1, Dorsal root ganglion. 2, Rami
communicantes. 3, Sinuvertebral nerve and its origin according to Groen
and colleagues. 4, Autonomic ganglion. 5, Nerve to anterior longitudinal
ligament. 6, Spinal nerve roots. 7, Sinuvertebral nerve arising from distal
pole of ganglion (thought to be its most common source before report
of Groen and colleagues). 8, Dorsal primary ramus of spinal nerve. 9, Ventral
primary ramus of spinal nerve. 10, Arteries entering basivertebral sinus
to supply cancellous bone. 11, Descending dorsal central branch of
vertebromedullary (spinal) artery. 12, Ventral branch of vertebromedullary
artery.

ramiications of the nerves supplying spinal structures. hey
found that, in contrast to most previous reports, the human
sinuvertebral nerves were almost exclusively derivatives of
the rami communicantes close to their connections with the
spinal nerves. hese origins were fairly consistent throughout
the length of the thoracolumbar sympathetic trunk, but in the
cervical region they were also derived from the perivascular
plexus of the vertebral artery.
Five sinuvertebral nerves have been observed passing into
one intervertebral foramen. Typically, the group consists of
one thick nerve (perhaps the one seen in most conventional
dissections) and several ine ibers. he thick, or predominant,
sinuvertebral nerve is oten absent, however, in the upper
cervical and sacral regions. he major sinuvertebral element
enters the foramen ventral to the spinal ganglion and gives of
some ine branches at this point. As the nerve enters the spinal
canal, the major branch usually divides into rami that course
in approximation to the distribution of the posterior central
branches of the segmental artery, with a long ascending
element and a shorter descending one. From these branches,
one to three coiled rami supply the ventral dura.
he acetylcholinesterase technique used by Groen and
colleagues53 made it possible to delineate details of the plexus
of the posterior longitudinal ligament. he work of these
authors supports the idea that the posterior longitudinal
ligament is highly innervated by an irregular plexiform distribution of ibers that have a greater density in the ligament
expansions dorsal to the discs. hese authors were able to
note the primary direction, length, and “termination area”
of the branches of a single segmental sinuvertebral nerve.
hey classiied the variations of individual nerves as follows:
(1) ascending one segment, (2) descending one segment, (3)
dichotomizing toward one segment caudal and one segment
cranial or horizontal, (4) ascending two or more segments,
and (5) descending two or more segments (see Fig. 2.20). he
existence of the latter two categories, although they are not
as common as the others, shows that the sinuvertebral nerve
can supply more than two adjacent segmental levels. A basis
for the poor pain localization of an ofending disc may be
related to the generous distribution possible in the individual
sinuvertebral nerve. he large totomounts treated with acetylcholinesterase also showed that the patterns of sinuvertebral
nerve distribution to the posterior longitudinal ligament
did not display signiicant regional variations apart from an
expected pronounced diminution in the plexus density in the
immovable lower sacral region.
he posterior longitudinal ligament is highly innervated
with complex encapsulated nerve endings and numerous lowmyelinated free nerve endings (Fig. 2.21). he lateral expansion of the posterior longitudinal ligament extends through
the intervertebral foramen covering all the dorsal and most of
the dorsolateral aspects of the disc. he elevation of this thin,
highly innervated strap of connective tissue may provide a
signiicant component of the pain manifest in acute disc
protrusions.
he probable range of diverse functions of the sinuvertebral
nerve may be indicated by the analysis of its cross-sectional
composition. Stained preparations taken from a section near
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within the spinal canal have engendered much argument,
however, particularly concerning the segmental range of the
individual nerve ramiications.
In illustrations based on dissections, Bogduk and colleagues44 and Parke52 agreed that each nerve supplies two
intervertebral discs via superiorly and inferiorly directed
branches—the inferiorly directed branch ramifying over the
dorsum of the disc at the level of entry and the longer, superiorly directed branch coursing along the edge of the posterior
longitudinal ligament to reach the disc of the next superior
level (Fig. 2.20). Dissections identify mainly the larger ramiications. Smaller ibers are usually localized with staining
techniques. Conventional methods of staining using silver or
lipotrophic stains have given controversial results, however,
because of a lack of speciicity.
Groen and colleagues,53 using a highly speciic acetylcholinesterase staining method on large cleared sections of
fetal human spines, resolved many conlicts concerning the
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FIG. 2.21 Photomicrographs of nerve endings in posterior longitudinal ligament of a dog. (A) Section of
ligament dorsal to a lumbar intervertebral disc. The dark area is the central strap of the ligament, and the light
area is the thin lateral expansion over the dorsum of the disc. These ine nerve endings are characteristic of
those in known nociceptors. (B) Complex nerve ending from posterior longitudinal ligament. This type of
ending is believed to be a transducer of mechanical deformation for postural senses. (Methylene blue vital
tissue stain: [A], ×300; [B], ×500.)

the nerve origin show many small myelinated ibers, although
some myelin sheaths are greater than 10 µm in diameter.54
Many of the smaller ibers are postganglionic eferents from
the thoracolumbar autonomic ganglia that mediate the smooth
muscle control of the various vascular elements within the
spinal canal, and many of the larger ibers are involved in
proprioceptive functions. Concerning the latter, Hirsch and
colleagues46,55 found numerous complex encapsulated nerve
endings in the posterior longitudinal ligament (see Fig. 2.21B).
It is assumed that these may be associated with the larger
myelinated ibers whose postganglionic axons enter the cord
to mediate postural relexes because similar ibers in the cervical region of cats have been shown to be important in tonic
neck relexes.56 It seems, however, that the smaller ibers
making up the bulk of the sinuvertebral nerve are aferents,
associated with simple, nonencapsulated, or “free” nerve
endings that are generally regarded as nociceptive (see Fig.
2.21A).
he fact that the sinuvertebral nerve carries pain ibers has
been amply shown by clinical and laboratory experimentation.
Direct stimulation of tissues known to be served by the nerve
elicits back pain in humans. Pedersen and colleagues54 showed
that stimulation of these tissues in decerebrate cats resulted in
blood pressure and respiratory changes similar to those elicited by noxious stimuli to known pain receptors in other areas
of the body.
Disagreement exists over whether the anulus itself is innervated and, if so, how extensively. he classic work of Hirsch
and colleagues55 claimed that nerve endings are only in the
dorsal aspect of the most supericial layer of the anulus, and
these presumably are from branches of the same nerve ibers
that innervate the overlying expansions of the posterior longitudinal ligament.
Pedersen and colleagues,54 Stilwell,57 and Parke52 have failed
to show nerve endings in the anulus. Because the connective
tissue structures intimately related to the disc show a profusion
of nerve endings, Parke52 assumed that their disruption could
account for discogenic pain. Inappropriate methodology may

account for the failure to show intradiscal nerves. Malinsky,49
Bogduk and colleagues,44,45 and Yoshizawa and colleagues58
published accounts showing nerve ibers in the outer lamina
of the anulus. his work has now been supported by the
highly speciic acetylcholinesterase method of Groen and
colleagues.53
Most descriptions of the sinuvertebral nerve indicate that
the major meningeal ibers to the spinal dura are distributed
to its ventral surface.59 he median dorsal dural surface has
been regarded as virtually free of nerve ibers, a convenience
that permits its painless penetration during needle puncture.
Although Cyriax60 claimed that irritation of the ventral dura
during protrusion of the nucleus may contribute to discogenic
pain, a suicient distortion of the nerve ibers on the movable
or unattached dura does not seem likely. he coiled coniguration of these dural contributions of the sinuvertebral nerve,
noted by Groen and colleagues,61 may indicate a compensation
to permit a degree of dural movement without placing traction
on these nerves.
Parke and Watanabe62 observed that the ventral lower
lumbar dura is oten ixed to the ventral canal surface by
numerous connective tissue ibers, most irmly ixed at the
margins of the lower lumbar discs. hese apparently acquired
adhesions are not to be confused with the ligaments of
Hofmann, which are normal straps of tissue connecting the
dura to the ventral canal surface that have been obliquely
positioned by the developmental cranial traction of the dura
and its contents. his observation has been supported by a
series of dissections by Blikra,63 who was seeking a rationale
for lower lumbar intradural disc protrusions. His analysis
showed that in some cases the dura may be suiciently ixed
to the ventral surface of the canal, particularly at the L4–L5
level, for protruding nucleus material to rupture the ventral
dura. Parke and Watanabe,62 by microscopic analysis of sections of the dura that had been forcibly freed from these
adhesions overlying the fourth or ith lumbar disc, showed
disruption of the nerve ibers bound in the adhesion. In the
numerous cases in which such adhesions are present, the
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Spinal Motion Segment
he inclusion of all articular tissue, the overlying spinal
muscles, and the segmental contents of the vertebral canal and
intervertebral foramen into a single functional and anatomic
unit was irst suggested by Junghanns.64,65 Originally called the
“motor” segment, this unit represents a useful concept that
stresses the developmental and topographic interdependence
between the ibrous structures that surround the intervertebral
foramen and the functioning of the structures that pass
through it. Although the 23 or 24 individual motion segments
must be considered in relation to the spinal column as a whole,
no congenital or acquired disorder of a single major component of a unit can exist without afecting irst the functions of
the other components of the same unit and then the functions
of other levels of the spine.
Although Junghanns64 deined the unit primarily in terms
of the movable structures making up the intervertebral articulations, a logical, if not necessary, extension of the motion
segment concept should include some aspect of the vertebral
elements. DePalma and Rothman66 included both adjacent
vertebrae in their illustration of the unit, but depiction of the
unit concept is improved by incorporating only the opposing
superior and inferior halves of each vertebra, eliminating
redundancy (see Fig. 2.16). In visualizing the motion segment
unit as a musculoskeletal complex surrounding a corresponding level of nervous structures, it must be realized that the
intervertebral disc and the facets are but two of the articulations involved. he interosseous ibrous connections that
include the interspinous, intertransverse, costovertebral, and
longitudinal ligaments and the ligamentum lavum are varieties of syndesmoses.

Nutrition of the Intervertebral Disc
Most descriptive accounts of the intervertebral disc dismiss
the subject of its vascular nutrition with a brief mention of the
general agreement that the normal adult disc is avascular. he
demonstrable truth of this statement may give the impression
that the substance of the disc is inert biologically. Experimental evidence has indicated that the normal disc tissue is quite
vital and has a demonstrable rate of metabolic turnover.67,68 In
contrast to the nonvascular cartilage in the diarthroses, the
cellular elements of the disc cannot receive the blood-borne
nutrients through the mediation of the synovial luid but must
rely on a difusional system with the vessels that lie adjacent
to the disc. Difusion is also the mechanism for removal of
products of metabolism from the disc, such as lactic acid.69
he qualitative and quantitative aspects of the difusional
nutrition of the disc have been studied.68-72 he peripheral
vascular plexus of the anulus and the vessels adjacent to the
hyaline cartilage of the bone-disc interface provide the two
sources for the difusion of metabolites into the disc. Although

the interface shows an average permeability of 40%, there is a
decreasing centrifugal gradient that starts with an 80% permeability at the center. Because difusion is the major mechanism
that carries small solutes through the disc matrix, the two
main parameters afecting this low are the partition coeicient,
which deines the equilibrium between the solutes within the
plasma and the solutes within the disc, and the difusion coeficient, which characterizes the solute mobility.
he partition coeicient varies with the size and charge of
the solute particle. Small uncharged solutes show a nearequilibrium between their plasma and intradiscal concentrations, but because the disc matrix has a predominantly negative
charge, anionic solutes have a lower intradiscal concentration
in relation to the plasma, whereas the reverse is true for positively charged solutes, whose intradiscal concentration is
greater than that of the plasma. Because the range of these
efects depends on the concentration of the ixed, negatively
charged, larger molecular aggregates (proteoglycans), the
partition coeicient is regionally variable within the disc
matrix and especially pronounced in the inner annular lamellae and nucleus, where the concentration of proteoglycans is
the highest.
Solute mobility (the difusion coeicient) within the disc is
slower than in the plasma because the presence of solids in the
form of collagen and proteoglycans impedes difusional progress. Without regard to charge, the difusion coeicient
within the disc is 40% to 60% of free difusion within water,
and mobility is greatest in the inner anulus and nucleus where
the water concentrations are the highest.
Because of the regional diferentials in the densities of the
ixed charges within the disc, the two vascular sources for disc
nutrition vary in their signiicance in the supply of certain
solutes. With respect to the small uncharged particles, there is
little diference in the transport potential of either the peripheral or the endplate vascular routes, but because of the greater
collective negative charge within the central substances of the
disc (from proteoglycans), the interface vasculature is a greater
source of cationic solutes, whereas the anions would gain
easier access through the peripheral vessels.
he efect of luid “pumping” under changes in the load
applied to the disc is minimal with respect to the transport of
small solutes because the matrix has a low hydraulic permeability relative to their higher rates of difusion. With regard
to the larger solutes, however, the pumping may have a more
substantial efect.
Metabolic turnover, as indicated by proteoglycan synthesis
in discs in dogs, is variable according to age within the range
of 2 to 3 years. It is roughly equivalent to that of articular
cartilage. he central disc tissues have a low oxygen tension
and a high concentration of lactic acid, indicating that the
inner disc cell respiration is primarily anaerobic. Because this
type of respiration is heavily dependent on glycolytic energy
requirements, the interface vasculature must deliver the
needed glucose to maintain the central disc cell viability.
Because this interface exchange is precariously dependent
on the integrity of the ine vasculature subjacent to the cartilaginous endplate, any change from the optimal state occasioned by age-dependent vagaries in the intrinsic vertebral
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forceful elevation of the dura by a disc protrusion may provide
an adjunctive source of the discogenic pain.
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vasculature may partly explain the marked predisposition to
degenerative changes characteristic of the aging disc. Calciication and sclerosis of the endplate decrease permeability and
contact area with the disc space, further contributing to disc
degeneration. MRI studies following the movement of contrast
medium into the disc have demonstrated a decreased ability
of a degenerated disc to accept solutes, both in speed and
quantity.69
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Blood Supply of the Vertebral Column
he descriptions and terminology of the nutritional vessels
of the vertebrae vary considerably in anatomy texts. In general,
the texts illustrate and discuss the vascularity of a typical thoracic or lumbar vertebra, with a lack of agreement on such
basic issues as to whether the vertebral body does73 or does
not74 receive an anterior supply. In addition, discussions of
the vascularization of the atypical (craniocervical, cervical,
and sacral) vertebral regions are either supericial or entirely
lacking. Much of the information presented here is the result
of a de novo investigation by Parke and colleagues,77 and the
terminology ascribed to the vessels is derived from a selection
of what seem to be the most descriptive names previously used
in the literature.75-77
Despite the fact that regional variations may at irst seem
to thwart the perception of a common pattern of vertebral
vascularization, the homologous origin of all vertebral elements nevertheless provides a certain constancy. From a
segmental artery, or its regional equivalent, each vertebra
receives several sets of nutritional vessels, which consist of
anterior central, posterior central, prelaminar, and postlaminar branches. he irst and last of these are derived
from vessels external to the vertebral column, whereas the
posterior central and prelaminar branches are derived from
spinal branches that enter the intervertebral foramina and
supply the neural, meningeal, and epidural tissues as well. In
the mid-spinal region, the internal arteries (i.e., the posterior
central and prelaminar branches) provide the greater part of
the blood supply to the body and vertebral arch, but reciprocal arrangements may occur, particularly in the cervical
region.
his general pattern of the vasculature is best shown in the
area between the second thoracic and ith lumbar vertebrae,
where the segments are associated with paired arteries that
arise directly from the aorta (Fig. 2.22). Typically, each segmental artery leaves the posterior surface of the aorta and
follows a dorsolateral course around the middle of the vertebral
body. Near the transverse processes, it divides into a lateral
(intercostal or lumbar) and a dorsal branch. he dorsal branch
runs lateral to the intervertebral foramen and the articular
processes as it continues backward between the transverse
processes eventually to reach the spinal muscles. Because the
segmental artery is closely applied to the anterolateral surface
of the body, its irst spinal derivatives are two or more anterior
central branches that directly penetrate the cortical bone of
the body and that may be traced radiologically into the spongiosa (Figs. 2.23 and 2.24). he same region of the segmental
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FIG. 2.22 (A) Anteroposterior and (B) lateral radiographs of spine of an
8-month fetus injected with inely divided barium sulfate. Traditional
regional subdivisions of the spine are indicated on the left, and regional
arteries that provide the segmental branches to the individual vertebrae are
shown on the right. The upper cervical region is supplied by vertebral and
deep cervical arteries (VA & DC), the lower cervical and upper two thoracic
segments are supplied by the costocervical trunk (CC), and the remaining
thoracic vertebrae receive intercostal vessels (IC). The lumbar arteries (LUA)
supply their regional vertebrae, and the sacral segments are provided with
branches from lateral sacral (LS) and middle sacral (MS) arteries.
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FIG. 2.23 Ventral radiograph of section through T6 of a specimen from a
6-year-old child injected with barium sulfate. The intercostal arteries (IA)
give rise to dorsal branches (DB) that provide spinal branches to the
vertebral canal and posterior branches to the arch and dorsal musculature.
The posterior central branches (PCB) are well shown as they send vessels
into the vertebral body. Fine anterior central and anterior laminar and
posterior laminar vessels can be seen. Note the neurocentral synchondrosis.

artery also supplies longitudinal arteries to the anterior longitudinal ligament (Fig. 2.25).
Ater the segmental artery divides into its dorsal and
lateral branches, the dorsal component passes lateral to the
intervertebral foramen, where it gives of the spinal branch
that provides the major vascularity to the bone and contents
of the vertebral canal. his branch may enter the foramen as a
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FIG. 2.24 Vertical radiograph of section through lumbar vertebra of a
6-year-old child. The vascularity of the lumbar vertebra may be regarded as
the archetypal pattern from which other regions evolved variations. The
segmental lumbar artery (LA) gives rise to numerous anterior central
branches that penetrate the cortical bone of the body. The spinal branch
(SB) sends prominent posterior central branches to the dorsum of the body,
whereas the dorsal branch (DB) supplies the anterior (ALB) and posterior
(PLB) laminar branches. Neural branches (NB) follow the nerve roots to the
cord. In this section, the arteria radicularis magna is seen as a neural branch
on the right side. ACB, anterior central branches; LB, lumbar branches; PCB,
posterior central branches.
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FIG. 2.25 Lateral view of lumbar vertebra shown in Fig. 2.24. Longitudinal
anastomoses of posterior central branches (PCB) can be appreciated, and
the disposition of neural branches (NB) is clariied. The lumbar arteries also
supply small longitudinal branches to the anterior longitudinal ligament.

single vessel, or it may arise from the dorsal segmental branch
as numerous independent rami. In either case, it ultimately
divides into a triad of posterior central, prelaminar, and
intermediate neural branches. he posterior central branch
passes over the dorsolateral surface of the intervertebral disc
and divides into a caudal and a cranial branch, which supply
the two adjacent vertebral bodies.
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FIG. 2.26 Anteroposterior arteriogram of lower thoracic and upper lumbar
vertebrae in a 6-year-old child. The interlocking anastomotic pattern formed
by the posterior central branches (PCB) and the manner in which four
branches converge over the center of the dorsum of the body of each
vertebra are well shown. The arteria radicularis magna (ARM), which forms a
major contribution to the anterior spinal artery of the cord, can be seen
arising at L2.

Coursing in the same plane as the posterior longitudinal
ligament, these branches vascularize the ligament and the
related dura before entering the large concavity in the central
dorsal surface of the vertebral body. he dorsum of each
vertebral body is supplied by four arteries derived from two
intervertebral levels. As these vessels tend to converge toward
the dorsal central concavity, where they are cross-connected
with their bilateral counterparts, their connections with other
vertebral levels give the appearance of a series of rhomboid
anastomotic loops (Fig. 2.26) that illustrate the extent of collateral supply to a single vertebra.
he prelaminar branch of the spinal artery follows the
inner surface of the vertebral arch, giving ine penetrating
nutrient branches to the laminae and ligamenta lava, while
also supplying the regional epidural and dorsal tissue. he
neural branches that enter the intervertebral foramen with the
above-described vessels supply the pia-arachnoid complex
and the spinal cord itself. In the fetus and the adult, the neural
or radicular branches are not segmentally uniform in their size
or occurrence. Although all spinal nerves receive ine twigs to
their ganglia and roots, the major contributions to the cord
are found at irregular intervals. Several larger radicular arteries may be discerned in the cervical and upper thoracic
regions, but the largest, the arteria radicularis magna (artery
of Adamkiewicz76), is an asymmetrical contribution from one
of the upper lumbar, or lower thoracic, segmental arteries. It
travels obliquely upward with a ventral spinal root to join the
anterior spinal artery in the region of the conus medullaris.
Radicular contributions to the dorsal spinal plexus may usually
be distinguished by their more tortuous course (see Figs. 2.25
and 2.26).
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Ater the dorsal branch of the segmental artery has provided the vessels to the intervertebral foramen, it passes
between the transverse processes, where it gives of a ine spray
of articular branches to the joint capsule of the articular
processes. Immediately distal to this point, it divides into
dorsal and medial branches; the larger, dorsal branch ramiies
in the greater muscle mass of the erector spinae, whereas the
medial branch follows the external contours of the lamina and
the spinous process. his postlaminar artery supplies the
musculature immediately overlying the lamina and sends ine
nutrient branches into the bone. he largest of these branches
penetrates the lamina through a nutrient foramen located just
dorsomedial to the articular capsule.

1

3

4
C1

5
6
C2

C3

Regional Variations in Spinal Vasculature
Only vertebrae that are related to the aorta have access to
direct segmental branches. he cervical, upper thoracic, and
sacral regions have diferent patterns in their segmental supply
that afect to various extents the arrangements of the iner
vessels. In an arteriogram of the entire fetal spine (see Fig.
2.22), it can be seen that the greater part of the cervical region
is supplied by the vertebral arteries and the deep cervical
arteries. An intermediate area that usually includes the lower
two cervical and upper two thoracic vertebrae is supplied by
costocervical branches of the subclavian artery that are of
variable pattern and oten bilaterally dissimilar. From T2 to
L3, the typical segmental arrangement prevails, but in the
sacral area lateral sacral branches of the hypogastric artery and
middle sacral branches assume the function of supporting the
nutritional vasculature to the vertebral elements.

Atlantoaxial Complex
With their complex phyletic and developmental history, the
components of the atlantoaxial articulation display the most
atypical vascular pattern of all the vertebrae. Although the
odontoid process represents the deinitive centrum of the irst
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Cervical Region
he general patterns of the arterial supply with respect to the
typical cervical vertebrae are schematically represented in
Figs. 2.27A and 2.28.77 he vertebral arteries represent a lateral
longitudinal fusion of the original segmental vessels and
provide a ventrally coursing anterior central artery and a
medially directed posterior central artery to each subaxial
vertebral element. he anterior spinal plexus is best developed
in the cervical region, where it exhibits a rectangular mesh of
vessels in which the transverse members (anterior central
arteries) run along the upper ventral edges of their respective
intervertebral discs. he conspicuousness of this plexus relects
the fact that it also serves the cervical prevertebral musculature. he thyrocervical and costocervical trunks assist in the
lower cervical region, and the upper cervical part of the plexus
receives contributions from the ascending pharyngeal arteries
(Fig. 2.29).
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FIG. 2.27 (A) Schema of arterial supply to bodies of the upper cervical
vertebrae and the odontoid process. Numerical designations apply to the
same structures in (B). 1, Hypoglossal canal passing meningeal artery.
2, Occipital artery. 3, Apical arcade of odontoid process. 4, Ascending
pharyngeal artery giving collateral branch beneath anterior arch of atlas.
5, Posterior ascending artery. 6, Anterior ascending artery. 7, Precentral and
postcentral arteries to typical cervical vertebral body. 8, Anterior spinal
plexus. 9, Medullary branch of vertebral artery; radicular, prelaminar, and
meningeal branches are also found at each level. 10, Collateral to ascending
pharyngeal artery passing rostral to anterior arch of atlas. 11, Left vertebral
artery.

cervical vertebra, it develops and remains as a projecting
process of the axis that is almost completely isolated from the
rest of the atlas by synovial joint cavities. Its ixed position
relative to the rotation of the atlas and the adjacent sections
of the vertebral arteries prevents formation of major vascularization by direct branches at its corresponding segmental level.
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FIG. 2.28 Vertical radiograph of section through fourth cervical vertebra of
a 6-year-old child, showing vascularity. The deep cervical artery (DC)
provides the posterior laminar branches (PLB). Vertebral arteries show
numerous anastomoses with other cervical arteries and send spinal
branches (SB) that form posterior central branches (PCB) of the body and
anterior lamina branches of the arch. Anterior central branches (ACB) may
arise independently from the vertebral arteries (VA).
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FIG. 2.29 Arteriogram of cervical and upper thoracic regions of the
6-year-old spine seen in Figs. 2.23 and 2.24. The vertebral artery (VA) and
deep cervical branch (DC) of the costocervical trunk (CC) supply segmental
branches to each vertebra. The costocervical artery also typically supplies T1
and T2, but in this case T2 receives a high intercostal (IC) branch on the left
side.

One might assume that the nutrition of the dens would
easily be accomplished by interosseous vessels derived from
the spongiosa within the supporting body of the axis. It is
axiomatic, however, that the vascular patterns of bones were
developmentally established to supply the original ossiication
centers within the nonvascular cartilage matrices, and despite
the eventual obliteration of the separating cartilage, the original
patterns of vascularity generally prevail throughout life. he
transient cartilaginous plate, which represents an incipient

intervertebral disc between the atlas and axis, does not calcify
until the latter half of the irst decade and efectively prevents
the development of any signiicant vascular communication
between the axis centrum and the odontoid process. Occasionally, noncalciied remnants of this plate may persist in
adults; although there may be a stable union between the two
elements, a radiolucent area may suggest a fracture nonunion
or a “false” os odontoideum.
In light of the foregoing facts, it was not unexpected that
the investigations of Schif and Parke78 revealed that the
odontoid process was supplied primarily by pairs of anterior
and posterior central branches that coursed upward from the
surfaces of the body of the axis and were derived from the
vertebral arteries at the level of the foramen of the third cervical nerve. he posterior ascending arteries are the larger
members of these two sets of vessels and usually arise independently from the posteromedial sides of their respective
vertebral arteries. he individual artery enters the vertebral
canal through the foramen between the second and third
vertebrae and trifurcates on the dorsum of the axis body. he
typical posterior central perforators course medially passing
deep to the posterior longitudinal ligament (called the tectorial membrane in the craniocervical region) to penetrate into
the spongiosa of the axis. A small descending branch anastomoses distally with vessels of the next lower segment.
he major part of the posterior ascending artery crosses the
dorsal surface of the transverse ligament of the atlas about
1.5 mm lateral to the neck of the odontoid process (see Fig.
2.27). Dorsal to the alar ligament, it sends an anterior anastomotic branch over the cranial edge of this ligament to form
collateral connections with the anterior ascending artery. he
posterior ascending artery continues on a medial course to
meet its opposite counterpart and forms the apical arcade that
arches over the apex of the odontoid process.
he smaller anterior ascending arteries arise from the
anteromedial aspect of the vertebral arteries and pass to the
ventral surface of the axis body. Fine medial branches send
perforators into the substance of the vertebral body and meet
in a median anastomosis typical of the anterior central
branches of the lower cervical region. he rostral continuance
of the anterior ascending arteries brings them dorsal to the
anterior arch of the atlas. Here each artery sends numerous
ine perforators into the anterolateral surfaces of the neck of
the odontoid process and terminates in a spray of vessels that
supply the synovial capsule of the median atlantoaxial joint.
Fine branches from the anterior and posterior ascending
arteries also assist in the nutrition of the syndesmotic relations
of the atlantoaxial and craniovertebral articulations. he main
blood supply to the atlanto-occipital joint is provided by a
complex of vessels derived from the vertebral and occipital
arteries.
Collateral vessels pass over and under the anterior arch of
the atlas to anastomose with the apical arcade and ascending
arteries.79 hese are derived from some component of the
external carotid system. hese vessels are branches of the
ascending pharyngeal artery, which has a nearly ubiquitous
distribution in the upper pharyngeal region and sends a
branch along the inner aspect of the carotid sheath that, on
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reaching the base of the skull, becomes recurrent and descends
deep to the prevertebral fascia to supply the upper prevertebral
cervical muscles and anastomose with the anterior spinal
plexus. Numerous small-bore vessels that descend from the
rim of the foramen magnum to anastomose with the apical
arcade are derivatives of a meningeal branch of the occipital
artery that enters the skull through the hypoglossal canal (see
Fig. 2.27). Its descending branches supply the periforaminal
dura, the tectorial membrane and alar and apical ligaments,
and the ine anastomoses to the arcade.
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From the second thoracic vertebra to the fourth lumbar vertebra, the spine and its regionally related structures are supplied by pairs of segmental arteries that are direct branches of
the aorta. Because the aorta terminates in a bifurcation ventral
to the fourth lumbar vertebral body, the vertebrae and the
associated tissues caudad to this point rely on an arterial
complex derived mostly from the internal iliac (hypogastric)
arteries. his “sacroiliolumbar system” consists of contributions from the fourth lumbar artery, the iliolumbar artery, and
the middle and lateral sacral arteries.
With the increasing use of percutaneous approaches to the
lower lumbar discs, this infra-aortic system of vessels has
assumed some surgical signiicance, particularly because, in
contrast to the conventional segmental supply to the more
superior vertebrae, its major components are longitudinally
related to the dorsolateral surfaces of the discs most frequently
involved in these procedures.79

Fourth Lumbar Arteries
he peculiarities of the sacroiliolumbar system of arteries may
best be understood if compared with the pattern of distribution of the typical aortic segmental branches. he ramiications
of the fourth lumbar arteries were selected for this purpose
because they not only exemplify the conventional segmental
distribution, but oten are involved in the nutrition of the next
lower segments by variable contributions to the iliolumbar
vessels. hese vessels oten may be twice the caliber of their
more cephalad homologues because of a greater muscular and
intersegmental distribution.
As depicted in Figs. 2.30 and 2.31, the distribution of the
major ramiications is similar to that of the thoracic segmental
vessels, with the exception of additional branches that supply
the psoas and quadratus lumborum muscles. he lateral
muscular branch (equivalent of the thoracic intercostals) may
be quite large at the fourth lumbar level, where, in contrast to
the other lumbar laterals, it passes anterior, rather than posterior, to the quadratus lumborum. It then continues to supply
the lower posterolateral abdominal wall as it courses superior
to the crest of the ilium. As can be seen in Fig. 2.30, it may be
equivalent in size to the iliac branch of the iliolumbar artery.
Its position superior to the crest indicates that it is more likely
to be encountered by percutaneous instrumentation than the
latter vessel.
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FIG. 2.30 Distribution and major variations of sacroiliolumbar system of
arteries that supply the vertebrae and their associated structures inferior to
the fourth lumbar vertebra. These patterns of the vessels were derived from
radiographs of perinatal specimens and dissections of adults and drawn
against a tracing of the lumbosacral region taken from a left anterior
oblique radiograph of a man. The aorta lies to the left of center as it
approaches the bifurcation ventral to the fourth lumbar vertebra. This
schema shows the more frequent arrangement of the sacroiliolumbar
system on the right side of the illustration, where the iliolumbar vessel
(7) has a single origin from the dorsum of the posterior division of the
(removed) internal iliac artery. The left side shows the common variation
where the iliac artery and the lumbar artery (14) are derived separately.
The middle sacral artery (16) is in its typical position, and the anastomotic
contribution from the fourth lumbar artery (4) shows its most frequent form.
1, Aorta. 2, Musculocutaneous branch of third lumbar artery. 3, Muscular
branch to posterior abdominal wall. 4, Anastomotic contribution of fourth
lumbar artery to sacroiliolumbar system. 5, Lumbar branch of iliolumbar
artery. 6, Iliac branch of iliolumbar artery. 7, Iliolumbar artery. 8, Left lateral
sacral artery. 9, Posterior division of internal iliac artery. 10, Superior and
inferior gluteal arteries. 11, External iliac artery. 12, Anterior (visceral) division
of internal iliac artery. 13, Internal iliac artery. 14, Variant origin of lumbar
branch of iliolumbar artery from lateral sacral artery. 15, Common iliac artery.
16, Middle sacral artery. 17, Left fourth lumbar segmental artery. 18, Left
second lumbar segmental artery.

he dorsal musculocutaneous branch of the fourth lumbar
artery is equivalent in distribution to other thoracolumbar
segmental arteries. It usually has a medial branch that supplies
the external aspects of the facet joints and neural arch components and the transversospinal group of muscles and a
lateral branch to the transversocostal group of the erector
spinae. he vertebromedullary (spinal) branches of the fourth
lumbar artery are also similar to those of other segmental
arteries (see Fig. 2.24). hey are a group of vessels of variable
caliber that may generally be sorted into three divisions: (1)
the ventral periosteal and osseous branches that supply the
posterior longitudinal ligament, the periosteum, and the

Chapter 2 Applied Anatomy of the Spine

A major peculiarity of the fourth lumbar artery is its proclivity toward providing a relatively large, caudally directed
intersegmental branch that arises near the level of the intervertebral foramen and becomes reciprocally involved with the
lumbar branch of the iliolumbar artery. When this latter vessel
is small or absent, the descending branch of the fourth lumbar
artery may be suiciently large to provide the predominant
nutritional system to two vertebral segments caudad to its
origin (see Figs. 2.30 and 2.31).

ASA

Iliolumbar Artery
L2

4LA
L5
ILA
DRA

IIA

FIG. 2.31 Anteroposterior radiograph of spine from a perinatal cadaver
injected with barium sulfate. The aorta and common iliac vessels have been
removed before radiography. This specimen shows considerable variation
between the two sides of the sacroiliolumbar system. On the right, a small
lumbar branch and a descending branch from the fourth lumbar artery
(4LA) enter the L5-S1 intervertebral foramen. On the left, there is no lumbar
branch, and a descending branch of the L4 artery supplies all of the vessels
to the L5-S1 foramen. The middle sacral artery is also absent, and other
branches of the system supply its domain. The radicular branches of the
vertebromedullary vessels supply the distal radicular arteries (DRA) and
reveal the positions of the lower ends of the lumbosacral nerve roots.
AMM, Arteria medullaris magna; ASA, anterior spinal artery; IIA, internal iliac
artery; ILA, iliolumbar artery.

cancellous bone of the vertebral body; (2) the radiculomedullary division that provides the irregularly located
medullary arteries of the cord and the constant distal radicular
arteries to all the roots; and (3) the dorsal division that supplies ine articular branches to the deep aspects of the facet
joints and the periosteum of the deep surfaces of the laminae
and their associated ligaments. he irst two divisions usually
originate from a common branch of the segmental artery and
enter the intervertebral foramen just rostral to their respective
vertebral pedicle and ventral to the dorsal root ganglion,
whereas the dorsal division arises from the musculocutaneous
branch of the segmental artery and enters the foramen dorsal
to the nerve components. All the vertebromedullary branches
may provide ine branches to the spinal dura.
he aortic segmental arteries course around their respective vertebral body at its narrowest circumference and are
positioned almost equidistant between the adjacent discs.
hese parts of the arterial distribution are relatively safe from
instrumentation properly positioned to enter the discs.

As opposed to the mostly visceral distribution of the anterior
division of the internal iliac (hypogastric) artery, the posterior
division is essentially a somatic artery giving rise to gluteal,
iliolumbar, and lateral sacral branches. he iliolumbar artery
most frequently is the irst branch of this dorsal division. It is
directed dorsosuperiorly, passing close to the ventrolateral
surface of the irst sacral vertebral segment. It courses superiorly, dorsal to the obturator nerve and ventral to the lumbosacral trunk. Lateral to the inferior margin of the L5-S1 disc,
the iliolumbar artery usually divides into a laterally directed
iliac artery and an ascending lumbar artery. he irst of these
crosses the sacroiliac joint to reach the iliac fossa of the pelvis,
where it courses inferior to the iliac crest and usually deep to
the muscle to provide muscular branches to the iliac muscle
and articular twigs to the acetabulum and eventually anastomoses with the deep circumlex branch of the femoral artery.
he lumbar artery ascends posterolateral to the L5-S1 disc,
still between the obturator nerve and the lumbosacral trunk,
to provide the vertebromedullary vessels to the L5-S1 intervertebral foramen (Fig. 2.32; also see Figs. 2.30 and 2.31). In
most cases, a branch of this vessel continues rostrally to
anastomose with the descending branch of the fourth lumbar
artery. he lumbar branch of the iliolumbar artery provides
regional branches to the psoas and quadratus lumborum
muscles.

Sacral Arteries
Lateral Sacral Arteries
Lateral sacral arteries usually form the second branch of the
dorsal division of the internal iliac arteries and course down
the pars lateralis on each side of the sacrum. Opposite the
sacral foramina, they give of medial branches that dorsally
enter the foramina. Ater providing the typical vertebromedullary derivatives, their dorsal muscular branches exit through
the dorsal sacral foramina to supply the sacral origins of the
erector spinae muscles.

Middle Sacral Artery
he middle sacral artery is an unpaired vessel that is the last
branch of the aorta, usually derived from its dorsal median
surface just above the carina of the bifurcation (Fig. 2.33; also
see Fig. 2.30). It descends down the ventral surface of the
anterior longitudinal ligament over the fourth and ith lumbar
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bodies and down the ventral sacrum to terminate at the
sacrococcygeal junction in a vascular glomus (sacrococcygeal
body) in tail-less mammals or continues ventral to the coccygeal (caudal) vertebrae in tailed mammals as the caudal
artery. In humans, this is a variable vessel, being totally absent
in some cases or replaced by a branch of one of the lateral
sacral arteries. Where it is a signiicant component of the
sacroiliolumbar system, its irst lateral branches on the ventral
surface of the ith lumbar body may entirely replace this segment’s contributions from the iliolumbar or fourth lumbar
vessels and provide its osseous, muscular, and vertebromedullary requirements.
Where it is conspicuously present in the sacral region, the
middle sacral artery may also contribute a vertebromedullary
branch to each anterior sacral foramen. When it is absent,
these ventral sacral territories are provided with segmental
medial branches from the lateral sacral arteries.

PA

Functional Signiicance

CB

FIG. 2.32 Anteroposterior arteriogram of sacral region in a 7-year-old child.
The lateral sacral arteries (LS) can be seen coming from the hypogastric
vessels (HA). The middle sacral artery (MSA) is atypical in this specimen
because it stops at S1. Just anterior to the coccyx, the coccygeal bodies (CB)
are indicated as small knots of arteriovenous anastomoses. Pudendal
arteries (PA) are well injected.
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FIG. 2.33 Radiograph of horizontal section through sacroiliac joint. The
natural curvature of the sacrum provided oblique sections through
segments 2, 3, and 4. The hypogastric artery (HA) gives of the lateral sacral
artery (LSA) that sends anastomotic branches to join the middle sacral
artery (MSA); from these, the sacral segments receive the penetrating
anterior central branches. The dorsal branches pass into the anterior sacral
foramina to provide posterior, central, neural, and prelaminar branches. The
dorsal branches leave through the posterior sacral foramina to supply the
muscles and posterior laminar branches.

he sacroiliolumbar system, despite its complexity and seemingly endless combinations of reciprocal substitutions, supplies
the lower lumbosacral elements of the spine and the inferior
half of the lumbosacral spinal nerve roots (cauda equina) and
the back musculature inferior to the L4 level. It is also a major
contributor to the vasa nervorum of the lumbosacral plexus.
he distal radicular arteries deine the positions of the lumbosacral roots (see Fig. 2.25). Although signiicant medullary
branches to the spinal cord are seldom found below L4, they
do occur, and from the preceding descriptions it is obvious
why the ligation of both internal iliac arteries during radical
cystoprostatectomy can result in spinal cord ischemia.80

Venous System of the Vertebral Column
An external plexus and an internal plexus of veins are associated with the vertebral column. he distribution of the two
systems roughly coincides with the areas served by the external
and internal arterial supplies. he external venous plexus also
consists of an anterior and a posterior set of veins. he small
anterior external plexus is coextensive with the anterior central
arteries and receives tributaries that perforate the anterior and
lateral sides of the vertebral body.
he more extensive posterior external veins drain the
regions supplied by posterior (muscular and postlaminar)
branches of the segmental artery. he posterior external veins
form an essentially paired system, which lies in the two vertebrocostal grooves, but has cross anastomoses between the
spinous processes. It is a valveless venous complex that receives
the draining segmental tributaries of the internal veins through
the intervertebral foramina and communicates ultimately
with the lumbar and intercostal tributaries of the caval and
azygos system. he posterior external plexus becomes most
extensive in the posterior nuchal region, where it receives the
intraspinous tributaries via the vertebral veins and drains into
the deep cervical and jugular veins.
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spine, the retrocorporeal vein was found deep to the posterior
longitudinal ligament, whereas it was supericial to the ligament in the thoracic and lumbar regions.
Where the main anterior sinuses cross connect, they receive
the large unpaired basivertebral sinus that arises within the
dorsal central concavity of the spongiosa and drains the
intraosseous labyrinth of sinusoids. Regional visualization of
the epidural plexus can be accomplished by introducing a
radiopaque medium directly into the spongiosa or the cancellous bone of the spinous process (intraosseous venography).
he major external connections of the epidural plexus
consist of the veins that pass through the intervertebral
foramen and eventually empty into the segmentally available intercostal or lumbar veins (Fig. 2.35). Because these
sinuses are valveless, one cannot refer accurately to directions
of drainage and low. he greatest functional signiicance of
these vessels lies in their ability to pass blood in any direction according to the constantly shiting intraabdominal and
intrathoracic pressures. Breschet81 surmised that the epidural
plexus served as a collateral route for the valveless caval and
azygos systems. his ability has been shown by experimental
ligation of either the superior vena cava or the inferior vena
cava. In addition, the Queckenstedt maneuver, which tests
the patency of the spinal subarachnoid space by compressing
the jugular or intraabdominal veins, causes an increase in
cerebrospinal luid pressure through dural compression from
the expansion of the collaterally loaded epidural plexus.
he plexus is evidently capable of passing large quantities
of blood without developing varices. Clemens claimed that
this feature was due to the intricate network of collagenous
ibers that supports the thin walls of the sinuses. Also, passive

B

FIG. 2.34 (A) Posterior and (B) lateral illustrations of the spinal epidural venous plexus taken from hand-colored
copies of Breschet’s original work (ca. 1835). (Courtesy Scott Memorial Library, Jeferson Medical College.)
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he internal venous plexus is of more functional and anatomic interest. his plexus is essentially a series of irregular,
valveless epidural sinuses that extend from the coccyx to the
foramen magnum. Its channels are embedded in the epidural
fat and are supported by a network of collagenous ibers,
but their walls are so thin that their extent or coniguration
cannot be discerned by gross dissection. his latter property
may account for the fact that the epidural venous sinuses
have been periodically “rediscovered.” he epidural vertebral
veins were known to Vesalius and his contemporaries and
were described and illustrated in the irst part of the 19th
century by Breschet.81 Batson,82 Clemens,83 and others made
the functional and pathologic signiicance of these vessels
apparent (Fig. 2.34).
he plexus does not entwine the dura in a completely haphazard fashion but is arranged in a series of cross-connected
expansions that produce anterior and posterior ladderlike
conigurations up the vertebral canal. he main anterior
components of the epidural plexus consist of two continuous channels that course along the posterior surface of the
vertebral bodies just medial to the pedicles. hese channels
expand medially to create cross anastomoses over the central
dorsal area of each vertebral body and are thinnest where they
overlie the intervertebral discs. When injected with a contrast
medium, the main channels may appear as a segmental chain
of rhomboid beads. Chaynes and colleagues84 studied the
internal venous plexus using silicon injection techniques.
hey found that anterior longitudinal veins were located in
a “dehiscence” within the periosteum along the lateral aspect
of the spinal canal and that veins of each side communicated
with each other through a retrocorporeal vein. In the cervical
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FIG. 2.35 Schema showing venous relationships of a lumbar vertebra.
Engorgement and relative venous hypertension in the epidural vessels
exacerbate neuroischemic conditions in the lumbosacral roots. 1, Dorsal
external vertebral plexus. 2, Dorsal epidural plexus. 3, Ascending lumbar
veins. 4, Basivertebral vein. 5, Ventral external vertebral plexus. 6, Lumbar
segmental vein. 7, Muscular vein from posterior abdominal wall. 8,
Circumferential channels (sinuses) of epidural plexus. 9, ventral internal
vertebral plexus. 10, anterior and posterior longitudinal sinuses of internal
vertebral plexus.

congestion of the spinal cord is prevented by minute valves in
the radicular branches draining the spinal cord.83 his latter
fact is anatomically unique because valves exist nowhere else
in the venous channels associated with the central nervous
system. An ancillary function of the epidural plexus may be
to act in a mechanical capacity as a hydraulic shock-absorbing
sheath that helps bufer the spinal cord during movements of
the vertebral column, similar to the epidural fat.
he vertebral sinuses are largest in the suboccipital and
upper cervical region. Here they also receive numerous nerve
endings from the sinuvertebral nerves and are associated with
glomerular arteriovenous anastomoses, which suggests a possible baroceptive function.85 he patency of these anastomoses
is most easily shown in the fetus, in which arterial injections
of a contrast medium may also ill the upper cervical epidural
sinuses. Similarly, the coccygeal bodies of the same specimen
pass the arterial injection directly into the epidural veins of
the lower sacral region.
he detrimental aspects of the vertebral epidural veins have
been well stated by Batson.82 Retrograde low from venous
connections to the lower pelvic organs provides an obvious
route of metastasis for pelvic neoplasms to the spine itself and
to the regions of the trunk associated with valveless connections to the plexus. Batson82 claimed that direct metastatic
transfer can occur between the pelvic organs and the brain via
the vertebral epidural route.
Another extraspinal-intraspinal venous connection implicated in the transfer of pathologic processes involves the
pharyngovertebral veins.86 hese vessels constitute a system
that drains the superior posterolateral regions of the nasopharynx and coalesces into two to several veins that penetrate
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FIG. 2.36 Composite schema of blood supply to spinal cord and nerve
roots showing two regions of the cord. Note the distinction between
medullary arteries and true radicular arteries and that the medullary arteries
usually run a course that is independent of the roots. 1, Dorsolateral
longitudinal artery. 2, Proximal radicular artery (of dorsal root). 3, Dorsal
medullary artery. 4, Dorsal root of thoracic spinal nerve. 5, Distal radicular
artery (of dorsal root). 6, Sinuvertebral nerve. 7, Dorsal ramus of spinal nerve.
8, Segmental artery. 9, Dorsal central artery. 10, Dorsal root ganglion. 11,
Anterior laminar artery. 12, Ventral ramus of spinal nerve. 13, Rami
communicantes. 14, Ventral root of spinal nerve. 15, Proximal radicular artery
of ventral root. 16, Periradicular theca of dura. 17, Dorsal meningeal branch
of vertebromedullary artery. 18, Dura. 19, Ventral meningeal plexus. 20, Great
ventral medullary artery (great “radicular” artery of Adamkiewicz). 21,
Anterior (ventral) spinal artery. 22, Vasa corona of spinal cord. 23, Spinal
nerve. 24, Ventral medullary artery of thoracic cord.

the anterior atlanto-occipital membrane to discharge into the
venous complex surrounding the median and lateral atlantoaxial joints. Because posterior pharyngeal infections have
been linked with the atlantoaxial rotatory subluxations characteristic of Grisel syndrome,87 it is believed that the pharyngovertebral veins are instrumental in transporting infectious
processes that may produce a hyperemic relaxation of the
atlantoaxial ligaments. he existence of this venous system
also explains the ease in transfer of superior pharyngeal metastatic processes to the upper cervical epidural veins.

Blood Supply of the Spinal Cord
hroughout the length of the spinal cord, a system of three
longitudinal vessels receives blood from the irregularly located
medullary branches of the segmental spinal arteries and distributes it to the substance of the cord. his system consists of
the single median ventral anterior spinal artery and two
smaller dorsolateral spinal arteries (Fig. 2.36).
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Despite its great functional signiicance, the anterior spinal
artery remains one of the more inaccurately described and
inadequately understood blood vessels. Derived from the
fusion of bilateral pairs of ascending and descending anastomotic branches of the original segmental arteries of the developing spinal cord,88 this median ventral pial vessel supplies
approximately 80% of the intrinsic spinal cord vasculature. It is
usually depicted in texts as a single continuous artery of nearly
uniform caliber that extends from the medulla oblongata to
the conus. he anterior spinal artery is actually a longitudinal
series of functionally independent vessels that may show wide
luminal variations and anatomic discontinuities.88-90
Although the investigations of Crock and Yoshizawa75 have
tended to minimize the signiicance of predominant regional
feeders, many functionally oriented reports have claimed that
the cord has three major arterial domains along its vertical
axis: (1) the cervicothoracic region (C1–T3), (2) the midthoracic region (T3–T8), and (3) the thoracolumbar (including sacral cord) region (T8-conus). he reports have also
claimed that these areas have little anastomotic exchange
between their junctions (Fig. 2.37).
Brewer and colleagues89 and Lazorthes and associates90
maintained that a series of human anterior spinal arteries
consistently show interruptions, or critically narrow zones,

VA

T3

in the mid-thoracic region, and these inluence the potential
collateral blood low along the longitudinal axis of the cord.
It is not only the observed size of the vessel that is of physiologic signiicance, however. he existence of a marked autoregulatory control of the intrinsic spinal cord blood low has
been independently shown in many mammalian species.32,91
Microscopic investigation92 of sections of the descending
and ascending contributions of the arteria medullaris magna
(artery of Adamkiewicz, also known as the arteria radicularis
magna) to the anterior spinal artery showed that these arteries,
in addition to their well-developed circumferential muscle of
the tunica media, also possess a layer of predominantly longitudinal intimal musculature. Located between the internal
elastic lamina and the endothelium, this layer ranges in thickness from one-ith to one-half of the tunica media (Fig. 2.38).
In following a series of cranial to caudal sections of the
thoracolumbar anterior spinal artery, it was noted that the
intimal muscle layer did not extend into any of its branches.
At the mouth of the central (sulcal) arteries, which are the
largest anterior spinal artery derivatives, the intimal musculature stops abruptly, oten forming a liplike projection over
the opening of the branch vessel, but no intimal muscle ibers
extend into the central arteries. A sphincter-like thickening
of the central artery tunica media, seen at the ostium of the
vessels, indicates that this muscle layer has a greater contractile
inluence at this point (see Fig. 2.38). he intimal musculature,
in addition to enhancing the luminal control of the anterior
spinal artery, also is involved in controlling the blood low into
the central arteries. Where the intimal layer shows the liplike
projections, successive serial sections indicate that contraction
of the longitudinally disposed intimal muscle ibers forms
an ellipsoidal buttonhole-shaped oriice whose long axis is
parallel to that of the iber orientation. Such an arrangement
permits exquisite muscular control of the blood low from the
anterior spinal artery to its central artery branches.
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FIG. 2.37 Schema illustrating sources and relationships of medullary feeder
arteries to the spine and the spinal cord. Anterior spinal artery (ASA) is
shown to be formed by an anastomotic chain of ascending and descending
branches of medullary feeders. Cervicothoracic, mid-thoracic, and
thoracolumbar (includes sacral cord) regions are indicated, and their usual
boundaries at vertebral levels T3 and T8 are shown. Medullary feeders range
from 6 to 14, but the respective domains persist. Dotted line indicates
frequent position of a smaller accessory medullary feeder to the
thoracolumbar area. AMM, Arteria medullaris magna; VA, vertebral artery.
(From Parke WW, Whalen JL, Bunger PC, et al. Intimal musculature of the
lower anterior spinal artery. Spine. 1995;20:2074.)

FIG. 2.38 High-power cross section of thoracolumbar anterior spinal artery
(ASA) wall at junction with one side of a central artery. The intimal
musculature (1) may extend as a liplike projection (6) over the central artery
oriice. This muscle layer stops at this point and does not extend into
branch vessels. A sphincter-like enlargement of the conventional circular
muscle of the central artery (7) is indicated. Endothelium (3) and internal
elastic lamina (4), tunica media (2), and adventitia-pia (5) are labeled.
ART, artery; LUM, lumbar. (From Parke WW, Whalen JL, Bunger PC, et al:
Intimal musculature of the lower anterior spinal artery. Spine 1995;20:2075.)
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FIG. 2.39 Schema derived from sections of arteria medullaris magna
(AMM)–anterior spinal artery (ASA) junction to show distribution of intimal
musculature (solid black) in this region. Intimal cushions are shown guarding
the oriice of the ascending ASA (a ASA) and a typical distribution is found
in the arch of the descending ASA (d ASA). (From Parke WW, Whalen JL,
Bunger PC, et al. Intimal musculature of the lower anterior spinal artery.
Spine. 1995;20:2076.)

In addition to the fairly uniform layer of the intimal musculature throughout the walls of the examined sections of
the thoracolumbar anterior spinal artery, serial sections cut
through the arch-shaped junction of the arteria medullaris
magna and the descending anterior spinal artery branches
show that this intimal layer, in most cases, is organized into
prominent intimal cushions. hese muscular thickenings are
erratically distributed along the lumen of the hairpin-shaped
arterial arch and the initial segment of the ascending branch of
the anterior spinal artery (Figs. 2.39 and 2.40). his latter location is of considerable interest because its prominent cushions,
with reinforced thickenings of the underlying tunica media,
could exert considerable inluence over the quantity of blood
low between the thoracolumbar and mid-thoracic vascular
domains. his intimal control system, when coupled with
the intramedullary arteriovenous anastomoses (described in
a subsequent section on intrinsic vascularity), provides an
anatomic basis for the dramatic range of spinal cord blood
low autoregulation. he presence of the intimal cushions
explains the oten-noted failure of the arteria medullaris
magna to supply adequately the mid-thoracic cord region
above the arteria medullaris magna–anterior spinal artery
junction during aortic cross clamping.
he ventral position of the anterior spinal artery and its
nutritional importance may have consequence in spinal stenosis. Particularly in the lower cervical region, its compression
by dorsal osteophytes and cartilaginous protrusions related to
cervical disc degeneration may lead to the neurologically
disastrous anterior spinal artery syndrome.93 he medullary
feeder arteries that supply the anterior spinal artery may arise
from any spinal segmental artery. Studies by Dommissee94
showed, however, that there are statistical preferences for
certain segmental levels. here are usually three anterior
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FIG. 2.40 Sagittal section through junction of arteria medullaris magna
(AMM) arch and ascending anterior spinal artery (aASA) showing the intimal
cushions guarding the aASA oriice (1). These may be reinforced by
underlying enhancement of the circular ibers of the tunica media (2).
Endothelium (3) and elastic lamina (4) are indicated. The longitudinal
disposition of the intimal muscle ibers is apparent, particularly in the
intimal cushion on the right side. The contraction of these muscular systems
would dramatically alter the radius of the aASA lumen. 5, Adventitia-pia.
(From Parke WW, Whalen JL, Bunger PC, et al. Intimal musculature of the
lower anterior spinal artery. Spine. 1995;20:2076.)

medullary arteries for the cervical region, one or two for the
thoracic region, and a conspicuous medullary vessel (the
arteria medullaris magna) for the lumbosacral cord region.
he levels of origin for all these vessels center around certain
“average” locations in each region. he anterior spinal artery
is usually of greatest caliber in the lumbosacral part of the
cord, where it supplies the considerable tissue mass of the
proximal cauda equina in addition to the lumbosacral cord
intumescence.
he dorsolateral spinal arteries arise from the posterior
inferior cerebellar vessels and are of lesser caliber and nutritional signiicance. hey also are less likely to be longitudinally
continuous and oten present a more plexiform distribution
over the dorsum of the cord. hey have a greater frequency of
smaller medullary sources.
he larger intradural spinal arteries are unusual in that,
similar to the cerebral arteries, they have no signiicant vasa
vasorum. In all other regions of the body, a vessel with an
external diameter approaching 1 mm shows a ine vascular
plexus (vasa vasorum) on its external surface that supplies
nutrients to its outer layers of tissue. Because the cerebral
and spinal vessels are bathed in the nutrient-rich cerebrospinal luid, their external layers presumably derive metabolic
exchange from this source.
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Lateral Spinal Arteries of the Cervical Cord

Intrinsic Vascularity of the Spinal Cord
he tissues of the spinal cord are supplied by two systems of
vessels that enter its substance. he irst is a centripetal
arrangement of arteries that supplies the supericial tracts of
the ventral and lateral funiculi, all of the dorsal funiculus, and
the extremities of the dorsal horns. hey are radially penetrating branches of the vasa corona and the dorsolateral spinal
arteries, which serve only a little more than one-fourth of the
cord. he greater part of the cord and almost all of its gray
matter is supplied by a second centrifugal system of vessels
derived from the sulcal (or central) arteries.96 hese arteries
are a repetitive series of branches derived from the dorsal
aspect of the anterior spinal artery that penetrate the depths
of the anterior median issure. In the mid-sagittal plane, they
form a close palisade of vessels that occur with a frequency of
3 to 8 arteries per 1 cm in the cervical region and 2 to 6 per
1 cm in the thoracic cord; they are densest in the lumbar
region, where they number 5 to 12 per 1 cm of the anterior
spinal artery. he average diameters of the sulcal arteries are
greater in the cervical (0.21 mm) and lumbosacral (0.23 mm)
regions than in the thoracic cord (0.14 mm).97
As these vessels approach the anterior commissure, most
turn to either the right or the let and supply only the corresponding side of the cord.14,73,98,99 his unilateral proclivity
relects their origins in the early embryonic stages when the
anterior spinal arteries irst condensed from a primitive plexus
as a symmetrical pair of longitudinal vessels, each supplying
its respective half of the cord. In subsequent development,
these two vessels fused in the midline to form the deinitive
single median anterior spinal artery, but their sulcal branches
retained their original unilateral ainities. Bilateral distributions occur in 9%, 7%, and 14% of the cervical, thoracic, and
lumbar vessels.97,100

Although the sulcal arteries may give infrequent branches
to the septomarginal white ibers as they extend into the
median anterior issure, their major distribution is derived
ater they enter the substance of the cord, just ventral to the
anterior white commissure. Here the individual right and let
arteries subdivide into dorsal and ventral branches. A group of
ventral branches supplies the ventral horns and, through more
radial extensions, provides vessels to Clarke column and the
deeper ibers of the anterior and lateral funiculi. he smaller,
more dorsal group of branches supplies the gray commissure
and the ventral one-half to two-thirds of the dorsal horns. A
few second-order or third-order branches form anastomotic
arcades with their counterparts of adjacent sulcal artery
territories. All these vessels provide the iner arterioles that
eventually lead to the spinal capillary beds.
he greater metabolic requirements of the spinal gray
matter, in contrast to the funicular tissue, are dramatically
relected in their relative capillary densities. Quantiication
of the microvascularity in the spinal cord has shown that the
capillary density of the gray matter is four to ive times as
great as the white matter.101 he capillary distribution within
the gray matter is not homogeneous, however, and varies with
the regional concentrations of the nuclei. he nuclei of the
dorsal horn are fairly uniformly distributed. he ventral horn
shows segmental nuclear clusters, which display distinct nerve
cell groups.
As noted by Feeney and Watterson,102 the capillary densities
of the white and gray matter of the central nervous system are
established at a level that is minimally requisite for the metabolic needs of the given tissue. his situation is in contrast to
most other body tissues, which have a capillary “reserve” and
normally function with only part of their capillary channels
open, varying their intrinsic vascular resistance by dilation
of the accessory channels. Nevertheless, despite the lack of
this method of control, the spinal cord exhibits a remarkable
range of blood low autoregulation.1,32,103 he intrinsic cord
vasculature maintains a constant blood low throughout a
wide range of systemic blood pressure alterations, although
each animal species has a deinite upper and lower limit to
the systemic blood pressure at which the regulation decompensates. Because transection of the upper cervical cord has
no efect on this autoregulatory capacity, it may be assumed
that this relex is local and independent of autonomic nerve
control.
Numerous third-order branches of the sulcal arteries communicate directly with veins through convoluted anastomoses.
hese vascular structures are located primarily in the area that
divides the ventral two-thirds of the dorsal horn from the
dorsal one-third and in the more central regions of the ventral
horn. hey show a paucity of contractile elements and instead
exhibit an “epithelioid” type of media that seems capable of
swelling and diminishing its thickness. Because this action
could rapidly control the caliber of the anastomotic lumina in
immediate response to local metabolic changes, these anastomotic convolutions may be the site of the relex adjustment in
the low resistance of the spinal cord vasculature.104
Perhaps the most essential part of knowledge of the vascular supply of the spinal cord is awareness of the ranges of
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he highest three to four segments of the cervical spinal cord
receive blood from a unique pair of vessels, the lateral spinal
arteries. Although, ontogenetically, these seem to be the most
rostral expressions of the dorsolateral spinal arteries, they have
a more extensive distribution and are without equivalents in
other levels of the cord. hey usually arise from the intradural
parts of the vertebral arteries near the origins of the posterior
inferior cerebellar arteries, or they may arise from the proximal sections of the posterior inferior cerebellar arteries
themselves. heir typical course carries them anterior to the
posterior roots of the cervical spinal nerves C1 to C4, dorsal
to the denticulate ligaments, and parallel to the spinal components of the 11th cranial nerve. heir general distribution is
to the dorsolateral and ventrolateral cord regions caudad to
the olives.
Although these vessels were observed in the later 19th
century, they were usually regarded as variants, and their
functional signiicance was not appreciated. Lasjaunias and
colleagues95 compiled an extensive report on the variations
and selective angiography of these important vessels.
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individual variability. he numerous successful surgical cases
in which the arteria medullaris magna has been inadvertently
interrupted without producing a disastrous spinal cord
ischemia give the impression that an adequate collateral vascularity may protect the cord in most individuals when a
single major artery is compromised. In procedures involving
the interruption of blood low in numerous consecutive segmental branches of the aorta, such as aortic cross clamping for
abdominal vascular surgery, the maintenance of adequate
spinal cord blood low, particularly in the thoracic area, seems
to depend more on the regional competence of the anterior
spinal artery than on the number of collateral sources to the
cord. Spinal cord injury ater cross clamping without adjunctive vascular support has been reported to range from 15% to
25%, depending on the series of cases reviewed.105,106 Proximalto-distal aortic shunting may alleviate the undesirable hypertension in the aortic distribution proximal to the irst clamp
and the hypotension in the segments distal to the second
clamp. he work of Molina and colleagues105 on dogs indicated,
however, that the shunt capacity should provide more than
60% of the baseline descending aortic low and have a diameter
greater than one-half of the descending aorta to be efective.
Of particular signiicance was the study by Svensson and
colleagues107 on the blood low in the baboon spinal cord and
its implications in aortic cross clamping. his animal was
chosen because its spinal vascularity is similar to humans in
that its anterior spinal artery is a continuous vessel without
the occasional interruptions noted in some quadrupeds. his
study indicated that in baboons, as in humans, the caliber of
the anterior spinal artery is oten critically narrowed where the
thoracic anterior spinal artery joins the lumbar segment of this
vessel at their common junction with the arteria medullaris
magna. he functional implication is that the shunting of the
cross-clamped aorta may help maintain an adequate low in
the lumbosacral sections of the cord but is of little help to the
supply of the lower sections of the thoracic cord, owing to the
marked discrepancy that usually exists between the anterior
spinal artery diameters above and below the junction of the
arteria medullaris magna.
In accordance with the hemodynamic principles of Poiseuille’s equation, the resistance to blood low upward from
the arteria medullaris magna junction was more than 50 times
greater than the low resistance downward into the lumbosacral anterior spinal artery in the baboon. Because a series of
direct measurements showed that this discrepancy in the
anterior spinal artery diameters was even greater in humans,
Svensson and colleagues107 concluded that even the lowest
segments of the thoracic cord were dependent on a blood low
from the superior end of the thoracic anterior spinal artery
despite the shunting.

Intrinsic Venous Drainage of the Spinal Cord
Compared with the arterial anatomy, the structural and functional aspects of the venous drainage of the spinal cord have
been relatively neglected. In contrast to other organ systems
in which the equivalent orders of veins and arteries tend to

course in a common vascular bundle, the veins of the central
nervous system are generally less numerous than the arteries, they are larger than their corresponding eferent vessels,
the larger branches may not show a pattern concurrent with
the arterial distribution, and they are not accompanied by
lymphatics.
he internal substance of the dorsal half of the cord drains
by a centrifugal arrangement of intrinsic vessels that are tributaries, by way of a venous vasa corona, to a large median dorsal
longitudinal spinal vein; the ventral half sends tributaries to
sulcal veins that empty into a large median ventral longitudinal
vein that runs parallel to the anterior spinal artery. Both of
these longitudinal vessels are circumferentially connected by
a prominent venous vasa corona. his entire system drains
into the epidural venous plexus by medullary (previously
called radicular) veins that are as infrequent in their distribution as the medullary arteries.108 he proximal sections of the
spinal nerve roots drain centripetally into the vasa corona and
longitudinal veins of the cord and then to the epidural system
via the medullary veins.

Vascularization of the Spinal Nerve Roots
Although it has been generally recognized that much of the
pain consequent to degenerative changes in the spinal motion
segment is associated with compression or tension on the
spinal nerve roots, the mechanisms that initiate the actual
nerve discharge have remained obscure. Because experimental
studies on peripheral nerves and observations on numerous
cases of neurogenic claudication have suggested that much of
the pain may have a neuroischemic basis, investigations were
undertaken to determine the nature of the intrinsic vascularity
of the spinal nerve root and its response to localized compression or tension. he nerve roots had long been regarded as
part of the peripheral nervous system and were viewed as
histologically and vascularly similar to peripheral nerves.
Consequently, research on the latter was oten uncritically
extrapolated to apply to the nerve roots.
he very long roots of the lumbosacral spinal nerves
seemed to be particularly vulnerable because their vascularity
was initially believed to be supplied only from their distal ends
without the access to the frequent collateral support that is
characteristic of peripheral nerves. Because the nerve root
fasciculi do not have a strong connective tissue support, it also
seemed that the ine vascularity they possessed would be at
risk from the repeated tension and relaxation resulting from
the lexion and extension of the spine. Parke and colleagues109
and Parke and Watanabe110 showed by vascular injection that
the roots receive their arterial supply from both ends (Fig.
2.41; see Fig. 2.36), however, a fact physiologically conirmed
by Yamamoto.111
he existence of many redundant coils along the branches
of the true radicular arteries ameliorates the stresses that
would result from the interfascicular movements that accompany the repeated stretch and relaxation. A signiicant inding
was the occurrence of numerous, relatively large arteriovenous
anastomoses throughout the length of the root (Fig. 2.42).
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FIG. 2.41 Schema indicating directions of normal blood low in cauda
equina. The anterior spinal artery of the lumbosacral part of the cord is
supplied by medullary arteries and supplies 75% at the cord substance and
upper parts of the cauda equina via the proximal radicular arteries. This
accounts for enlargement of the anterior spinal artery in the lumbosacral
region.

hese vascular cross connections apparently allow blood low
to be maintained in sections of the root above and below a
point of compression. Of particular signiicance to root nutrition is the work of Rydevik and colleagues111a who, using
isotopically labeled methylglucose, showed that approximately
50% of the root nutrition is derived from the ambient cerebrospinal luid; this necessitates a gauzelike architecture of the
radicular pia-arachnoid sheath (Fig. 2.43; see Fig. 2.42B).
A study by Watanabe and Parke112,113 of chronically compressed roots indicated that the compressed segment is most
likely metabolically deprived. It has been suggested that
radicular pain is related to root ischemia because a reduction
of oxygen intake in patients with neurogenic claudication
exacerbates the symptoms.114 he arterial side of the vasa
radiculorum seems to be well compensated, however, and
maintains a continuity despite severe chronic compression.
Further study has indicated that the venous side of the
radiculomedullary circulation is more vulnerable.113 Because
the roots are part of the central nervous system, the relationships of the arteries to the veins resemble those of the brain
more than those of peripheral nerves. he radicular veins do
not follow the arterial pattern. hey are fewer in number and
run a separate and usually deeper (more central) course. Being
thin-walled, they are more liable to the spatial restrictions
imposed by degenerative changes in the dimensions of the
spinal canal and intervertebral foramina and show complete
interruption in the chronically compressed root. he metabolically deprived, or inlamed, nerve root becomes hypersensitive to any mechanical deformation, and any additional
insult to such a nerve may initiate ectopic impulses that
produce pain.
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FIG. 2.42 (A) Low-power (×20) transillumination photomicrograph of
midsection from part of L4 nerve root treated with hydrogen peroxide after
vascular injection with latex–India ink but before clearing in a solution of
tributyl-tricresyl phosphates. The peroxidases within the residual blood
elements inlated the radicular veins (4) to provide a temporary contrast
medium. Note the frequency of the large arteriovenous anastomoses
(5) that permitted the latex–India ink to enter the veins. (B) Compilation
showing structure of a typical lumbosacral nerve root derived from data
obtained by injection studies and scanning electron microscopy (see
Fig. 2.38). The gauzelike pia-arachnoid membranes permit the cerebrospinal
luid to percolate into nerve tissues and assist metabolic support. Numbers
in (A) and (B) are common to equivalent structures. 1, Fascicular pia.
2, Interfascicular and intrafascicular arteries showing compensating coils to
allow interfascicular movement. 3, Longitudinal radicular artery. 4, Large
radicular vein (does not course with arteries). 5, Arteriovenous anastomosis.
6, Collateral radicular artery. 7, Gauzelike pia-arachnoid that permits
percolation of cerebrospinal luid to assist in metabolic support.
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FIG. 2.43 Scanning electron photomicrograph of section of proximal part
of L5 ventral nerve root. The gauzelike pia-arachnoid sheath is very evident.
The numbers correspond to the structures labeled in Fig. 2.42.
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Impedance of the radiculomedullary venous return can
occur without topographically related venous constriction.
he exacerbation of neurogenic pain in cases in which spinal
stenosis has been associated with venous hypertension has
been recorded by clinical investigators. LaBan115 and LaBan
and Wesolowski116 noted that patients with diminished rightsided heart compliance and spinal stenosis may eventually
exhibit neurogenic pain even in static or recumbent situations.
hey attributed this phenomenon to an increased external
pressure on the already sensitized roots by the engorgement
of the epidural venous sinuses (see Fig. 2.35), but the venous
hypertension alone may be suicient to impede the venous
return from an already compromised radicular circulation.
Madsen and Heros117 showed that “arterialization” of spinal
veins by abnormal arteriovenous shunts in the region of the
conus medullaris exacerbates the neurogenic pain in patients
with spinal stenosis. heir hypothesis suggested that a variable combination of increased mechanical constriction by
dilated epidural veins and the direct increased resistance to
the radicular circulation by the venous hypertension could
contribute to the elicitation of pain. Aboulker and colleagues118 also concluded that epidural venous hypertension
alone may produce radicular symptoms or cord symptoms or
both without adjunctive stenotic compression.
If the intrinsic circulation of the nerve root is impeded in
either its arterial input or its venous outlow, the net efect
seems to be the same: a neuroischemia of the compressed root
segment that may enhance the generation of ectopic nerve
impulses. A phenomenon that could be related to radicular
venous stasis is the swelling of the disc-distorted nerve root
that Takata and colleagues119 showed in CT myelograms. his
phenomenon is diicult to explain because extravasated luids
in the root tissues should have free access to the surrounding cerebrospinal luid. Nevertheless, the luid balance of the
root tissues seems to be altered, particularly in the segment
proximal to the level of the ofending disc. he intricacies of
the hemodynamic relationships responsible for this change
remain unknown.
he role of the ubiquitous arteriovenous anastomosis in
autoregulation of the intrinsic radicular vasculature also ofers
a fertile ield for clinical investigations. Because these vascular
shunts are mostly without contractile elements but seem instead
to control their lumina by the thickening response of an epithelioid endothelium, they probably react to chemical changes
in the blood within their lumina and can ofer an immediate
local relex to alterations in the nerve root metabolism.

Functional Anatomy of the Spine
he biomechanics of the spine is a very complex and extensive
subject. A comprehensive discussion is beyond the scope of
this chapter, so the reader is directed to the work of White and
Panjabi,120 which is generally regarded as the major book in
this ield. Because an appreciation of the essential functional
relationships of the spinal components does enhance an
understanding of their anatomy, however, a brief overview
follows.

he spine is capable of ventrolexion, extension, lateral
lexion, and rotation. his remarkable universal mobility may
seem at odds with the fact that its most essential function is
to provide a irm support for the trunk and appendages. he
apparent contradiction may be resolved when one realizes that
the total ranges of motion are the result of a summation of
limited movements permitted between the individual vertebrae and that the total length of the spine changes very little
during its movements. he role of the musculature in the
performance of the supportive functions cannot be minimized,
as the disastrous scolioses that result from their unilateral loss
in a few motor segment units may attest.
he degree and combination of the individual types of
motion described earlier vary considerably in the diferent
vertebral regions. Although all subaxial-presacral vertebrae
are united in a tripod arrangement consisting of the intervertebral disc and the two zygapophyseal articulations, the relative size and shape of the former and the articular planes of
the latter determine the range and types of motion that an
individual set of intervertebral articulations contributes to the
total mobility of the spine. In general, lexion is the most
pronounced movement of the vertebral column as a whole. It
requires an anterior compression of the intervertebral disc and
a gliding separation of the articular facets, in which the inferior set of an individual vertebra tends to move upward and
forward over the opposing superior set of the adjacent inferior
vertebra. he movement is checked mainly by the posterior
ligaments and epaxial muscles.
Extension tends to be a more limited motion, producing
posterior compression of the disc, with the inferior articular
process gliding posteriorly and downward over the superior
set below. It is checked by the anterior longitudinal ligament
and all ventral muscles that directly or indirectly lex the spine.
Also, the laminae and spinous processes may sharply limit
extension. Lateral lexion is accompanied by some degree of
rotation. It involves a rocking of the bodies on their discs, with
a sliding separation of the diarthroses on the convex side and
an overriding of the diarthroses related to the concavity. he
rotational component brings the anterior surface of the bodies
toward the convexity of the lexure and the spinous processes
toward its concavity. his phenomenon is well illustrated in a
dried preparation of a scoliotic spine. Lateral lexion is checked
by the intertransverse ligaments and the extensions of the ribs
or their costal homologues.
Pure rotation is directly proportional to the relative thickness of the intervertebral disc and is mainly limited by the
geometry of the planes of the diarthrodial surfaces. Although
the architecture of the disc permits limited rotation between
the bodies, it also serves to check this movement by its resistance to compression. he consecutive layers of the anulus
ibrosus have their ibers arranged in an alternating helical
fashion, and rotation in either direction can be accompanied
only by increasing the angularity of the opposing ibers to the
horizontal, which requires compression of the disc.
he entire vertebral column rotates approximately 90
degrees to either side of the sagittal plane, but most of this
traversion is accomplished in the cervical and thoracic sections. It lexes nearly the same amount, using primarily the
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Speciic Regional Considerations
he atlanto-occipital joints mostly permit lexion and extension with a limited lateral action, all being checked by the
suboccipital musculature and the atlanto-occipital ligaments.
he atlantoaxial articulations allow only rotation, the pivoted
joint being stabilized and checked by the alar ligaments
and the ligaments forming the capsules of the atlantoaxial
diarthroses.
One-half of the rotational mobility of the entire cervical
region takes place between the atlas and the axis, and the
remainder is distributed among the joints of the subaxial
vertebrae. he atlanto-occipital joint accounts for approximately half of the cervical lexion. he remaining 50% is not
evenly distributed among the cervical vertebrae but is greater
in the upper section.
he subaxial part of the cervical region shows the ranges
of motion that are the most free of all the presacral vertebrae.
he discs are quite thick in relation to the heights of the vertebral bodies and contribute about one-fourth of the height of
this part of the column. In addition, a sagittal section shows
the middle part of the cervical disc to be lenticular, so that the
anteroinferior lips of the bodies are more capable of sliding
slightly forward and overriding one another. he range of
spinal lexion is greatest in the cervical region, and although
the posterior nuchal ligaments and muscles may tend to resist
this motion, it is ultimately checked by the chin coming to rest
on the chest.
he cervical spine is normally carried in a moderately
extended position and shows a median variation of 91 degrees
between extension and lexion. Extension is checked by the
anterior longitudinal ligament and the combined resistances
of the anterior cervical musculature, fascia, and visceral
structures, all three of which may be traumatized in hyperextension injuries.
Cervical lateral lexion is quite limited by the articular
pillars and the intertransverse ligaments, and most lateral
motion involves considerable rotation. he nearly horizontal
position of the planes of the cervical articular facets provides
good supportive strength to the articular pillars but increases
the lateral rigidity, so that hyperextension injuries may be
more disastrous if the head is rotated at the time of impact
from the rear.
he mobility of the thoracic region is also not uniform
throughout its length. Although the upper segments resemble
the cervical vertebrae with respect to the size of the bodies and
the discs, the ribs attached to the sternum greatly impair the
ranges of motion. he circumferential arc of the plane of the
articular facets shows that rotation is the movement least
restricted by these structures.
Flexion and extension become freer in the lower thoracic
region, where the discs and vertebral bodies progressively

increase in size and the more mobile and less restrictive they
become. he last few thoracic vertebrae are transitional with
respect to the surfaces of the articular facets. hese begin to
turn more toward the sagittal plane and tend to limit rotation
and permit greater extension.
he articulations of the lumbar region permit ventrolexion, lateral lexion, and extension, but the facets of the synovial
joints lie in a ventromedial to dorsolateral plane that virtually
locks them against rotation. his lumbar nonrotatory rigidity
is a feature shared with most mammals and achieves its greatest manifestation in certain quadrupeds in which the inferior
articulation its like a cylindric tenon into the semicircular
mortise of the corresponding superior process of the vertebra
below. It provides a gliding action that permits the neural
arches to separate or approximate each other only during
extension and lexion. he morphology of the joints can be
well appreciated in an appropriate cut of loin chop or T-bone
steak.
he synovial articulations at the lumbosacral junctions are
unique. In contrast to the more superior lumbar joints, the
facets of the inferior articulating processes of the ith lumbar
vertebra face forward and slightly downward, to engage the
reciprocally corresponding articular processes of the sacrum.
Because of the position of these joint surfaces, a certain
amount of rotation should be possible between the ith
lumbar segment and the sacrum, but the presence of the
strong iliolumbar ligaments quite likely restricts much motion
of this type.
he most essential function of the synovial lumbosacral
articulations involves their role as buttresses against the
forward and downward displacement of the ith lumbar
vertebra in relation to the sacrum. When one considers that
each region of the spine has its own characteristic curvature,
the tracing of the vertical line indicating the center of gravity
shows that it intersects the column through the bodies of
the transitional vertebrae. he normal cervical lordosis places
most of the cervical vertebrae anterior to the center of gravity,
and the compensating thoracic kyphosis places the thoracic
vertebrae posterior to the center of gravity. he lumbar lordosis brings the middle lumbar vertebrae anterior to the line.
he transitional vertebrae between each region intersect the
center of gravity and seem to be the most unstable regions
of the spine; this is emphasized by the fact that disc problems and fractures most frequently occur in the transitional
vertebrae.
Because the sacrovertebral angle produces the most abrupt
change of direction in the column, and the center of gravity,
which passes through the ith lumbar body, falls anterior to
the sacrum, there is a marked tendency for the thick, wedgeshaped ith lumbar disc to give way to the shearing vector that
the lumbosacral angularity produces. he resulting condition,
spondylolisthesis, most frequently reveals a deiciency in the
laminae (spondylolysis) that fails to anchor the ith vertebral
body to the sacrum and allows its forward displacement.
here has been considerable discussion as to whether spondylolysis is congenital or acquired, but the spondylolisthesis
seldom occurs without the laminar deiciencies as a preceding
condition.
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cervical and thoracic regions. Approximately 90 degrees of
extension is permitted by the cervical and lumbar regions,
whereas lateral lexion with rotation is allowed to 60 degrees
to both sides, again primarily by the cervical and lumbar areas.

51

I

52

BASIC SCIENCE

Biomechanics of the Intervertebral Disc
It is axiomatic in mechanical engineering that a well-designed
machine automatically reveals its function through the analysis of its structure. here are few instances in biologic circumstances in which this statement is more applicable than in the
case of the intervertebral disc. Even when the disc is simply
divided with a knife and examined grossly, it is apparent that
one is dealing with an organ that is remarkably constructed
simultaneously to alleviate shock and transmit forces from
every conceivable combination of vectors. his appreciation
of the functional competency of the disc increases as its
structure is analyzed at the iner levels of organization.
he internal composition of the disc has evolved to withstand great stresses through the liquid and elastic properties
of nucleus and anulus acting in combination. he nucleus is
distorted by compression forces, but being liquid it is in itself
incompressible. It serves to receive primarily vertical forces
from the vertebral bodies and redistribute them radially in a
horizontal plane. It is the distortion of the anulus by the
internal pressure of the nucleus that gives the disc its compressibility, and its resilience makes possible the recovery from
pressure.
Were the nucleus pulposus simply a cavity illed with water,
it would momentarily act in the same capacity, but the ability
to maintain the appropriate quantity of luid during the continual compression and recovery cycle would be lacking. his
ability to absorb and retain relatively large amounts of water
is the unique property of the living tissue of the nucleus.121 he
essential compound involved in this process is a proteinpolysaccharide gel, which through a high imbibition pressure
binds nearly nine times its volume of water. It is apparent that
the hydrophilia is not a form of biochemical bonding because
a quantity of water can be expressed from the nucleus by
prolonged mechanical pressure. his accounts for the diurnal
decrease in the total length of the spine and its recovery in the
supine position at night.
he anulus must receive the ultimate efects of most forces
transmitted from one vertebral body to another. Because the
major loading of the intervertebral disc is in the form of vertical compression, it may seem paradoxical that the anulus is
best constructed to resist tension, but the nucleus transforms
the vertical thrust into a radial pressure that is resisted by the
tensile properties of the lamellae. Although the basic plan of
alternating bands of ibers is one of the obvious sources of the
tensile strength of the anulus, this arrangement is not uniform
with respect to the directions of the ibers or the degrees of
resistance and resilience encountered throughout the anulus.
he ibers generally become longer, and the angle of their
spiral course becomes more horizontal near the circumference
of the disc because it is here that the shearing stresses of
vertebral torsions would be most efective. Experimental
analysis has also shown that various parts of the anulus do not
respond equally to the same degree of tension, and the discrepancies were related to the plane of section and the location
of the sample.122 he anulus proved to have the greatest
resistance and the greatest recovery in horizontal sections of

the peripheral lamellae, whereas vertical and more medial
sections were more distensible.
Because the spine acts as a lexible boom to the guidewire
actions of the erector spinae muscles, it is essentially the
fulcrum of a lever system of the irst class, in which the loading
has a considerable mechanical advantage. Pure vector analysis
has indicated that a theoretical pressure of approximately
three-fourths of a ton could be applied to a disc when 100 lb
is lited by the hands,21 but this is considerably in excess of the
actual pressures achieved. Increased intrathoracic and intraabdominal pressures alleviate much of the fulcrum compression of the discs by efectively counteracting the load of the
anterior lever arm.
he actual pressure variations occurring with postural
changes have been recorded by inserting transducers into
the third lumbar disc.123,124 his procedure indicated that the
internal disc pressure increases from approximately 100 kg
in a standing position with the spine erect to 150 kg when
the trunk is bent forward and to 220 kg when a 70-kg man
lits a 50-kg weight. It was particularly revealing that the
pressure showed a considerable increase when the equivalent
maneuvers were repeated in a sitting position, and the weight
liting ultimately created a pressure of 300 kg on the third
lumbar disc.
he disc is also “preloaded.” he inherent tensions of the
intervertebral ligaments and the anulus exert a pressure of
about 15 kg because this weight is required to restore the
original thickness of the disc ater the ligaments have been
divided.110 From a comparative standpoint, this preloading
probably ofers increased stability to the spine as a functional
lexible rod. One is almost induced unconsciously to use teleologic thinking in terms of the vertical thrust resistance when
regarding the structure of the disc. In perspective, however,
the intervertebral disc shows a consistent morphology in all
mammals, yet humans are the only species that truly stand
erect. Although analysis of muscular action would most likely
show that all mammalian discs must dissipate and transfer
axial thrusts, the preloading would enhance the “beam
strength” that is obviously necessary in the vertebral column
of quadrupeds.
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Spinal muscles generate movement of the spine and provide
the stability needed to protect vital anatomic structures, in
coordination with the rest of the neuromusculoskeletal system
(vertebrae, tendons, ligaments, and the nervous system). For
example, large movements of the head require appropriate
muscle strength, vertebral geometry (e.g., facet joint orientation), ligament compliance, and neural control. Spinal muscles
have been described as one of three subsystems (along with
passive spinal column and neural control) that must work
together to stabilize the spine.1
Spinal musculature dysfunction is hypothesized to be the
cause of a variety of pathologic conditions, such as segmental
instability, low back or neck pain, and degenerative disc syndromes. However, the mechanisms that relate muscle function
(or dysfunction) to pathologic processes are unclear. Some
factors that lead to pathologic processes may be elucidated by
biomechanical analyses of spine kinematics along with the
associated tissue strains and loads. Such analyses rely heavily
on accurate knowledge of muscle forces, moment arms, and
activation patterns to calculate loads and displacements,
which is frequently unavailable for spinal muscles. Oten,
spinal muscles are ignored or overly simpliied (e.g., modeled
together as one muscle) because the anatomy of these muscles
is considered too complex to represent realistically. However,
the complex anatomy and architecture of spinal muscles
profoundly inluence their function; thus, this information
must be incorporated into analyses in order to accurately
predict the role of these muscles in spinal function and
dysfunction.
In this chapter, an overview of skeletal muscle contractile
properties is presented irst. hen, a description of the important, and oten neglected, principles of skeletal muscle architecture along with the ways that architecture determines
muscle function are provided. In Chapter 4, speciic information about the anatomy and architecture of the spinal musculature is provided, as well as information on the implications
of spinal muscle anatomy and architecture for motor control,
injury, and pain.

Cross-Bridge Cycle
he basic force-generating event in skeletal muscle is the
cyclic formation of cross-bridges between the ilamentous
proteins actin and myosin. Most of our understanding of the
mechanism of muscle contraction has come from excellent
biochemical studies performed in the 1950s and the decades
that followed.2-4 It was during this period that methods for
isolating speciic muscle proteins were developed, together
with methods for measuring their physicochemical and biochemical properties. In simple terms, biochemical experiments
on muscle contractile proteins have shown that, during the
cross-bridge cycle, actin (A) combines with myosin (M) and
adenosine triphosphate (ATP) to produce force, adenosine
diphosphate (ADP), and inorganic phosphate (Pi), which can
be represented as a chemical reaction in this form:
A + M + ATP → A + M + ADP + Pi + Force

(Eq. 1)

It is obvious that if ATP is either not present or is rapidly
depleted with the muscle cell, the number of A-M crossbridges, and therefore force, will decrease. his is manifested
in muscles as “fatigue.” Importantly, many factors can cause
ATP depletion and fatigue, which may predispose muscle
tissue to injury.

Muscle Fiber Types
Overwhelming evidence indicates that skeletal muscle ibers
are heterogeneous. In the early 1800s, it was observed that the
gross appearance of diferent skeletal muscles ranged in color
from pale white to deep red. In fact, one of the earliest classiication schemes for muscle was based on color; thus, muscles
were classiied as “red” or “white” (Table 3.1). However, as
experimental methods became more sophisticated, it became
clear that numerous other diferences existed between muscles.
For example, certain muscles contract rapidly, whereas others
contract more slowly; certain muscles maintain force for a
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TABLE 3.1

Fiber Type Classiication Schemes

Basis for Scheme

FIBER TYPE SPECTRUM

Reference

Metabolic

SO

FOG

FG

Peter et al., 197239

Morphology and physiology

Slow red

Fast white

Fast white

Ranvier, 187340

Z-line width

Red

Intermediate

White

Gauthier, 196941

Histochemistry

III

II

I

Romanul, 196442

Histochemistry

Type 1

Type 2A

Type 2B

Brooke and Kaiser, 197243

M-band bridging pattern

Five bridges

Three inner, two faint outer bridges

Three bridges

Sjöström et al. 198244

Immunohistochemistry

Type 1

Types 2A and 2X

Type 2B

Schiaino et al., 198945

Gene sequencing

Type 1

Types 2A and 2X

Type 2B

Schiaino and Reggiani,
199346

FG, fast glycolytic; FOG, fast oxidative glycolytic; SO, slow oxidative.

long period of time, whereas others fatigue rapidly; and certain
muscles generate large forces, while others generate small
forces. hese functional properties led to descriptions of
muscle as “fast twitch” or “slow twitch,” and “fatigable” or
“nonfatigable.” In addition, with the advent of light microscopy
and histochemistry, it became possible to classify individual
ibers based on their appearance following a particular staining protocol. Unfortunately, many of these classiication
schemes did not correlate simply with muscle color. In fact,
many of them did not correlate at all with one another. he
main problem with iber-type classiication schemes is that the
classiied feature may correlate with one physiologic or biochemical property, but may have no relationship to others.
he current view of muscle iber types is that skeletalmuscle ibers possess a wide spectrum of morphologic, contractile, and metabolic properties.5 he appropriate view of
any classiication scheme, therefore, is that it is an artiicial
system superimposed on a continuum of properties for our
convenience. Probably the most useful “iber-typing” scheme
is one that describes contractile speed and muscle oxidative
capacity. here are a variety of ways to do this; several schemes
are listed in Table 3.1. he most deinitive method for typing
human skeletal muscle (not necessary the most physiologic,
but very consistent among labs) is to use the type of myosin
heavy chain expressed in the ibers. One of the most convenient methods to type a muscle based on myosin heavy chains
is to homogenize large-muscle biopsies and separate the
myosin isoforms on protein gels.6 Using this method, it is
possible to identify the three iber types in human muscle:
types 1, 2A, and 2X (see Table 3.1). Although there are four
human myosin heavy chain gene—type 1, type 2A, type 2X,
and type 2B—only the former three are expressed.7 his
strange phenomenon can make it diicult to compare animal
muscle studies with human muscle studies.

Fiber Type Distribution of Paraspinal Muscles
Since iber types develop in response to functional demands,
the iber type of paraspinal and lumbar extensor muscles
provides insight into their function and use patterns. It has
been clearly shown that the paraspinal and lumbar extensor
muscles are largely composed of type 1 and type 2A ibers.

hus, these muscles are predicted to be relatively slow contracting and fatigue resistant compared to most limb muscles.
In fact, recent analysis of paraspinal muscles showed that
multiidus, longissimus, and iliocostalis muscles comprised
more than 60% type 1 muscle ibers8; this proportion is greater
than many limb muscles, such as lexor digitorum profundus
(35.5 ± 4.8%), triceps (42.4 ± 3.6%), brachioradialis (45.5 ±
6.4), or vastus lateralis (48.3 ± 9.5%), but approaching the
values of other tonic, postural muscles such as soleus (88%).9
Fiber-type distributions of diferent spinal muscles are
described further in Chapter 4.

Muscle Injury
Injury to muscle ibers can occur as a result of trauma, disease,
application of myotoxic agents (e.g., local anesthetics), inlammatory processes, or intense exercise. he degree to which
muscle injury relates to low back pain or neck pain is unknown.
However, muscle injury, and the pain that accompanies it,
have been studied extensively. Skeletal-muscle injury and
soreness frequently occur when a muscle is rapidly lengthened
while it is activated. Active lengthening of muscle (also called
eccentric contraction) has been used to study injuries in
animals and humans for more than 30 years. Muscle pain
accompanying eccentric exercise peaks 24 to 48 hours ater
the exercise bout. Several studies have reported that eccentric
exercise results in a signiicant increase in serum creatine
kinase levels 24 to 48 hours ater the exercise bout10,11 that may
persist for 3 to 6 days, depending on the precise nature of the
exercise. he appearance of creatine kinase in the serum is
interpreted as a result of increased permeability, or breakdown
of the muscle cell membrane surrounding the muscle cell.
Eccentric training of a speciic muscle group prevents,
or at least attenuates, the magnitude of muscle injury that
occurs ater eccentric exercise in that muscle group. However,
general increased itness does not prevent or reduce eccentric
contraction-induced muscle injury.
Experimental studies of skeletal muscles directly subjected to eccentric exercise suggest that early mechanical
events result in muscle injury.12,13 For example, during cyclic
eccentric exercise of the rabbit tibialis anterior, signiicant
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Muscle Architecture
While muscle iber types are much more widely studied and
reported (probably due to the ease with which iber-type data
can be obtained), muscle functional properties are much more
highly determined by muscle architecture—the number and
arrangement of muscle ibers relative to the axis of force
generation.21–23 Whereas muscle iber size (which is directly

proportional to force generation) is relatively consistent
among muscles of diferent sizes, architectural diferences
between muscles are much more variable and much more
strongly afect function. hus, muscle architecture is a primary
determinant of muscle function, and understanding this
structure–function relationship is of great practical importance not only in clarifying the physiologic basis for production of force and movement but also in providing a scientiic
rationale for surgery or rehabilitation. Muscle architectural
studies also guide electrode placement for electromyographic
measures of muscle activity, explain the mechanical basis of
muscle injury during movement, and aid in the interpretation
of histologic specimens obtained from muscle biopsies.

Basic Architectural Deinitions
he various types of architectural arrangement are as numerous as the muscles themselves. For discussion purposes,
however, we present three general classes of muscle-iber
architecture. Muscles composed of ibers that extend parallel
to the muscle’s force-generating axis are described as having
a parallel or longitudinal architecture (Fig. 3.1A). Muscles
with ibers that are oriented at a single angle relative to the
force-generating axis are described as having unipennate
architecture (Fig. 3.1B). he angle between the iber and forcegenerating axis has been measured at resting length in diferent
mammalian muscles and varies from about 0 to 30 degrees.
It becomes obvious when performing muscle dissections that
most muscles fall into the third and most general category,

Gluteus
medius
Vastus
lateralis
ML

FL

Biceps
muscle
FL
ML
ML = FL

A

B

C

FIG. 3.1 Three general types of skeletal muscle architecture. (A) Longitudinal architecture in which muscle
ibers run parallel to the muscle force-generating axis. A typical example is the biceps brachii. (B) Unipennate
architecture in which muscle ibers run at a ixed angle relative to the muscle’s force-generating axis. The vastus
lateralis muscle is shown. (C) Multipennate architecture in which muscle ibers run at several angles relative to
the muscle’s force-generating axis. The gluteus medius muscle is shown. FL, iber length; ML, muscle length.
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biomechanical changes were observed in the irst 5 to 7
minutes of exercise.14 Other studies have revealed structural
disruption of the cytoskeleton within the ibers during these
early time periods,15,16 which may provide further insights into
the damage mechanism.
Animal and human studies have provided evidence for
selective damage of fast-iber types ater eccentric exercise.17-19
In human studies, this damage was generally conined to the
type 2 muscle ibers; but in animal studies, damage has been
further localized to the fastest of the fast-iber subtypes.
Because these are also the most highly fatigable muscle ibers,20
it has been speculated that the high degree of fatigability of
these ibers may predispose them to injury. In fact, several
clinical studies have proposed that the fatigability of spinal
muscles may be a predisposing factor to injury. However, it is
diicult to test this idea directly because of the many other
diferences between these ibers and other iber types. Further
studies are required to elucidate the basis for iber type–speciic
injury to skeletal muscle and to document the relationship
between spinal muscle injury and back and neck pain.
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multipennate muscles—muscles constructed of ibers that are
oriented at several diferent angles relative to the axis of force
generation (Fig. 3.1C). Obviously, these three designations
are oversimpliied, but they provide a vocabulary with which
to describe muscle architecture. Because ibers may not be
oriented along any of the classic anatomic axes, determination
of muscle architecture is impossible from a single biopsy or
even magnetic resonance imaging (MRI), computed tomography (CT), or ultrasonography, because these methods cannot
account for the variations in iber length and orientation
that occur along the muscle length. hus, other methods,
which are described in some detail later, have been developed to characterize the architectural properties of skeletal
muscle.

Experimental Determination of
Skeletal Muscle Architecture
Quantitative studies of muscle architecture were pioneered by
Gans and his colleagues,23,24 who developed a precise methodology for deining muscle architecture based on microdissection of whole muscles. he parameters usually included in an
architectural analysis are muscle length, iber or fascicle
length, pennation angle (i.e., the iber angle relative to the axis
of force generation), and physiologic cross-sectional area
(PCSA). Typically, muscles are chemically ixed in formalin to
maintain iber integrity during dissection.
Pennation angle (θ) is measured by determining the average
angle of the ibers relative to the axis of force generation.
Usually only the pennation angle of ibers on the supericial
muscle surface is measured, although pennation angles may
vary from supericial to deep and also from proximal to
distal. In fact, variation in pennation from supericial to deep
ibers has been documented in several spinal muscles (see
Chapter 4). Although more sophisticated methods could be
developed for measurement of pennation angle (e.g., difusion
tensor imaging), it is doubtful they would provide a great
deal more insight into muscle function because variations in
pennation angle do not dramatically afect function.23
Muscle length is deined as “the distance from the origin of
the most proximal muscle ibers to the insertion of the most
distal ibers.”25 Fiber length represents the number of sarcomeres in series, and experimental evidence suggests that
muscle iber length is proportional to iber contraction velocity.24,26 Muscle length and iber length are not always the same
because there is a variable degree of “stagger” seen in muscle
ibers as they arise from and insert onto tendon plates (see Fig.
3.1). Muscle iber length can only be determined by microdissection of individual ibers from ixed tissues or by laborious
identiication of ibers by glycogen depletion followed by serial
sections along the length of the muscle.27 Unless investigators
are explicit when they refer to muscle iber length, they are
probably referring to muscle iber bundle length (also known
as fascicle length) because it is extremely diicult to isolate
intact ibers that run from origin to insertion, especially in
mammalian tissue.27,28 Experimental studies of mammalian
muscle suggest that individual muscle ibers do not extend the

entire muscle length and may not even extend the entire
length of a fascicle.27,28 Detailed studies of individual muscle
iber lengths have not been conducted in human spinal
muscles, but studies in feline neck muscles illustrate that
muscle ibers are oten arranged in series, ending in tendinous
inscriptions within the muscle or terminating intrafascicularly.29,30 Although the terms iber length and fascicle length
are oten used interchangeably, technically they are identical
only if muscle ibers span the entire length of a fascicle. In
muscle architecture studies, bundles consisting of 5 to 50
ibers are typically used to estimate iber length, which may be
reported as either iber length or fascicle length.
he inal and crucial experimental step required to perform
architectural analysis of a whole muscle is to measure the
sarcomere length within the isolated ibers. his is necessary
to compensate for diferences in muscle length that occur
during ixation. In other words, to conclude that a muscle has
“long ibers” one must ensure that it was not merely ixed in
highly stretched position corresponding to a long sarcomere
length. Similarly, muscles with “short ibers” must be further
investigated to ensure that they were not simply ixed at a short
sarcomere length. To permit such conclusions, iber length
measurements should be normalized to a constant sarcomere
length. Fiber (or fascicle) lengths are usually normalized to the
sarcomere length at which the sarcomere generates maximum
force. his normalized iber length is referred to as optimal
iber (or fascicle) length and provides a reference value that
can be related back to the physiologic length if the relationship
between muscle length and joint position is noted. hen,
based on measured architectural parameters and joint properties, the relationship between sarcomere length and joint angle
can be calculated. As an alternative to measurements in cadavers, sarcomere lengths can be measured in live humans using
intraoperative laser difraction31 or less invasively with microendoscopy.32,33 Because sarcomere length strongly inluences
muscle force generation, an understanding of the relationship
between sarcomere length change and movement has been
used in many studies to provide added understanding of
muscle design.31,34–37
he physiologic cross-sectional area (PCSA) is the main
architectural calculation. heoretically, PCSA represents the
sum of the cross-sectional areas of all the muscle ibers within
the muscle, and thus it is the only architectural parameter that
is directly proportional to the maximum tetanic tension generated by the muscle. he PCSA is almost never the same as
the cross-sectional area of the muscle measured in any of the
traditional anatomic planes, as would be obtained using a
noninvasive imaging method such as MRI, CT, or ultrasonography. It is calculated as muscle volume divided by iber length
and has units of area. Because ibers may be oriented at a
pennation angle relative to the axis of force generation, not all
of the iber tensile force is transmitted to the tendons. Speciically, if a muscle iber is pulling with X units of force at a
pennation angle θ relative to the muscle axis of force generation, only a component of muscle iber force (X • cosθ) will
actually be transmitted along the muscle axis. hus, the
volume/length is oten multiplied by cosineθ (pennation
angle) to yield PCSA.
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As stated earlier, muscle force is proportional to PCSA and
muscle velocity is proportional to iber length. By stating that
velocity is proportional to iber length, it is implicit that the
total excursion (active range) of a muscle is also proportional
to iber length. hus, it is important to understand how these
two architectural parameters, PCSA and iber length, afect
muscle function.

Comparison of Two Otherwise Identical
Muscles With Diferent PCSAs
Suppose that two muscles have identical iber lengths and
pennation angles but one muscle has twice the mass (equivalent to saying that one muscle has twice the number of ibers,
thus twice the PCSA). For the sake of simplicity, suppose that
these two muscles have identical iber-type distributions and
that they generate the same force per unit area. he functional
diference between these two muscles is shown in Fig. 3.2.
he muscle with twice the PCSA has an isometric length–
tension curve with the same shape, but it is ampliied upward

by a factor of 2. hus, the maximal tetanic tension (Po) of the
larger muscle will be twice that of the smaller muscle. Similarly, comparison of isotonic force–velocity curves indicates
that the diferences between muscles will simply be an upward
shit in Po for the larger muscle.

Comparison of Two Otherwise Identical
Muscles With Diferent Fiber Lengths

I

For two muscles with identical PCSAs and pennation angles
but diferent iber lengths, the schematic in Fig. 3.3 demonstrates that the efect of increased iber length is to increase
muscle excursion and velocity. Peak force of the length–tension
curves is identical between muscles, but the range of lengths
over which the muscle generates active force is diferent. For
the same reason that increased iber length increases the active
muscle range of the length–tension relationship, it also results
in an increase in the muscle’s maximum velocity (Vmax).

Interplay of Muscle Architecture
and Moment Arm
In addition to its architecture, the moment generated by a
muscle is inluenced by its moment arm. Moment arm, the

Maximum tension (N)

100

Large PCSA

80
60
Small PCSA

40

Maximum tension (N)

120
120

100
Long fibers

80
60
40

Short fibers

20
0

20

5
0
05

10

A

15
20
25
30
Muscle length (mm)

35

40

Maximum tension (N)

Maximum tension (N)

100
80
Large PCSA

40

35

40

35

40

100
80
60
Long fibers
40
Short fibers

20

Small PCSA
0

20

5

0
05

B

15
20
25
30
Muscle length (mm)

120

120

60

10

A

10

15
20
25
30
Muscle velocity (mm/s)

35

40

FIG. 3.2 Two muscles with diferent physiologic cross-sectional areas
(PCSAs) but identical mass. (A) Comparison of isometric length–tension
properties. (B) Comparison of isotonic force–velocity properties. The efect
of increased PCSA with identical iber length is to shift the absolute
length–tension and force–velocity curves to higher values, but with
retention of the same range and intrinsic shape.
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FIG. 3.3 Two muscles with diferent iber lengths but identical physiologic
cross-sectional areas. (A) Comparison of isometric length–tension properties.
(B) Comparison of isotonic force–velocity properties. The efect of increased
iber length is to increase the absolute range of the length–tension curve
and absolute velocity of the force–velocity curve, but with retention of the
same peak force and intrinsic shape. The dotted vertical line in (B)
demonstrates that, for an equivalent absolute velocity, the muscle with
longer ibers will generate a greater force.
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“mechanical advantage” of a muscle, is the distance from a
muscle’s line of action to the joint axis of rotation and is
directly related to a muscle’s change in length with joint rotation.38 In other words, the amount of muscle iber length
change that occurs as a joint rotates—and, consequently, the
range of joint angles over which the muscle develops active
force—both depend on the muscle moment arm. his idea can
be explained by comparing the situation in which two muscles
with identical iber lengths have diferent moment arms at a
joint (Fig. 3.4). In the case in which the moment arm is greater,
muscle ibers will change length much more for a given change
in joint angle compared with a muscle with a shorter moment
arm. As a result, the range of joint motion over which the
muscle develops active force will be smaller for the muscle
with the larger moment arm in spite of the fact that the muscular properties of both muscles are identical. he architectural
design of a muscle and its placement in relation to skeletal
geometry are both important determinants of its function.
Although it is true that muscles with longer ibers can generate
force over a greater range of lengths than muscles with shorter
ibers (e.g., Fig. 3.3A), this does not necessarily indicate that
muscles with longer ibers are associated with joints that have
larger ranges of motion. Muscles that appear to be designed
for speed based on their long ibers may not actually produce
large joint velocities if they are placed in the skeleton with a
very large moment arm, because joint excursion and joint
angular velocity are inversely related to moment arm. A large
moment arm results in a large joint moment, so that the
muscle would be highly suited for torque production but at
low angular velocities. Similarly, a muscle that appears to be
designed for force production due to a large PCSA, if placed
in a position with a very small moment arm, may actually
produce high joint excursions or angular velocities. Diferences between muscle–joint systems thus require complete
analysis of both joint and muscular properties. hese interrelated concepts of architecture and moment arm (gross
anatomy) must be considered when examining the design and
function of spinal muscles. his concept is fairly complex and
it takes practice to become facile with such functional anatomic descriptions.

Summary
In this chapter, the basic functional properties of muscle sarcomeres that generate force via the cross-bridge cycle were
reviewed. Muscle ibers are heterogeneous, and descriptors of
human muscle typically refer to types 1, 2A, and 2X, relating
to the type of myosin heavy chain expressed in the ibers.
Finally, the major anatomic property that predicts skeletalmuscle function is muscle architecture. his arrangement of
muscle ibers and placement of the muscle in relation to
skeletal geometry determines the moments generated at all
joints—whether relatively simple, such as the elbow, or
complex, such as intervertebral movement. Application of
these concepts to the spine and spinal muscles is presented in
more detail in Chapter 4.
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FIG. 3.4 Efect of changing moment arm on active range of motion (ROM).
In this example, a schematic muscle (shown as a sarcomere in series with
some tendon) is attached with two diferent moment arms. (A) 40 degrees
range of motion for “normal” muscle (from 40 degrees to 80 degrees).
(B) Moment arm increase results in a decrease in range of motion to 25
degrees muscle (from 50 degrees to 75 degrees). In (B), the active ROM is
smaller since the moment arm is greater; therefore, more sarcomere length
change occurs for a given angular rotation. (C) Comparison of force versus
joint angle (ROM) for muscles with short or long moment arms.
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Spinal Musculature: Anatomy and Function
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Anatomy and Architecture of Spinal
Musculature
he architecture of spinal muscles is complex and dramatically
diferent from the architecture of limb muscles. For example,
instead of distinct tendinous attachments to bone, many spinal
muscles have very little tendon at their ends, but have a
complex arrangement of internal tendons and aponeuroses.
heir attachments are generally broad, and many spinal
muscles branch and have insertions at multiple vertebral
levels. Some spinal muscles have short fascicles and high pennation, whereas others have long, parallel fascicles. All of these
factors afect the force- and moment-generating capacity of
muscles (as described in Chapter 3), which ultimately inluences control of spinal movement and injury mechanisms.
Spinal muscles can be divided into intrinsic muscles,
which connect vertebrae with each other or with the skull,
and extrinsic muscles, which attach vertebrae to the limbs,
shoulder girdle, ribcage, or pelvis. Embryologically, intrinsic
muscles originate from the epimere and extrinsic muscles
originate from the hypomere. Intrinsic muscles receive innervation from the dorsal rami of spinal nerves, whereas extrinsic
muscles are innervated by the ventral rami of spinal nerves
and generally have functions related more to the proximal
portion of limbs or respiration.

Intrinsic Spinal Muscles in the Lumbar,
Thoracic, or Cervical Spine
Intrinsic muscles of the spine are dominated by the erector
spinae, a group of interdigitated muscles that span the entire
length of the spine, from the sacrum and iliac crest to the skull.
Another important group of muscles, the multiidus, are
shorter and deeper, and are described in more detail later. In
the thoracolumbar region, the erector spinae and multiidus
muscles comprise the bulk of the spinal musculature. hese
two distinct functional units have large diferences in innervation that probably result in signiicant functional diferences,1
although the detailed biomechanical function of these groups

remains only partially elucidated.2 Lying deep to the multiidus
are even smaller muscles: the rotatores, interspinales, and
intertransversarii. he cervical region is composed of other
unique intrinsic muscles (described later).
he erector spinae are commonly considered to be composed of three muscles; from medial to lateral, they are the
spinalis, longissimus, and iliocostalis. he anatomy and
architecture of these muscles vary among diferent levels of the
spine. herefore, the words “lumborum,” “thoracis,” “cervicis,”
and/or “capitis” are oten appended to the muscle name to
describe the anatomy more accurately. Although there are
varying deinitions of the composition of the erector spinae,
the study by MacIntosh and Bogduk2 provides the most
comprehensive descriptive anatomy of the lumbar erector
spinae to date; Delp and colleagues3 provided the irst architectural measurements of these muscles. A description of the
continuation of the erector spinae into the cervical region is
discussed by Kamibayashi and Richmond.4
he spinalis muscle is the most medial division of the
erector spinae. MacIntosh and Bogduk2 describe the spinalis
as mostly aponeurotic in the lumbar region, but Delp and
colleagues3 obtained architecture measurements from muscle
ibers in the thoracic spinalis (Table 4.1). he spinalis is generally absent in the cervical region.
Caudad to rostrad, the longissimus consists of the longissimus thoracis, cervicis, and capitis. he longissimus thoracis
is divided into lumbar and thoracic portions. he lumbar
fascicles of the longissimus thoracis (longissimus thoracis pars
lumborum) are composed of ive bands that arise from the
lumbar transverse processes and attach in a caudal fashion
onto the iliac crest (Fig. 4.1A). Each band arising from vertebrae L1 to L4 is actually a small fusiform muscle that has an
elongated and lattened caudal tendon of insertion. Bands
from more rostral levels attach more medially on the iliac
crest. he juxtaposition of these caudally located tendons
forms the lumbar intermuscular aponeurosis. Fascicles of the
thoracic component of longissimus thoracis (longissimus
thoracis pars thoracis) arise from all thoracic transverse processes and most ribs, and attach to either lumbar spinous
processes, the sacrum, or the ilium. hese are long slender
muscles with pronounced caudal tendons that juxtapose to
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TABLE 4.1

Architectural Data of Rectus Abdominis and Lumbar Spine Muscles
Musculotendon
Length (cm)

Muscle
Length
(cm)

Fascicle
Length
(cm)

Rectus abdominis

35.9 (1.9)

34.3 (2.7)

Quadratus lumborum (proximal)

11.7 (1.7)

10.7 (1.3)

Muscle

Quadratus lumborum (distal)

Pennation
Angle
(degrees)

Sarcomere
Length
(µm)

Optimal
Fascicle
Length (cm)

Muscle
Fiber
Mass (g)

28.3 (3.6)

0 (0)

2.83 (0.28)

28 (4.2)

92.5 (30.5)

2.6 (0.9)

7.3 (1.3)

7.4 (2.9)

2.39 (0.21)

8.5 (1.5)

13.3 (5.2)

1.6 (0.6)

9.3 (1.3)

8.1 (1.2)

4.7 (0.5)

7.4 (6.2)

2.37 (0.20)

5.6 (0.9)

Spinalis thoracis

24.7 (1.5)

18.2 (3.2)

5.2 (0.4)

16 (3.8)

2.26 (0.17)

6.4 (0.6)

10.2 (6)

1.6 (0.9)

Longissimus thoracis

42.6 (5.5)

34.7 (4.8)

9.6 (1.2)

12.6 (5.8)

2.31 (0.17)

11.7 (2.1)

73.4 (31)

5.9 (2.5)

Iliocostalis lumborum

43.8 (4.3)

33.1 (9)

Multiidus

NA

NA

7.3 (2.4)

PCSA
(cm2)

1.2 (0.4)

12 (1.7)

13.8 (4.5)

2.37 (0.17)

14.2 (2.1)

60.9 (29.9)

4.1(1.9)

4.8 (1.7)

18.4 (4.2)

2.26 (0.18)

5.7 (1.8)

73 (12.4)

23.9 (8.4)

Values are mean (standard deviation).
NA, not applicable; PCSA, physiologic cross-sectional area.
Modiied from Delp SL, Suryanarayanan S, Murray WM, et al. Architecture of the rectus abdominis, quadratus lumborum, and erector spine. J Biomech 2001;34:371–375; and Ward, SR,
Kim CW, Eng CM, et al. Architectural analysis and intraoperative measurements demonstrate the unique design of the multiidus for lumbar spine stability. J Bone Joint Surg Am.
2009;91:176-185.
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A

B

Rt (rib 5)
Rt (rib 8)
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D

FIG. 4.1 Longissimus thoracis (medial division of erector spinae) schematic
of (A) lumbar and (B) thoracic regions and iliocostalis lumborum (lateral
division of erector spinae) schematic of (C) lumbar and (D) thoracic regions.
Ct, caudal tendon; Mb, muscle belly; LIA, lumbar intermuscular aponeurosis;
Rt, rostral tendon. (From Bogduk N. A reappraisal of the anatomy of the
human lumbar erector spinae. J Anat, 1980;131:525-540; and MacIntosh JE,
Bogduk N. The morphology of the lumbar erector spinae. Spine.
1987;12:658–668.)

form the strong erector spinae aponeurosis (see LIA and Ct in
Fig. 4.1A–B), which bounds the lumbar paraspinal muscles
dorsally. In the upper thoracic and cervical region, the longissimus cervicis connects transverse processes of thoracic and
cervical vertebrae, whereas the longissimus capitis originates
on transverse processes and inserts on the mastoid process of
the skull (Fig. 4.2B).
he lumbar fascicles of the iliocostalis lumborum (iliocostalis lumborum pars lumborum) lie lateral to the longissimus
thoracis muscles arising from the tip of the transverse processes
of vertebrae L1 to L4 in the lumbar region, thus are composed
of four small, broad bands (see Fig. 4.1C) that attach to the
thoracolumbar fascia and the iliac crest. he thoracic fascicles
of the iliocostalis lumborum (iliocostalis lumborum pars thoracis) arise from ribs and attach to the iliac spine and crest,
forming the lateral part of the erector spinae aponeurosis. In
contrast to the more medially located longissimus thoracis,
the caudal tendons are less prominent, giving the iliocostalis
lumborum a much more leshy appearance. Caudad to rib 10,
the iliocostalis lumborum and longissimus thoracis lie side by
side, forming the erector spinae aponeurosis. Rostral to rib 9
or 10, the iliocostalis thoracis separates the iliocostalis lumborum and longissimus thoracis. In the upper thoracic and
cervical region, the iliocostalis cervicis connects the ribs to
the transverse processes of cervical vertebrae. MacIntosh and
Bogduk measured muscle and tendon lengths in the thoracic
portions of the longissimus thoracis and iliocostalis lumborum (Table 4.2).2 Detailed architecture of the lumbar erector
spinae, including muscle tendon and fascicle length, sarcomere
lengths, and physiologic cross-sectional areas (PCSAs) have
also been reported by Delp et al.3 (see Table 4.1). hey found
that fascicle lengths were approximately 30% of muscle lengths
in these muscles and that sarcomere lengths measured from
cadavers in the supine position were generally shorter than the
optimal length, which may imply that the erector spinae are
capable of developing greater force in elongated positions (i.e.,
in lexion).5 his muscle may thus be designed to restore spine
extension from lexion. Although longissimus and iliocostalis
may have diferent functions because of their medial-to-lateral
anatomic locations, their iber type distributions are similar,
with approximately 60% type 1 ibers,6 the slowest muscle iber
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cervicis
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A

FIG. 4.2 Posterior view of neck muscles. (A) Left side shows the supericial muscle, the trapezius. Underneath
the trapezius lie the splenius capitis, splenius cervicis, levator scapulae, and rhomboids. (B) Right side shows
semispinalis capitis, longissimus capitis, and longissimus cervicis, which lie deep to splenius capitis. Left side
shows semispinalis cervicis and the suboccipital muscles, which lie under semispinalis capitis. OCI, obliquus
capitis inferior; OCS, obliquus capitis superior; RCP maj, rectus capitis posterior major; RCP min, rectus capitis
posterior minor. (Modiied from Gray H. Gray’s Anatomy. New York, Gramercy Books, 1977.)
TABLE 4.2

esa

Muscle and Tendon Length Data of Lumbar Erector Spinae

Muscle
Longissimus thoracis
pars thoracis
Iliocostalis
lumborum pars
thoracis

lia

Muscle Belly Rostral Tendon Caudal Tendon
Length (cm) Length (cm)
Length (cm)
9-12

3-4

MD
(LT)

LD
(IL)

Up to 24
ap

10-13

12-15

fs

18-19

From MacIntosh JE, Bogduk N. The morphology of the lumbar erector spinae. Spine.
1987;12:658–668.

type. he detailed anatomy of the erector spinae provided by
MacIntosh and Bogduk2 also provides important information
for electromyographic studies. Because thoracic fascicles of
the longissimus thoracis and iliocostalis lumborum lie over
the lumbar fascicles, electrodes placed at lumbar vertebral
levels may not represent activity of fascicles directly attached
to lumbar vertebrae.
he lumbar multiidus muscles consist of multiple separate
bands arising from each vertebral spinous process and lamina,
and inserting from two to four segments below the level of
origin (Fig. 4.3B). he shortest fascicle of each muscle inserts
onto the mammillary process of the vertebra located two
segments caudad, whereas longer, more supericial fascicles
insert sequentially onto subsequent vertebrae three or more
segments lower (see Fig. 4.3). hus, the shortest band of the
multiidus arising from L1 inserts on L3; subsequent bands
insert sequentially on L4, L5, and the sacrum. Multiidus
muscles arising from lower lumbar vertebrae consist of fewer
fascicles because the number of vertebrae caudad to the origin
decreases. Of note is the fact that all multiidus muscles that
arise from a given level are innervated by the medial branch

MF

lia
I

IM
fs

A
L1

L1
L1

L2

L2
L2

L3

L3

L4

L4

L5

L3

L5
S

S

B
FIG. 4.3 Schematic arrangement of multiidus muscle in (A) cross-section
and (B) longitudinal section. ap, accessory process; esa, erector spinae
aponeurosis; fs, fat-illed space; I, interspinalis; IL, iliocostalis lumborum; IM,
intertransversarii mediales; LD, lateral division; lia, lumbar intermuscular
aponeurosis; MF, multiidus. (From Bogduk N. A reappraisal of the anatomy
of the human lumbar erector spinae. J Anat. 1980;131:525–540.)

68

BASIC SCIENCE

of the primary dorsal rami of the spinal nerve from a single
segment (i.e., each band of multiidus muscle is innervated
from a single dorsal ramus). his unisegmental innervation
has implications for electromyography and diagnosis of zygapophyseal joint pain related to abnormal activity in multiidus.
For instance, medial ibers of multiidus (i.e., those immediately lateral to a given spinous process) arise from the spinous
process directly above, whereas those from higher levels will
be more lateral, but all the ibers of the multiidus arising from
a particular vertebra are innervated by the same nerve.7
In the cervical region, multiidus fascicles from the spinous
processes and laminae of C2, C3, and C4 attach onto facet
capsules of two adjacent vertebral articular processes from C4
to C7; fascicles from the spinous processes and laminae of C4
to C7 attach onto transverse processes of upper thoracic vertebrae.8 he principal action of the multiidus is extension, but
the multisegmental nature of the muscle as well as the complex
three-dimensional orientation in the cranial-caudad and
mediolateral directions renders this statement a gross oversimpliication.9 he multiidus is not necessarily a prime
mover of the spine; rather, its function is likely to produce
small vertebral stabilizations. Its iber type distribution of
approximately 60% type 1 ibers supports this postural role. In
fact, similar iber type distributions between multiidus and
erector spinae muscles suggest similar functions for these two
muscle groups.6,10
A recent study of the multiidus muscle revealed three
major design factors that suit it well for stabilizing the lumbar
spine.5 First, the architecture of the multiidus is highly pennated, with ibers only extending about 20% of the length of
the muscle. hus, a large number of muscle ibers are packed
into a small volume and, even though the multiidus has a
smaller mass compared to several other lumbar extensors, it
is predicted to create the greatest lumbar extension force by a
factor of two (see Table 4.1). Second, direct mechanical testing
of the multiidus muscle cells and extracellular connective
tissue revealed that, while the multiidus ibers have the same
mechanical properties as limb muscles, the iber bundles,
which include extracellular connective tissue, are about twice
as stif. hus, the multiidus has a high passive elastic capacity
that would suit it for passively resisting lexion of the lumbar
spine. hird, the multiidus muscle sarcomere length, measured intraoperatively, is relatively short when the spine is
extended, suggesting that the muscle gets stronger as it gets
longer. In other words, as the spine lexes, multiidus force
increases, suiting it to restore spine angles toward neutral or
more extended positions.
Deep to the multiidus are smaller muscles that span one
or two vertebral segments. he rotatores attach from caudal
transverse processes to the base of rostral spines one or two
segments away. Rotators are prominent in the thoracic region;
although some authors claim that they exist in the lumbar
region,11,12 MacIntosh and Bogduk did not ind any muscles
deep to the lumbar multiidus.7 Likewise, Anderson et al.8 did
not ind rotatores in the cervical region. he interspinalis and
intertransversarii (found in the lumbar and cervical regions)
connect the spines and transverse processes, respectively, of
adjacent vertebrae.

Intrinsic Spinal Muscles Speciic to
the Cervical Spine
Because of diferent functional demands in the cervical spine
(e.g., large head movements), this region has additional intrinsic
muscles. Kamibayashi and Richmond quantiied neck muscle
anatomy and architecture of the neck muscles (Table 4.3).4

Splenius Capitis and Cervicis
he splenius capitis originates at the spinous processes of the
lower cervical and upper thoracic vertebrae and inserts on the
skull near the mastoid process (see Fig. 4.2A). Contiguous,
slightly deeper, and sometimes inseparable is the splenius
cervicis, which originates on thoracic spinous processes and
inserts on cervical transverse processes. Although both the
splenius capitis and splenius cervicis function in extension,
lateral bending, and axial rotation, the splenius capitis is oriented more obliquely than the splenius cervicis, providing
more axial rotation capacity for movements of the skull relative to the vertebrae. he fascicle lengths of the splenius capitis
and splenius cervicis are similar, but their muscle tendon
lengths are not similar. his occurs because the splenius capitis
has short aponeuroses, whereas the splenius cervicis has long
aponeuroses (Fig. 4.4A).4

Semispinalis Capitis and Cervicis
he semispinalis capitis originates on the articular processes
of the lower cervical vertebrae and transverse processes of the
upper thoracic vertebrae, and inserts medially on the skull
between the inferior and superior nuchal line (see Fig. 4.2B).
he semispinalis capitis is characterized by complex patterns
of internal tendon and tendinous inscriptions in the medial
portion, whereas fascicles in the lateral portion are uninterrupted (see Fig. 4.4B).4 he semispinalis cervicis (deep to the
semispinalis capitis) originates on thoracic transverse processes and inserts on cervical spinous processes from C2 to
C5, with the bulk of its mass inserting on C2.
Splenius
capitis

Splenius
cervicis

Tendinous
inscriptions

Semispinalis
capitis

Internal
aponeuroses
Aponeuroses

A

B

FIG. 4.4 Architecture of splenius capitis, splenius cervicis, and semispinalis
capitis. (A) Splenius capitis and splenius cervicis. Note aponeuroses at both
ends of splenius cervicis. (B) Semispinalis capitis. The medial portion is
characterized by tendinous inscriptions and internal aponeuroses
interrupting the fascicles. (Modiied from Kamibayashi LK, Richmond FJR.
Morphometry of human neck muscles. Spine. 1998;23:1314–1323.)
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Morphometric Parameters of Human Neck Muscles

Muscle

N

Sternocleidomastoideus

9

Range
21–50.5

Mean (SD)

Angle Range
(degrees)

40.4 (9)

0–20

MUSCLE LENGTH (cm)
Range

Mean (SD)

16.5–21.2

NF Length (cm),
Mean (SD)

PCSA (cm2)
Range

Mean (SD)

19 (1.6)

10.8 (0.9)

1.81–5.26

3.72 (0.91)
1.96 (0.62)

Clavotrapezius

10.7–27.1

18.7 (4.5)

0–30

9–14.8

12 (1.9)

8.4 (2.1)

1.25–2.94

Acromiotrapezius

68.6–128.4

103.5 (23.5)

0–10

10–14.5

12.6 (1.7)

9.2 (1.8)

7.99–15.26 10.77 (2.38)

18.8–58.3

40.9 (15.6)

0–5

7.2 (2)

1.76–9.93

5.84 (2.77)

Rhomboideus

9

Minor

6.5–12

8.7 (1.9)

Major

5.3–13

8.2 (2.7)

Rectus capitis posterior major

9

1.4–5.5

3.5 (1.2)

0–5

3–4.8

3.7 (0.7)

0.44–1.45

0.93 (0.33)

Rectus capitis posterior minor

9

0.6–1.6

1 (0.3)

0–5

2.6–3.1

1.9 (0.2)

0.28–0.83

0.50 (0.19)

Obliquus capitis superior

8

1–3.7

2.5 (0.9)

0–20

4.3–5.7

2.5 (0.5)

0.29–1.69

1.03 (0.46)

Obliquus capitis inferior

9

2.1–8.1

5.1 (1.8)

0–5

3.6–5.4

4.4 (0.6)

3.8 (0.8)

0.69–1.73

1.29 (0.54)

Longus capitis

7

2.4–5.6

3.7 (1.2)

0–10

7.8–11.1

9.2 (1.4)

3.8 (1)

0.54–1.63

0.92 (0.35)

Splenius

9

21.6–59.3

42.9 (13.8)

0–5

9.5 (2.3)

2.57–5.48

4.26 (1.04)

Capitis

9.5–15

Cervicis

12.3 (1.5)

11.5–18.5

14.7 (2.3)

38.5 (9.4)

0–20

13–20

11.7 (1.9)

6.8 (1.7)

3.93–7.32

5.40 (1.30)

5.7–12.4

5.6 (3)

0–20

5.5–7.8

6.8 (0.9)

4.2 (1.3)

0.37–4.51

1.45 (1.23)

5.6–14.5

10.6 (3.0)

0–30

6.8–9.6

8.1 (1)

5 (0.8)

1.00–3.34

2.00 (0.73)

9

4–23.5

10.6 (7.7)

0–20

7–10

8 (1.1)

6.2 (2.1)

0.59–3.15

1.55 (0.90)

8

16.5–38.9

24.6 (8.3)

0–5

13.2–17.5

15.1 (1.6)

11.3 (3.1)

1.39–3.24

2.18 (0.80)

Semispinalis capitis

9

21.3–55.8

Scalenus anterior

9

Scalenus medius

9

Scalenus posterior
Levator scapulae

Values in each column represent the range or average of individual values computed on specimen at one time.
NF Length, normalized fascicle length; PCSA, physiologic cross-sectional area; SD, standard deviation.
From Kamibayashi LK, Richmond FR. Morphometry of human neck muscles. Spine. 1998;23:1314-1323.

Longus Capitis and Colli
On the anterior side of the vertebral column, the longus
capitis runs from the anterior surface of transverse processes
to the baso-occiput (Fig. 4.5). Because it lies close to the
vertebral bodies, it has only a small lexion moment arm;
the superomedial orientation could provide ipsilateral rotation. Its counterpart, the longus colli, has a more complicated
structure. Some ibers run vertically along the anterior vertebral bodies, other ibers run superolaterally from thoracic
vertebral bodies to lower cervical transverse processes, and
others run superomedially from transverse processes to the
anterior vertebral bodies (see Fig. 4.5). hus, although all
parts of the longus colli have small lexion moment arms,
the superomedial and superolateral portions would have
ipsilateral and contralateral rotation moment arms, respectively. he longus capitis and colli are also characterized by
an aponeurosis covering much of the supericial surface, from
which fascicles have long tendons that attach to the vertebrae
(Fig. 4.6).4
he longus capitis and longus colli were found to be composed of 50% type 1 ibers by number and 61% to 64% type 1
ibers by area.13 Because of their small moment arms, their
function is considered to be postural. he cross-sectional area
of longus colli was found to be inversely correlated to cervical
lordosis, suggesting a stabilizing function.14

Longus
capitis
Longus
colli

Scalenus
anterior

Scalenus
medius
Scalenus
posterior

FIG. 4.5 Anterior view of deep neck muscles: longus capitis, longus colli,
and scalenes. Note the three parts of longus colli: superior oblique, vertical,
and inferior oblique. (Modiied from Gray H. Gray’s Anatomy. New York:
Gramercy Books; 1977.)
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Suprahyoids
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FIG. 4.6 Architecture of longus capitis. (A) Supericial surface, with long
aponeurosis. (B) Deep surface, with individual tendons to lower cervical
vertebrae. (Modiied from Kamibayashi LK, Richmond FJR. Morphometry of
human neck muscles. Spine. 1998;23:1314–1323.)

FIG. 4.7 Lateral view of sternocleidomastoid and hyoid muscles. (Modiied
from Gray H. Gray’s Anatomy. New York: Gramercy Books; 1977.)

Suboccipital Muscles
he suboccipital muscles span the region between C2 and
the skull (see Fig. 4.2B). he rectus capitis posterior major
and minor connect the spinous processes of C2 and C1,
respectively, with the skull. he obliquus capitis superior is
oriented in a superoinferior direction between the transverse
process of C1 and the skull, and the obliquus capitis inferior
runs primarily mediolaterally from the spinous process of C2
to the transverse process of C1. All four of these muscles can
contribute to extension of the head with respect to the neck.
In addition, the rectus capitis posterior major and the obliquus
capitis inferior are oriented to produce ipsilateral rotation, and
the lateral location of the obliquus capitis superior implies a
lateral bending function. he obliquus capitis superior has an
internal tendon on the deep surface that causes some fascicles
to have large pennation angles.4 On the ventral side, the rectus
capitis anterior and rectus capitis lateralis are very small
muscles that connect the skull to C1, presumably with (small)
moment arms for lexion and lateral bending, respectively.

Extrinsic Muscles Linking Vertebrae
to the Pelvis
he quadratus lumborum attaches from the iliolumbar ligament and iliac crest onto the 12th rib and transverse processes
of L1 to L4. It assists in lateral bending of the lumbar spine.
he proximal component of the quadratus lumborum (i.e., the
set of fascicles running from the iliac crest to the 12th rib and
L1) has a larger moment arm for lateral lexion and has longer
fascicles than the distal component of the muscle. Electromyographic evidence shows that the quadratus lumborum has a
dominant role in spine stabilization.15
he psoas major attaches from the anterior surface of the
transverse processes, the sides of vertebral bodies, and intervertebral discs of all lumbar vertebrae. Together with the
iliacus, which arises from the ilium, they form the iliopsoas,

which inserts on the lesser trochanter of the femur and is a
major lexor of the thigh and trunk. Fascicles of the psoas
generally have the same length, regardless of their level of
origin. hus, because of their attachments to a common
tendon, bundles from higher levels are more tendinous,
whereas the bundle from L5 remains leshy until it joins the
common tendon.16 he psoas is the largest muscle in crosssection at the lower levels of the lumbar spine.17 Biomechanical
analysis shows that the psoas has the potential to laterally lex
the lumbar spine, generate compressive forces that would
increase stability, and create large anterior shear forces at L5
to S1.18 However, if psoas were designed for lumbar spine
motions, one would expect an architectural design consisting
of longer fascicles attaching to more rostral segments because
they would undergo larger excursion. he uniform fascicle
lengths suggest that the psoas may actually be designed to lex
the hip19; electromyographic studies conirm that its primary
function is hip lexion.20

Extrinsic Muscles Linking Vertebrae or Skull to
the Shoulder Girdle or Rib Cage
On the anterior and lateral surface of the neck, the sternocleidomastoid originates from the sternum and medial clavicle to
attach on the skull at the mastoid process and superior nuchal
line of the occiput (Fig. 4.7). Kamibayashi and Richmond4
divided this muscle into three subvolumes: sternomastoid,
cleidomastoid, and cleido-occipital. he fascicles on the
supericial surface (sternomastoid and cleido-occipital portions) lie in parallel. However, the cleidomastoid portion on
the deep surface, which runs from the clavicle to mastoid
process, increases the proportion of muscle fascicles exerting
force on the mastoid process (Fig. 4.8).4 Supericial inspection of muscle architecture can neglect the arrangement of
these deep fascicles, which would decrease the estimated
moment-generating capacity of the sternocleidomastoid in
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FIG. 4.8 Lines of action of sternocleidomastoid, including deep
cleidomastoid portion. Arrows indicate diferences in pulling direction of
deep (D) and supericial (S) subvolumes. (Modiied from Kamibayashi LK,
Richmond FJR. Morphometry of human neck muscles. Spine.
1998;23:1314–1323.)

biomechanical models by more than 30%.21 he sternocleidomastoid has moment arms for lexion, contralateral rotation,
and lateral bending, and has been found to be active during
movements in all three of these directions.
Also on the anterior surface of the neck, the infrahyoid
muscles (sternohyoid, sternothyroid, thyrohyoid) link the
hyoid bone, thyroid cartilage, and sternum, whereas the
suprahyoid muscles (digastric, stylohyoid, mylohyoid, and
geniohyoid) connect the hyoid bone to the mastoid process
and mandible (see Fig. 4.7). he hyoid muscles are generally
considered to maneuver the hyoid bone for deglutition and
maintaining airway patency, but could potentially generate a
neck lexion moment if the infrahyoid and suprahyoid muscles
were activated in concert.
On the posterior surface of the neck, the trapezius is the
most supericial muscle (see Fig. 4.2A). It can be divided
into three segments: the rostral segment (also called clavotrapezius or trapezius pars descendens) runs from the lateral
part of the clavicle to the occiput or ligamentum nuchae;
the middle part (acromiotrapezius or pars transversa) runs
nearly perpendicular to the midline at the lower cervical and
upper thoracic levels from the lateral part of the scapular
spine; and the caudal part (spinotrapezius or pars ascendens)
attaches to spinous processes of T4 to T12 from the scapula.
Its supericial position means that the trapezius has large
moment arms for spine and head movements; however, its
attachments to the scapula mean that shoulder movements
also inluence its function. Furthermore, the clavotrapezius
(which attaches to the skull) has less than one-ith of the mass
of the acromiotrapezius,4 indicating that the trapezius has less
moment-generating potential for movements of the skull than
generally believed.
hree other muscles connect the scapula to the cervical and
thoracic vertebrae. he rhomboideus major and rhomboideus
minor run from the medial border of the scapula to the midline
at upper thoracic levels. heir major function is retraction of

the scapula. he levator scapulae runs from the superior border
of the scapula to the transverse processes of upper cervical
vertebrae (see Fig. 4.2A). Like the trapezius, the functions of
these muscles are related to movements of the shoulder.
he scalene muscles (scalenus anterior, medius, and posterior) run from the ribs to transverse processes of cervical
vertebrae (see Fig. 4.5). Because of their lateral placement due
to attachments to the ribs, the scalene muscles have substantial
moment arms for cervical lateral bending; however, their main
function is likely related to respiration. he scalene muscles
were found to be composed of 52% to 72% type 1 ibers by
number and 76% to 84% type 1 ibers by area. Although they
are not postural muscles, the high percentage of type 1 ibers
is likely related to their tonic function in respiration.13 he
serratus posterior superior and inferior also attach the vertebral column to the ribs. he serratus posterior superior arises
from the lower part of ligamentum nuchae and the spines of
the upper thoracic vertebrae, and attaches to ribs 2 to 5. he
serratus posterior inferior originates from the spines of the
lower thoracic and upper lumbar vertebrae, and attaches to
ribs 9 to 12. hese muscles function to elevate and depress the
ribs, respectively.
he latissimus dorsi arises from the spinous processes of
the lower six thoracic and upper two lumbar vertebrae, the
thoracolumbar fascia, the iliac crest, and the lower ribs to
insert on the humerus. he magnitudes of its potential force
and moment on the lumbar spine and sacroiliac joint are
small.22 It is generally considered to move the arm, but if the
upper limb were ixed, its activity could move the trunk (e.g.,
as in wheelchair transfers or crutch locomotion).
In summary, the spinal muscles are characterized by
complex anatomy and architecture, and important biomechanical features are revealed when the architecture is studied
in detail. However, the architecture of many spinal muscles,
and its efects on function, remains to be determined.

Implications of Spinal Muscle Anatomy and
Architecture for Motor Control
While the function of a muscle is dependent on muscle activity, neural control of a muscle is inluenced by its architecture.
hus, architectural specialization of muscles means that the
nervous system is not the only means available to modify
muscular force and excursion. Although neural inputs can
change muscle force, the efectiveness of neural input is altered
by diferent muscle architectural features. In other words,
nervous system commands are “interpreted” through the
design of muscles to control posture and movement. Understanding both the biomechanics and neural control of spinal
muscles, through models and experimental studies, is vital to
understanding their role in pain and injury mechanisms.

Fascicle Length Changes With Posture
In the cervical spine, many extensor muscles undergo large
length changes over the lexion–extension range of motion
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FIG. 4.9 Fascicle length excursions over the range of neck lexion–extension motion superimposed on a
normalized muscle active force-length curve. (Modiied from Vasavada A, Li S, Delp S. Inluence of muscle
morphometry and moment arms on the moment-generating capacity of human neck muscles. Spine.
1998;23:412–421.)

Moment Arm Changes With Posture
Diferent parts of a muscle may have diferent moment arms,
and the magnitude (and in some cases, direction) of these
moment arms changes with posture. Furthermore, muscles
that cross multiple joints (as most spinal muscles do) may
have diferent mechanical functions at diferent joints. A
biomechanical model of the neck muscles21 demonstrated that
the moment arm of sternocleidomastoid varies dramatically
for lexion–extension movements (Fig. 4.10). For motions
of the upper cervical joints, the cleido-occipital segment of
the sternocleidomastoid actually has an extension moment
arm that increases in extended postures (see Fig. 4.10); the
other two subvolumes of sternocleidomastoid (which attach to
the mastoid process) have very small moment arms. During

4
Extension
3
Moment arm (cm)

(ROM). A biomechanical model showed that the splenius
capitis, semispinalis capitis, semispinalis cervicis, rectus capitis
posterior major, and rectus capitis posterior minor all experience fascicle length changes greater than 70% of optimal
length over the full ROM.21 he change in fascicle length
depends on both the optimal fascicle length of the muscle and
the moment arm. For example, the splenius capitis and splenius cervicis have the same optimal fascicle length (see Table
4.3), but the splenius capitis has a much larger moment arm
than the splenius cervicis. hus, the splenius capitis undergoes
larger fascicle length changes than the splenius cervicis over
the same ROM (Fig. 4.9). On the other hand, the semispinalis
capitis has shorter fascicle lengths but also a smaller moment
arm than the splenius capitis. hus, both the semispinalis
capitis and splenius capitis experience similar large fascicle
length excursions over the range of lexion–extension motion
(see Fig. 4.9). In both muscles, fascicle lengths are extremely
short in extended postures. his implies that the central
nervous system must compensate for the associated decrease
in force-generating potential by increasing activation or
recruiting other extensors of the neck.
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FIG. 4.10 Sternocleidomastoid lexion–extension moment arms. Light lines
indicate individual subvolumes (sternomastoid, cleidomastoid, and
cleido-occipital), and dark lines indicate a mass-weighted average. (Modiied
from Vasavada A, Li S, Delp S. Inluence of muscle morphometry and
moment arms on the moment-generating capacity of human neck muscles.
Spine. 1998;23:412–421.)

lexion of the lower cervical joints, the lexion moment arm of
the sternocleidomastoid increases. hese results indicate that
the function of sternocleidomastoid depends highly on posture
and the joints about which movement occurs. Furthermore,
the change in sternocleidomastoid lexion moment arm in the
lower cervical region indicates a destabilizing efect, because it
potentially increases the lexion moment-generating capacity
of the muscle in lexed postures.
he same model21 also showed that for axial rotation of the
upper cervical region, many muscles have moment arms that
vary by 2 to 3 cm but remain in the same direction throughout
the ROM (e.g., sternocleidomastoid, splenius capitis; Fig. 4.11).
For other muscles, the direction of moment arm changes with
axial rotation. At the neutral position, the right rectus capitis
posterior major has a right rotation moment arm; its magnitude
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anatomic structures that have been clinically linked to pain.
hird, muscle activity can alter spinal stifness and kinematics,
which would indirectly afect sot-tissue loads and strains. he
relationship between muscles and injury can be elucidated by
biomechanical models, the validity of which depends on
accurate modeling of anatomy and architecture.
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FIG. 4.11 Axial rotation moment arms for the upper cervical region.
(Modiied from Vasavada A, Li S, Delp S. Inluence of muscle morphometry
and moment arms on the moment-generating capacity of human neck
muscles. Spine. 1998;23:412–421.)

increases in let rotated postures. However, when the head is
rotated to the right, the moment arm decreases in magnitude
and eventually changes to a let rotation moment arm. hese
results indicate that the rectus capitis posterior major has an
axial rotation moment arm appropriate to restore the head
to neutral posture from the most rotated head positions. he
moment arms of other muscles, such as the semispinalis capitis
and longissimus capitis, show the same pattern, although their
moment arms are smaller. he implication of these indings
is that the moment arm provides a “self-stabilizing” function
to assist the central nervous system in maintaining neutrally
rotated (i.e., eyes forward) head posture. his function is particularly relevant in the upper cervical region, because most
axial rotation occurs between C1 and C2.
In the lumbar spine, posture also changes the mechanical
function of erector spine muscles. McGill and associates23
measured the iber angles of longissimus thoracic and iliocostalis lumborum with the lumbar spine in neutral and fully
lexed using high-resolution ultrasound. hey found that
lexion changes the line of action of these muscles, decreasing
their capacity to resist anterior shear forces. his inding is
important because anterior shear loads are related to the risk
of back injury.24

Implications of Spinal Muscle Anatomy and
Architecture for Injury and Pain
here are at least three ways in which spinal muscles may be
implicated in mechanisms of injury and pain. First, the muscle
itself may be injured from eccentric contraction, as described
in Chapter 3. his may occur during an imposed movement
(particularly one in which the kinematics are abnormal).
Second, muscle forces may alter the load distribution within

As noted in Chapter 3, rapid lengthening of muscle is an
important mechanism of muscle injury. An example of potential muscle injury due to imposed lengthening occurs during
whiplash. During the retraction phase of whiplash injury,
when the head translates rearward with respect to the torso,
the sternocleidomastoid muscle can experience lengthening
strains of 5% to 10% while it is active.25,26 During the rebound
phase of whiplash injury, when the head translates forward
with respect to the torso, the splenius capitis and semispinalis
capitis muscles can experience lengthening strains of 10% to
20%. hese predictions of muscle strains, based on a biomechanical model that incorporates muscle architecture,21 are
above thresholds for strain that causes injury to activelengthening muscle.27–29

Muscles Altering Load Distribution in
Other Anatomic Structures
Because muscles are oriented primarily vertically, their activation produces axial compression of the spine. he compressive
loads on the discs and facet joints are a function of muscle
force, moment arm, and activation. When the detailed anatomy
of the lumbar erector spinae was included in a biomechanical
model,30 the predicted disc compression and shear loads were
reduced compared with a lumped extensor “muscle equivalent” commonly used in many models. his study highlights
the importance of creating an accurate representation of
muscle anatomy in biomechanical models.
Compressive loads may severely alter tissue loads, particularly
if abnormal vertebral kinematics occur. For example, the synovial
fold of the facet joint may become impinged during the abnormal
kinematics that occur during whiplash.31 Muscles may also
contribute to injury by directly loading passive structures.
For instance, the cervical multiidus has direct attachments to
facet capsular ligaments8,32; the combined loading from joint
motion and muscle forces may lead to subcatastrophic injuries
in facet capsular ligaments. hese observations are important
because the cervical facet joints and capsular ligaments have
been clinically isolated as a source of neck pain.33

Muscle Efects on Spinal Stifness and Stability
It has long been recognized that muscles are necessary for
spinal stability. However, it is unclear which muscles contribute
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most to spinal stability; this question has been addressed
in several theoretical and experimental studies. Crisco and
Panjabi34 examined the role of gross muscle anatomy (e.g., the
number of joints crossed by a muscle) in lateral stabilization of
the lumbar spine using a mathematical model. hey calculated
minimal muscle stifness necessary for spinal stability and
found that muscles spanning only one vertebral body required
the highest stifness (i.e., activation) for stability, whereas
those muscles that spanned the largest number of vertebrae
were most eicient (required the least activation). Eicient
stabilization (less muscle activation) is important because it
implies lower disc loads. Electromyographically driven modeling by Cholewicki and McGill35 suggested that large muscles
may provide the bulk of stifness to the spinal column, as
suggested by Crisco and Panjabi,34 but that the activity of short
intrinsic muscles was also necessary to maintain stability. In
fact, biomechanical models have shown that buckling (loss of
stability) can occur from a temporary reduction in activation
to one or more intersegmental muscles.35 Presumably, small
intrinsic muscles are better suited to stabilize displacements at
a single joint with a minimum increase in joint loads at other
levels. Similarly, Winters and associates used both computer
and physical models of the cervical spine to demonstrate
that activating only large, long muscles resulted in instability,
especially around the upright posture.36,37 he authors also
concluded that activation of deep muscles was necessary
for spinal stability. hese types of analyses demonstrate
the importance of both gross anatomy and architecture of
spinal muscles on spinal stability. However, many important
questions remain, such as the efect of muscle fatigue on
spinal stability and the best muscle activation patterns for
stability in the prevention and rehabilitation of low back and
neck pain.
Muscle fatigue has been implicated in low back and neck
pain38; the mechanism may be related to altered loads in
other structures, decreased spinal stability, accumulation
of metabolites, or involvement of peripheral and central
mediation of pain. Patients with neck pain or cervical
radiculopathy demonstrate altered neck muscle endurance
and myoelectric evidence of fatigue.39,40 In patients with
pain, as well as healthy subjects, fatigue can lead to diferences in neuromuscular control, including altered activation

A

patterns or lexion–relaxation, which can increase the loads
in passive tissues.39,41 here is some evidence for iber type
transformations (from type 1 toward type 2) in patients with
back or neck pain,42,43 but other studies have found that spine
musculoskeletal disorders are not related to a change in iber
type.44,45 Fiber type studies in these muscles are extremely
diicult due to their complex architectural design and limited
ability to perform muscle biopsies.
Although the average architectural features of the major
muscles in the lumbar spine have been documented (see
earlier discussion and associated tables), there is an increasing need to generate patient-speciic architectural data for
diagnostic purposes, surgical planning, and musculoskeletal
modeling. Recent advances in MRI and image processing
allow these muscles to be rapidly visualized and quantiied
in three dimensions in an unprecedented fashion previously
impossible with ultrasound, MRI, or CT scanning (Fig. 4.12).
Additionally, these tools allow muscle tissue to be fractionated
into contractile and fat compartments, which is extremely relevant clinically, as “muscle quality” appears to be an important
feature in the lumbar spine and other joint systems subjected
to chronic disease. As can be seen in Fig. 4.13, the fraction of
muscle contained within “normal” muscle boundaries can be
substantially lower than anticipated. Further, fatty iniltration
is found in neck muscles in cases of whiplash injury with
poor functional recovery46 and the amount decreases with
exercise47; disc injury is associated with increased adipose
and connective tissue in lumbar multiidus, and a decrease in
adipose tissue on biopsy was associated with positive outcome
ater surgery.48 Last, in Chapter 3 we discussed the need for
(and diiculty of) quantifying muscle iber or fascicle lengths
in individual patients. Magnetic resonance difusion tensor
imaging (MR-DTI) now allows fascicle length estimates on a
subject-by-subject basis (Fig. 4.14). However, it is important
to note that these are nonnormalized fascicle (not iber)
lengths; thus, they cannot be used to predict muscle excursion or velocity, nor can they be used to calculate PCSA.
Future developments in methods to measure sarcomere length
are required to make these normalizations. Nevertheless,
these are emerging scientiic tools that should be considered
in clinical and scientiic work as they are more rigorously
validated.

B

C

FIG. 4.12 Magnetic resonance imaging–based, patient-speciic three-dimensional lumbar spine muscle
volumes view from (A) posterior, (B) anterior, and (C) inferior. Multiidus (red), erector spinae (blue), quadratus
lumborum (yellow), and psoas (green) are easily visualized.
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FIG. 4.13 Magnetic resonance imaging–based, patient-speciic three-dimensional lumbar spine muscle
volume fractions (muscles in colors and fat in white) view from (A) posterior, (B) anterior, and (C) inferior.
Multiidus (red), erector spinae (blue), quadratus lumborum (yellow), and psoas (green) are easily visualized and
quantiied.
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FIG. 4.14 Magnetic resonance difusion tensor imaging (MR-DTI) can be
used to generate tractography maps of individual muscles. Based on
imaging resolution, these tracts likely represent muscle fascicles (or larger),
but the difusion properties themselves are heavily inluenced by muscle
iber geometry. In this example, a posterior view of three-dimensional
muscle volumes demonstrates bilateral erector spinae (blue) and multiidus
muscles (red). The right multiidus muscle has MR-DTI tractography results
superimposed on the multiidus muscle volume depicting fascicle
orientations and lengths.

Summary
Muscular architecture is an important, and oten overlooked,
determinant of muscle function. Because muscle architecture
interacts with the skeletal and nervous systems in complex
ways, all of these factors must be examined together to fully
understand the biomechanical function of a muscle and its
contribution to any pain or injury mechanisms. Detailed
anatomic and architectural studies have yielded insights into
spinal muscle functions, but the architecture of many spinal
muscles remains to be examined. hese data are necessary for
accurate biomechanical models, which must be used in conjunction with experimental studies to elucidate the function
of spinal muscles and their role in pathologic processes of the
spine. his information can ultimately be used to develop
improved prevention and rehabilitation strategies.
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he intervertebral disc is a structure interposed between
the bodies of the vertebral column that acts as the shock
absorber of the spine, transmitting compressive loads between
bony segments. Its structure is generally ibrocartilaginous,
consisting of several anatomic segments with distinct functional importance in both the native and pathologic spine.
Degeneration of the disc is thought to be the leading cause
of low back pain worldwide and is associated with multiple
other conditions, such as spinal stenosis, herniated nucleus
pulposus, and deformity.1 hroughout the human life span,
intervertebral discs undergo progressive but highly variable
degeneration, oten beginning in early life.1,2
his chapter discusses the basic structure of the intervertebral disc and surrounding tissues, followed by a review
of the degenerative cascade leading to intervertebral disc
degeneration (IDD) as well as clinical consequences. Despite
the ubiquity of IDD and its association to low back pain, the
exact mechanisms of discogenic low back pain IDD are not
well deined. What has been established is that the process
is multifactorial, involving a complex interaction of genetics,
aging, mechanics, and environment biology.

Normal Disc
Disc Anatomy
he intervertebral disc is composed of three main structures:
the cartilaginous endplates (CEP), the central nucleus pulposus (NP), and the peripherally located anulus ibrosus (AF)
(Fig. 5.1).

Cartilaginous Endplates
he endplates are cartilaginous structures that serve as the
superior and inferior margins of the intervertebral disc. In
early life, the endplates are analogous to epiphyseal plates
elsewhere in the body, and serve as the growth centers of the
intervertebral bodies.3 Similar to epiphyses elsewhere, the
hyaline cartilage of the endplate initially occupies a signiicant
portion of the disc. As aging occurs, this cartilage layer thins,

and by adulthood consists of about a 1-mm-thick layer of
avascular tissue composed of rounded chondrocytes and type
II collagen.4 Cartilaginous endplates (along with surrounding
subchondral bone) do undergo some degree of elastic deformation during loading, but their contribution to the shockabsorptive properties of the disc is minimal. Instead, the
endplates functionally allow force transmission along the
vertebral axis via the discs and act as semipermeable barriers
for nutrient and waste exchange.

Nucleus Pulposus
he nucleus lies between adjacent endplates and forms the
gel-like core of the disc. he nucleus consists of a proteoglycan
and water matrix held together by an irregular network of
collagen type II and elastin ibers. Proteoglycans have numerous highly anionic glycosaminoglycan (GAG) side chains (i.e.,
chondroitin sulfate and keratan sulfate), which attract countercations and allow the NP to imbibe water. his composition
is similar to articular cartilage, and the ability of the matrix to
imbibe and release water in relation to applied stresses allows
the disc to cushion against compressive loads. he primary
proteoglycan is aggrecan; the high concentration of this
hydrophilic molecule provides the osmotic properties needed
to resist compression.5
Cells in the NP are initially notochordal, but their numbers
decline ater birth and eventually become undetectable at
about age 4 to 10 years in humans.6 he NP is gradually
replaced during growth by smaller and rounded cells resembling the chondrocytes of articular cartilage.7 hese
chondrocyte-like cells synthesize mostly proteoglycans and
collagen type II in response to changes in hydrostatic pressure.
hese cells are also able to survive in the hypoxic environment
of the intervertebral disc and contain inducible hypoxiaresponsive transcription factors.8 he NP functions as a shock
absorber, acting in essence as a pressurized, deformable sphere
that dissipates compressive forces to the AF and the adjacent
vertebral bodies. As compressive forces on the spine increase,
hydrostatic pressure within the nucleus pushes outward from
its center in all directions.
79
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FIG. 5.1 The intervertebral disc is a pivotal part of the spinal column; its properties inluence behavior of
adjacent tissues. There is great variation in matrix organization, composition, and cell morphology and activity
in diferent regions of the disc.

Anulus Fibrosus
he AF surrounds the NP and is composed of approximately
20 concentric rings (lamellae) of highly organized collagen
ibers, primarily collagen type I. he collagen ibers are
oriented approximately 60 degrees to the vertical axis of the
spine and run parallel within each lamella but perpendicular
between adjacent lamellae, allowing for maximal tensile
strength.9 Individual lamellae are connected to one another
by radially oriented elastin ibers, which account for approximately 2% of the anulus’ dry weight. A network of bridging
tissues that span multiple lamellae, containing both elastic
and vascular elements, has also been described.10 Fibers of the
outer anulus attach to the periphery of the vertebral bodies,
whereas inner ibers pass from one endplate to another.
Cells in the anulus are found between lamellae, arranged in
parallel to the collagen ibers. Outer anulus cells are thin,
elongated, and phenotypically similar to ibroblasts, whereas
cells of the innermost anulus are more spheroid, similar to
articular chondrocytes.1,11 he anulus contains the NP and
maintains its pressurization under compressive loads. he
tensile properties of the anulus allow the nucleus to recover
its original shape and position when the compressive load is
reduced.

Blood Supply, Nutrition, and Innervation
Blood Supply
In early fetal life, vascular channels traverse the endplates, but
they diminish in size starting at birth until complete disappearance by approximately 5 years of age. In adults, the blood

supply of the disc arises from two capillary plexuses. One
plexus penetrates 1 to 2 mm into the outer anulus, supplying
only the periphery of the anulus. he other capillary plexus
begins in the vertebral body and penetrates the subchondral
bone (see Fig. 5.1), terminating in capillary loops at the bonecartilage junction.12 he density of this capillary network
varies in location across the endplate, being greatest in the
center and lowest at the periphery. Although blood low to the
disc is minimal, it may not be entirely passive as muscarinic
receptors have been identiied on the disc periphery, which
may inluence perfusion.13 Cells in the center of the human
adult lumbar NP are 8 mm from the nearest blood source,
making the disc one of the largest avascular structures in the
body.

Nutrition
he limited vascularity of the intervertebral disc has important physiologic implications—mainly that nutrition depends
almost entirely on difusion (Fig. 5.2).14–16 he nutritional
environment of the cells varies throughout the disc because of
its size and architectural makeup, with cells in the NP being 6
to 8 mm from the nearest blood vessel. Small molecules necessary to maintain cellular function (i.e., glucose and oxygen)
readily leave vertebral capillaries and difuse across the thin
cartilaginous endplate and the outermost layers of the anulus
into the disc extracellular matrix (ECM). Concentration gradients of glucose, oxygen, and other nutrients and metabolites
exist across the disc, regulated by the rates of nutrient supply
and consumption as well as the net negative charge of the
NP produced by high proteoglycan concentration. he low
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FIG. 5.2 Schematic view of routes for nutrient transport into avascular disc and resulting nutrient proiles. The
diagram also shows possible regions of disturbance. (Modiied from Crock HV, Goldwasser M, Yoshizawa H.
Vascular anatomy related to the intervertebral disc. In: Ghosh P, ed. Biology of the Intervertebral Disc. Boca Raton,
FL: CRC Press; 1991:109–133.)

oxygen tension in the nucleus leads to anaerobic metabolism (i.e., glycolysis), resulting in a high concentration of
lactic acid and a lower pH in the nucleus compared with
the periphery of the disc.16 Metabolic byproducts, such as
lactic acid, difuse from the disc in the opposite direction of
glucose entry.

Innervation
Under normal conditions, only the outer 1 to 2 mm of the AF
is innervated in nondegenerated human discs; the majority of
these ibers are sympathetic perivascular nerves. A small
number of mechanoreceptors are also reported in the outer
several AF lamellae, likely providing some level of proprioceptive feedback.17 he sources of this innervation are variable,
but include plexuses contained in both the anterior longitudinal and posterior longitudinal ligaments; these nerves have
been found to contain various substances, such as neuropeptide Y, substance P, acetylcholinesterase, and others.18 he
remainder of the anulus and nucleus are uniquely avascular

and lacking neurons under normal, nondegenerated conditions. Several studies have described further nerve ingrowth
into degenerated lumbar discs, however, which is discussed
later in this chapter.

Disc Composition
he function of the intervertebral disc depends greatly on the
properties of its ECM. he ECM provides the biomechanical
properties and acts to regulate the extracellular luid composition and the rate at which nutrients and metabolites are
exchanged. he ECM consists of a complex network of macromolecules whose composition varies in diferent regions of
the disc (Fig. 5.3).4,19 ECM macromolecules are synthesized
and maintained by a small population of cells (~9000 cells/
mm3 in the anulus and ~5000 cells/mm3 in the nucleus)
occupying less than 1% of the disc volume.4 Disc cells also
produce a complex array of cytokines, growth factors, and
proteases to maintain equilibrium between the rates of synthesis and degradation of ECM components.20,21
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FIG. 5.3 (A) Schematic view of diferent matrix macromolecules, their interactions with the cell and with other
matrix molecules, and their distribution within the territorial matrix (TM) and interterritorial matrix (ITM). (B)
Transmission electron micrograph of section through disc cell and its surrounding matrix. TM and ITM not only
have diferent molecular compositions, but also a diferent morphology. COMP, cartilage oligomeric matrix
protein; CILP, cartilage intermediate layer protein; CS, chondroitin sulfate; HA, hyaluronan; HS-PG, heparan
sulfate-proteoglycan; KS, keratan sulfate; NC4, N-terminal noncollagenous domain 4; PRELP, proline/arginine-rich
end leucine-rich repeat protein. (A, Modiied from Heinegard D, Aspberg A, Morgelin M, et al. Extracellular
matrix of cartilage. Section for Connective Tissue Biology, University of Lund, 2003. Available at http://www.
cmb.lu.se/ctb.)

Water
he major component by weight of the intervertebral disc is
water; its concentration is regulated by the abundance of
proteoglycan aggregates in the disc. he concentration of
water varies with age, location within the disc, and body position.22 he NP is most highly hydrated, and the water concentration can be as high as 90% in an infant, declining to
approximately 80% in nondegenerated young adult discs.23
he water content of the anulus is lower than the nucleus,
declining to 65% in the outer anulus in adult discs.
Water content varies with load, leading to diurnal changes
in disc hydration.24 During the diurnal cycle, 25% of the disc’s
water can be lost and regained in young lumbar discs.25 Some
water is expelled from the disc during the day because of the
increased forces of body weight and muscle contractions; it is
reimbibed at night when the compressive forces are removed.
his diurnal cycle results in changes in disc height and afects
the disc’s mechanical properties.

Macromolecules
Collagen is one major macromolecular component of the disc.
he collagen content of the disc is highest in the outer anulus,
and the dry weight decreases signiicantly in the nucleus of
adult discs.26 he concentration of collagen type I is highest in
the outer anulus and decreases going toward the nucleus.26
Collagen type II follows the opposite gradient, with the highest
concentration located in the nucleus. Along with collagen
types I and II, the ECM contains many other minor collagens,
including types III, V, VI, IX, and XI.

he other major macromolecule of the disc is aggrecan,27
which consists of a protein core with approximately 100
anionic GAG side chains. Many aggrecan molecules covalently
attach to hyaluronan chains, forming large aggregates. hese
aggregates are trapped by the surrounding collagen network,
imparting a net negative charge to the ECM. he interstitial
water contains an excess of cations, which is directly related
to the concentration of negative charge (i.e., GAG concentration). he high concentration of cations imparts a high osmotic
pressure in the nucleus. Changes in proteoglycan concentration and GAG concentration lead to changes in osmotic
pressure, afecting the ability of the disc to maintain hydration
and turgor when loaded.27
In addition to collagens and aggrecan, the disc contains
lower concentrations of numerous other macromolecules,14
including elastin, the smaller proteoglycans decorin and
ibromodulin, cartilage oligomeric matrix protein, and cartilage intermediate layer protein. hese molecules function
either structurally or biomechanically and are important for
normal disc function.

Intervertebral Disc Degeneration
Degeneration
IDD is deined as an aberrant, cell-mediated response to
progressive damage, with combined structural failure and
accelerated or advanced signs of aging. hese proposed deinitions also suggest that structurally intact discs with accelerated

Chapter 5 The Intervertebral Disc: Normal, Aging, and Pathologic

Matrix Macromolecule Changes
he most physiologically important changes of disc degeneration start in the nucleus.23 Early changes include increased
proteolytic degradation of aggrecan and other aggregating
proteoglycans coupled with an increased concentration of
nonaggregating proteoglycans. he accumulation of degraded
proteoglycans further impairs difusion of nutrients and oxygen
through the disc. A change in the proportions of the GAGs
chondroitan sulfate, heparan sulfate, and keratan sulfate also
occurs, with increasing amounts of heparan sulfate and keratan
sulfate as degeneration progresses. hese changes diminish
the hydroscopic properties of the ECM further, resulting in
decreased water content and decreased ability to imbibe water.
Loss of proteoglycans and hydration leads to decreased swelling pressure27 and loss of disc height. he changes result in
altered responses to applied biomechanical loads, ultimately
leading to the structural features of degeneration.
Intervertebral disc degeneration also results in disorganization and destruction of the collagen network.30 As the
overall proteoglycan and water content decreases, there is a
corresponding increase in collagen content. Collagen type I
replaces collagen type II in the inner anulus and nucleus, and
there is a tendency for collagen type I ibrils throughout the
disc to become coarser. he highly organized collagen iber
arrangements of the anulus are also disrupted, and collagen
and elastin networks become more disorganized. When the
collagen network has been damaged, disc biomechanics are
markedly altered, and the potential for structural damage
increases.
Increased levels of proinlammatory cytokines lead to
increased production of proteinases, causing breakdown of
collagens such as types VI, IX, and X. Collagen type IX is
degraded in the pericellular microenvironment, allowing for
local alteration of this microenvironment during degeneration.
With disc degeneration, collagen type IX decreases similarly
to collagen type II, implying advanced stages of degeneration
and ibrosis of the nucleus. he synthesis of collagen type VI,
a matrix protein with relatively low cross-linking, increases as
degeneration progresses and functions to hold proliferating
cells together.

he overall ECM content in the nucleus is a well-controlled
equilibrium between degradative and synthetic pathways
involving numerous proteins. In disc degeneration, there is
an imbalance between degradative and synthetic pathways
whereby the latter overtake the former with a predominance
of catabolic enzyme activity. Proteinases of the matrix metalloproteinase (MMP) and “a disintegrin and metalloproteinase
with thrombospondin motifs” (ADAMTS) families cleave
proteoglycans, collagens, and other macromolecules and
have been implicated in the breakdown of the ECM.31 he
degradative enzymes MMP-3 and MMP-13 (also known as
stromelysin-1 and collagenase 3, respectively) have been
found at increased levels in degenerated human discs.
he regulation of MMP and ADAMTS production and
ECM macromolecule production is achieved by numerous
cytokines and growth factors. Of particular importance in disc
ECM homeostasis are members of the interleukin (IL) family
(catabolism) and transforming growth factor-β (anabolism)
superfamily.32,33 Mediators of inlammation such as nitric
oxide and prostaglandin E2 and the cytokines IL-1 and IL-6
are found at increased levels in degenerated discs.32–34 he
synthetic capabilities of nucleus cells are unable to sustain
appropriate levels of aggrecan and collagen production in the
face of this increased catabolism, which contributes to further
degeneration of the disc.

Cellular Changes
It has long been recognized that there is a gradual progressive
loss of cells during disc degeneration,35 leading to further loss
of the ECM due to synthesis deiciency. An increasing body
of literature has shown that apoptosis, or programmed cell
death, and cellular senescence may be responsible for many
of the features of degeneration.36–38 More recent literature has
also shown an increase in lacunae containing cell clusters,39,40
possibly causing an overall increased number of cells at the
site of injury. his increased cell proliferation may be an
attempt to ofset the progressive destruction and loss of the
ECM. One reason for increased cellularity may be the focal
increase in nutrient supply owing to the ingrowth of blood
vessels in degenerating discs, as discussed elsewhere in this
chapter.
Cell clusters have been discovered in areas adjacent to the
newly formed blood vessels within degenerated discs. Cells in
these areas have access to nutrient supply and growth factors,
and undergo proliferation. he cellular changes in degenerated discs resemble osteoarthritis, in which remodeling of the
pericellular microenvironment with chondrocyte proliferation
and cluster formation have also been found. Ultimately, cellular attempts at repair become inefective as disc degeneration
progresses due to the abnormal local mechanical environment
of the cells.

Structural Changes
As disc hydration decreases, the distinction between anulus
and nucleus becomes less deined and disc height decreases
(Fig. 5.4).41 In later stages, gross tissue changes become

S E C T I O N

age-related changes be classiied as early degenerative discs,
whereas the term degenerative disc disease should be applied
if the disc is also painful.28
Although the exact mechanism of disc degeneration has
not been determined, it is known to involve a complex interaction of factors, including ECM macromolecule changes,
decreased water content, altered enzyme activity, decreased
endplate permeability, impaired metabolite transport, structural failure, and cell senescence and death. hese biologic
and biomechanical factors cause extensive histomorphologic
changes of the disc, leading to disorganization of the anulus,
solidiication of the nucleus, and thinning and calciication of
the cartilaginous endplates. Recently, it has also been suggested
that several general types of degeneration may exist—namely,
endplate driven and anulus driven—that potentially afect
diferent areas of the spine at diferent ages.29
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FIG. 5.4 Transverse sections of lumbar discs and apophyseal joints showing decrease in nucleus hydration, loss
of demarcation between anulus and nucleus with age, and appearance of circumferential issures by the third
decade. (A) Adolescent. (B) At age 28 years. (Courtesy Bullough PG, Vigorita VJ. Bullough’s and Vigorita’s Atlas of
Orthopaedic Pathology. Baltimore, MD: University Park Press–Gower Medical Publishing; 1995.)

increasingly apparent, including loss of lamellae organization,
issuring of the anulus,42 and discoloration and solidiication
of the nucleus.35,43 Radial and circumferential annular tears
are oten evident, sometimes extending to the disc periphery.42
hese changes are accompanied by ingrowth of nerves and
blood vessels into the disc, as well as deposition of granulation
tissue and calciication within the endplates. Endplate sclerosis
is thought to impede nutrient transport to the disc by occluding both nutrient channels and blood vessels. hese structural
changes ultimately lead to altered, abnormal biomechanical
properties of the disc. Damage to one area of the disc increases
load bearing by adjacent tissues, making it more likely for
damage to spread throughout the disc eventually. While a
healthy intervertebral disc equalizes pressure within it, the
decreased shock-absorbing capacity of the decompressed
nucleus leads to high compressive stresses in the anulus.44
Other gross morphologic changes of degeneration include
disc bulging, disc space narrowing, endplate irregularities, and
osteophyte formation.

Neovascularization and Sensory Nerve Innervation
As stated previously, the disc is largely avascular in adults with
blood vessels normally restricted to only the outermost layers
of the anulus. Likewise, only the outer 1 to 2 mm of the anulus
is innervated in the normal human disc. he ingrowth of
blood vessels and sensory nerves is an important feature of
degenerated discs and seems to be associated with pain.45
Ingrowth of capillaries may be facilitated by the loss of

hydrostatic pressure in the inner regions of the disc, which
would normally collapse small vessels. hese newly formed
microvessels release neurotrophic growth factors, such as
nerve growth factor, allowing the ingrowth of small, nonmyelinated nerve ibers.46–48 It has been hypothesized that discogenic pain arises because these nociceptive nerve ibers grow
into areas of the disc that previously had no neurons.

Etiology of Intervertebral Disc Degeneration
Multiple risk factors have been hypothesized as the underlying
cause, including aging, genetic predisposition, mechanical
overload, and numerous environmental factors. Biomechanical studies have shown that excessive mechanical loading
causes disruption of disc structure, including endplate defects,
issures, bulging, disc prolapse, and annular collapse.49 Further
experiments have conirmed that structural damage precipitates a cascade of cell-mediated responses, leading to further
damage. Although mechanical loading may precipitate degeneration, the most important cause may be age-related biologic
processes that impair the healing response and/or weaken the
disc before structural damage. However, recent studies have
shown that low-impact, cyclic loading increases trans-endplate
nutrient difusion in both healthy and degenerated discs, suggesting a complex interaction of host and environmental
factors.50 he combined efects of aging, unfavorable genetics,
altered nutrition and metabolite transport, and excessive or
repetitive loading all have been implicated in contributing to
the process of degeneration.
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he incidence of intervertebral disc degeneration increases with
age and is most common in the lumbar spine.51,52 Human
intervertebral discs undergo very early aging and degeneration,
resulting in histomorphologic and functional changes (Fig. 5.5).41
Endplate permeability and vascular supply decrease throughout
growth and aging, leading to altered metabolite transport.41
Proteoglycans begin to fragment during childhood, and the
overall proteoglycan content decreases with age, especially in the
nucleus. here is a corresponding increase in collagen content,
with collagen type I ibers replacing collagen type II ibers in the
inner anulus and nucleus. In addition, reduced matrix turnover
in older discs enables collagen ibrils to become increasingly
cross-linked,53 leading to retention of damaged ibers and reduced
tissue strength. Synthesis of ECM components decreases steadily
throughout life, which is partly attributable to decreased cell
density, although synthesis rates per cell also decrease.

A

In infants, the nucleus contains approximately 90% water
and appears translucent.23 he disc dehydrates slowly with
aging, with water content of the nucleus declining to around
80% in young adults.41 he nucleus also accumulates yellow
pigmentation and becomes less distinguishable from the surrounding anulus.23,41 As the disc water content decreases, the
nucleus becomes smaller and decompressed, oten condensing
into several ibrous lumps. Dehydration of the nucleus leads
to altered biomechanical properties of the disc, forcing the
anulus to act as a ibrous solid to resist compression directly.
he proteoglycan content of the anulus also decreases with
aging, and the anulus becomes stifer and weaker, resisting
compressive loads in a haphazard manner.
Aging also causes progressive changes in disc nutrient supply
and ECM composition. hese changes decrease tissue strength
and alter cell metabolism.54 he alterations of proteoglycans and GAGs, decreased hydration, and changes in collagen
distribution and cross-linking make the disc physically more
vulnerable to injury. Age-related alteration to the vascular
supply to the disc has been hypothesized as a primary initiator of age-dependent IDD. However, experimental endplate
damage leads to degeneration35 despite enhanced metabolite
transport into the disc, suggesting that structural damage
more strongly inluences the degenerative process. Inadequate
nutrition likely predisposes the disc to degeneration by compromising its ability to respond to increased loading or injury.

Genetic Predisposition
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FIG. 5.5 Cadaveric lumbar intervertebral discs sectioned in midsagittal
plane (anterior on left). (A) Young disc (35-year-old man). (B) Mature disc
(47-year-old man). (C) Disrupted young disc (31-year-old man). Note
endplate damage and inward collapse of inner anulus. (D) Severely
disrupted young disc (31-year-old man). Note collapse of disc height. (E)
Disc induced to prolapse in the laboratory (40-year-old man). Some nucleus
pulposus has herniated through radial issure in posterior anulus (right).
(From Adams MA, Bogduk N, Burton K, et al. The Biomechanics of Back Pain.
Edinburgh: Churchill Livingstone; 2002.)

Genetic predisposition has been suggested as the greatest risk
factor for disc degeneration, accounting for approximately
50% to 70% of the variability in identical twin studies.55–57
Individual gene polymorphisms associated with disc degeneration include aggrecan,57 cartilage intermediate layer protein,57
collagen type IX,58,59 MMP-3,60 and vitamin D receptor.61,62 he
products of these genes alter the ECM composition, decrease
tissue strength, impair regenerative capability, and undoubtedly inluence disc cell function. here has also been recent
attention to the roles of microRNA molecules, 18-22 nucleotide posttranslational regulatory elements, in intervertebral
disc generation, but their roles have yet to be established.62
Age-related disc degeneration develops ater many decades,
however, and preferentially afects the lumbar spine. Since
unfavorable genetic predisposition is present throughout the
life span, this suggests that genetic inheritance and polymorphic
variations in susceptibility genes predispose the disc toward
degeneration, but further insults such as excessive loading,
structural damage, and other aging changes are necessary to
trigger the cascade of degenerative events.

Nutrition
he failure of nutrient supply is hypothesized to be a primary
cause of disc degeneration.63 In vitro studies demonstrate that
the metabolic activity of disc cells is sensitive to extracellular
oxygen and pH, with matrix synthesis rates decreasing at
acidic pH and low oxygen concentrations.64,65 A decrease in
glucose supply or altered pH could negatively afect the ability
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of disc cells to synthesize and maintain the ECM, ultimately
leading to disc degeneration.
A relationship between loss of cell viability and a decrease
in nutrient transport in scoliotic discs has been found,66 and
there is evidence that nutrient transport is afected in disc
degeneration in vivo.67,68 Likewise, the transport of solutes
from bone to disc was signiicantly lower in degenerated discs
compared with normal discs as measured by in vitro studies.63
Other factors afecting the blood supply to the vertebral body
that may lead to an increased incidence of disc degeneration
include atherosclerosis,69,70 sickle cell anemia, caisson disease
(decompression sickness), and Gaucher disease. In addition,
calciication of the cartilaginous endplates can cause decreased
nutritional supply even if the blood supply remains undisturbed, as seen in scoliotic discs.63,71 All of this evidence supports the hypothesis that a decrease in nutrient supply
ultimately leads to degeneration of the disc.

Environmental Factors
Environmental risk factors hypothesized to inluence disc
degeneration include heavy or repetitive mechanical loading
(i.e., occupational physical loading and whole-body vibration),56,72 obesity, and cigarette smoking.73 Heavy physical
loading, particularly related to occupation, was previously
suspected to be a major risk factor for degeneration and commonly viewed as a “wear and tear” phenomenon. However,
results of identical twin studies on physical loading speciic
to occupation or sport suggest that repetitive physical loading
plays a relatively minor role in disc degeneration.72
Obesity has oten been implicated as a risk factor for
degeneration, but epidemiologic studies have reported mixed
indings. More recently, obesity was found to be a risk factor
for marked reduction of the NP magnetic resonance imaging
(MRI) signal intensity of lumbar discs. he mechanism by
which obesity contributes to degeneration is thought to be a
combination of mechanical and systemic factors. Some authors
suggest that atherosclerosis and cardiovascular disease associated with obesity parallel atherosclerosis of the spinal vessels,
with decreased blood and nutrient supply leading to increased
risk of degeneration.
he only chemical exposure associated with disc degeneration is cigarette smoking, which explains only 2% of the
variance in lumbar disc MRI changes between identical twins
with highly discordant lifetime exposures. In other studies of
monozygotic twins in whom the mean of co-twin discordance
was less, no signiicant association between disc degeneration
and cigarette smoking was found. Cigarette smoke is presumed
to alter blood low to disc capillaries and nutrient transport,
possibly as a result of the presence of muscarinic receptors in
blood vessels of the vertebral endplate.74

Facet Joints, Ligaments, and Vertebral Bodies
No discussion of intervertebral disc degeneration would be
complete without consideration of the other elements of the

spine. Degeneration of the spine has an impact not only on
the disc, but also the surrounding structures, such as the facet
joints, ligaments, and vertebral bodies. Degenerative changes
are thought to occur simultaneously or close in time in each of
these components, altering the ability of the spine to respond
to normal physiologic loads. In addition, degeneration of the
surrounding nondisc structures may cause pain and reduced
mobility of the spine.

Facet Joints
Degeneration of the facet joints resembles osteoarthritic
changes occurring at other synovial joints, starting with
synovitis and progressing to articular cartilage loss, capsular
redundancy, and eventually degenerative spondylolisthesis.
Hypertrophic osteophytes at the joint margins and periarticular ibrosis can also result in reduced mobility and pain
at the facet joint. Osteoarthritis of the facet joints parallels
degenerative changes of the disc, possibly resulting from
abnormal loading and narrowing of the disc in the early stages
of degeneration.75

Ligaments
he anterior longitudinal ligament and posterior longitudinal
ligament contribute to the overall stability of the spine. he
strong anterior longitudinal ligament buttresses the anulus
anteriorly, whereas the posterior longitudinal ligament ofers
only weak reinforcement to the posterior anulus. Information regarding degenerative changes of these ligaments is
minimal, but the anterior longitudinal ligament and the
posterior longitudinal ligament become more redundant as
disc height decreases, and ossiication occurs in later stages.
hese changes may contribute to pain and reduced mobility of
the spine.

Vertebral Bodies
Osteoarthritic changes of the vertebral body are also associated with intervertebral disc degeneration.76 he cartilaginous
endplates are normally the weakest structure under compressive loads, and thinning and calciication with aging further
compromise endplate strength. he endplates accumulate
trabecular microdamage and undergo remodeling in response
to altered loads, and the nucleus bulges into the vertebral body
as degeneration progresses. Endplate damage decompresses
the nucleus further, and loss of disc height transfers forces
onto the anulus, causing it to bulge into the nucleus.49,76 he
nucleus may eventually herniate through a damaged endplate;
subsequent calciication of the herniated nucleus is called a
Schmorl node. he loss of disc height and annular laxity leads
to formation of osteophytes at the vertebral body margins,
decreased separation of the posterior neural arches, and
eventual bony ankylosis (Fig. 5.6).
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FIG. 5.6 Radiograph of old cadaveric lumbar spine (anterior on left).
Radiograph depicts how severe disc narrowing can be associated with
vertebral osteophytes, sclerosis of vertebral endplates, and selective loss of
horizontal trabeculae from the vertebral body. (From Adams MA, Bogduk N,
Burton K, et al. The Biomechanics of Back Pain. Edinburgh: Churchill
Livingstone; 2002.)
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In biomechanics, information from the biologic sciences and
engineering mechanics is integrated for the purpose of analyzing and quantifying the function of and forces occurring on
tissue under various conditions. With an understanding of the
natural behavior mechanics of the spinal motion segment, it
can be possible to better understand the limitations of the
system and the conditions under which tissue damage occurs
and subsequent pain would be likely. Biomechanical assessments provide a quantitative means by which to accomplish
this goal.
From a biomechanical standpoint, the spine accomplishes
three major functions.1 First, the spine provides a structure by
which loads can be transmitted through the body. Second, the
spine permits motion in multidimensional space. hird, the
spine provides a structure to protect elements of the nervous
system (spinal cord). To appreciate the ability of the spine to
accomplish these functions, we need to understand the natural
movements of the spine and its ability to withstand forces or
loads that are transmitted through its structure.
With these goals in mind, this chapter (1) considers the
physical characteristics of the spinal tissues that could inluence
function, (2) assesses the motion characteristics (kinematics)
of the diferent portions of the spine, and (3) summarizes
the ability of the spine to withstand forces that it is supporting (load tolerance). Collectively, this chapter shows, from a
biomechanical perspective, how the spine functions and how
it breaks down. Box 6.1 is a glossary of terms to facilitate better
understanding of the content of this chapter.

Assessing the Biomechanics of the Spinal
Motion Segment
Ideally, it would be desirable to measure directly the forces
imposed on the various tissues within the spine. With current
technology, invasive measures would be required, however, to
understand the loading imposed on the various spinal tissues.
Such invasive measures would disrupt the tissues of interest
and would most likely alter the very factors that one is attempting to measure. Direct biomechanical measurements of the

spine in vivo are rare and currently diicult in humans. Much
of the biomechanical information about the human spinal
motion segment is based on in vitro studies. his information
must be considered with caution because the properties of
the spine derived from cadaveric studies are understood to
be diferent in many respects from those of a live individual.
An alternative to direct measurement of spine tissue
loading is the prediction of tissue loads based on in silico or
biomechanical models. A biomechanical model is a conceptual
representation and prediction of how the forces within the
biomechanical system interact ultimately to impose force on
a particular tissue of interest. Biomechanical analyses assume
that the body behaves according to the laws of newtonian
mechanics that must govern the distribution of forces within
the musculoskeletal system. he object of interest in spinal
biomechanics is a precise quantitative assessment of the movement behavior and mechanical loading occurring within the
tissue of the musculoskeletal system. Biomechanical modeling
permits estimation of the direction and magnitude of forces
acting on the spinal motion segment and allows estimation of
when natural motion tolerances have been exceeded and when
damage or degeneration would be expected to occur. Biomechanical assessments help one understand potential pathways
of low back disorders and can potentially help surgeons
understand how contemplated surgical interventions might
afect the health of the spine.
Ultimately, biomechanical assessments are intended to
determine how much loading of the tissues within the spinal
motion segment is too much loading. his high degree of
precision and quantiication is the characteristic that distinguishes biomechanical analyses from other types of analyses.

Physical Charcteristics of the Spine Structures
he spine is composed of four types of vertebrae classiied
according to their regional location along the spinal column—
cervical, thoracic, lumbar, and sacral. here are 7 cervical
vertebrae, 12 thoracic vertebrae, and 5 lumbar vertebrae.
In addition, the sacrum consists of ive immobile— or
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BOX 6.1

Glossary

Acceleration. The rate of change of velocity. In body angular motion, deined
in degrees per second.
Acute trauma. Load applied to a structure with enough force to result in
damage in one application.
Axis of rotation. The point about which two vertebrae move relative to
one another.
Bending. Load applied to a structure at a point where it is not directly
supported, causing it to deform.
Biomechanical model. A theoretical representation of how forces behave
and interact in a biomechanical system.
Cortical bone. Compact bone forming a protective outer shell for a bone.
It has high resistance to bending and torsion, and provides strength where
bending would be undesirable.
Cancellous bone. Inner portion of bone containing a spongy matrix.
Forms the interior scafolding of the structure and helps maintain bone
shape during force application.
Central coordinate system. A reference system that deines the positions
and motions of the body in space.
Compression. Force that pushes together the materials of a structure.
Contact pressure. The force per unit area distributed over a contact area.
Coupling. Movements in which one motion is accompanied by the
motion in a diferent plane.
Cumulative trauma. Repetitive load applied to a structure that weakens
the structure and results in damage.
Degree of freedom. The number of directions and motions in which a
body is able to move.
Dynamics. The study of forces applied to a structure in motion.
Force. An action that changes the state of rest or motion of a body.
Kinematics. The study of the motion of a structure that considers position, velocity, and acceleration without taking into account the force that
produces the motion.

“fused”—vertebrae, and the coccyx (oten referred to as the
tailbone) is a fusion of four coccygeal vertebrae at the base of
the spine. Each vertebra is referenced according to a nomenclature system in which the spine region (e.g., cervical, thoracic) is followed by a numbering system that refers to the
vertical position of the vertebral body along the spine (beginning with the vertebra closest to the head) (e.g., irst cervical
vertebra, or C1). Disc levels are referenced relative to the
vertebral levels surrounding the disc. he lowest lumbar vertebra (ith lumbar vertebra, or L5) is adjacent to the irst sacral
vertebra (S1), and the disc between these vertebrae is referred
to as L5–S1.
he shape of the vertebrae changes from level to level in
the spine. he vertebral body shape and the orientation of the
posterior elements change. In particular, the orientation of the
bony structures that compose the posterior elements change
in their shapes and contact angles. hese subtle changes permit
or restrict motions in diferent directions along the human
spine.
Several physiologic curves are also characteristic of the
upright spine (Fig. 6.1A). he curves within the cervical and
lumbar regions of the spine are referred to as cervical lordosis
and lumbar lordosis, whereas the thoracic and sacral curves
are referred to as thoracic kyphosis and sacral kyphosis because
these curves bow in the opposite direction of the lordotic
curves. hese curves work collectively to accommodate pelvic
orientation under diferent conditions. When sitting, the pelvis
rotates backward and the lumbar curve lattens. When the

Kinetics. The study of the relationship between the force acting on a
body and the change in motion produced
Load. The application of force or moment (torque) to a structure.
Loading cycle. The number of repetitions of a load application.
Local coordinate system. A reference system that deines the positions
and motions of vertebrae relative to one another.
Microfracture. Small cracks in a structure.
Moment. A force applied about an axis. A force multiplied by a distance.
Also known as torque.
Neutral zone. The amount of displacement between the neutral position
of the vertebrae and point at which resistance to physiologic motion is
experienced.
Pressure. Force per unit area.
Range of motion. The two points that deine the extremes of physiologic
motion.
Rotations. Movement about a point, as when bending.
Shear. A force applied parallel to the surface upon which it acts.
Stability. The ability of a system to respond to a perturbation and reestablish a state of equilibrium.
Statics. The study of forces occurring within a structure when they are
not in motion.
Strain. The change in unit length or angle of a material that is subjected
to load.
Stress. A measure of the intensity of force represented in force per unit
area.
Tolerance. The point at which a structure can no longer resist a load
without sufering damage.
Torsion. A twisting load applied about the long axis of a structure.
Translations. Straight line movements in any direction.
Velocity. The rate of change of position. In angular body motion, deined
in degrees per second.

pelvis is rotated forward, the lumbar curve is accentuated.
Collectively, the spinal curves balance each other and form a
stable system that maintains the center of gravity in a balanced
state. However, this normal balance can change with age and
a number of other factors such as degeneration, osteoporosis,
and trauma.
he “building blocks” of the spine are the spinal motion
segments (Fig. 6.1B), also known as the functional spinal unit.
his unit consists of two vertebrae and the disc in between
them. his unit represents the central focus of biomechanical
functioning and clinical assessment. his chapter explores the
spinal motion segment from a biomechanical perspective with
the intent of understanding the signiicance of features that
may inluence status.

Support Structures
he spine is constructed of a series of vertebral bones that are
stacked on one another to form the spinal column that runs
from the pelvis to the head. A vertebral bone, or vertebra, is
shown in Fig. 6.2. he large, round portion of the bone is the
vertebral body, which is the major load-bearing structure of
the spinal column. he outer portion of this bone is composed
of a thin, yet very strong, layer of cortical bone. Cortical bone,
also known as compact bone, forms a protective outer shell,
has a high resistance to bending and torsion, and provides
strength in situations in which bending would be undesirable.
he inner portion of the bone consists of a spongy matrix of
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FIG. 6.1 (A) Arrangement of the vertebral bones and spinal curves and (B) a functional spinal unit or spinal
motion segment. (Modiied from Marras WS. The Working Back: A Systems View. Hoboken, NJ: John Wiley & Sons;
2008.)
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FIG. 6.2 Lumbar vertebra and its posterior elements. (Modiied from Marras
WS. The Working Back: A Systems View. Hoboken, NJ: John Wiley & Sons;
2008.)

cancellous bone. his type of bone is less dense and more
elastic than cortical bone. Cancellous bone forms the interior
scafolding of the structure and helps the bone to maintain its
shape despite compressive forces. his structure is composed
of bundles of short and parallel strands of bone fused together.
he bony structures that constitute the posterior elements
form a protective channel, or tunnel, for the spinal cord and
nerves (see Fig. 6.1B). he biomechanical role of the posterior
elements is to control the position of the vertebral bodies.
hese elements provide attachment points for muscles to
control the position of the vertebra and supply lever arms to
provide the system with mechanical advantage. In addition,
these structures control motion and provide mechanical
“stops” to prevent excessive movement of the vertebral body.

A signiicant portion of the mechanical load is borne by the
posterior elements, relieving the disc of excessive loading.
As shown in Fig. 6.2, toward the top of the posterior surface
of each vertebra are pedicles. he pedicles provide a robust
support structure (a type of pillar) to transmit force between
the posterior elements and the vertebral body. Projecting out
from each pedicle are the lamina structures that come together
at the midline of the body and form a neural arch. his arch
is a strong structure that provides protection to the spinal cord
in the form of a channel (vertebral foramen).
Emanating out from the junction of the two laminae at the
midline of the body is a bony protrusion called the spinous
process. Projecting laterally on each side of the structure at the
junction of the pedicle and the laminae is another bony
structure called the transverse process. hese processes provide
muscle attachment surfaces and mechanical advantage for
control of the spinal column.
Two sets of articulating surfaces are also present in the
posterior elements. Projecting out from each of the cephalic
lateral corners of the lamina is a bony extension called the
superior articular process. A portion of this surface is covered
by articular cartilage. Emanating from the caudal lateral
corner of the lamina on each side are the inferior articular
processes. he superior articular process from the lower vertebra interacts with the inferior articular process of the vertebra
above it to form a synovial joint known as the zygapophyseal
joint. his joint is also referred to as the facet joint. he inclination of the facet joint changes from the cervical spine to the
thoracic spine to the lumbar spine. his joint is deined as a
plane surface in the cervical and thoracic joints, but becomes
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a curved surface in the lumbar spine. In the lumbar spine, the
inferior facets are convex, whereas the superior facets have a
concave shape. In addition, the angle of these surfaces relative
to the sagittal plane changes (increases) as one moves down
the lumbar spine. he diferences in orientation of these facet
joints restrict movement in diferent planes of motion. hey
serve an important function in that they permit certain
motions and limit other motions of the spine. hey can be
thought of as the guidance system of the spine.
Collectively, the posterior elements can provide a signiicant
load path for the forces running through the spinal column.
Approximately one-third of a spinal load is carried through
the posterior elements in the upright posture. he nature of
the load transmission can be altered when spine degeneration
occurs by altering the vector of force and magnitude of force
transmitted through these posterior elements. his load path
can be disengaged, however, when the spine is in a lexed
posture, and the load can be entirely passed through the disc.

Nucleus
pulposus

Nucleus
pulposus

Posterior

AF

AF

Anulus
fibrosus
Intervertebral
disc
Endplate

A

Anterior

B

FIG. 6.3 (A) Disc, vertebral endplate, and vertebral body. (B) Construction
of intervertebral disc. AF, anulus ibrosus. (Modiied from Marras WS. The
Working Back: A Systems View. Hoboken, NJ: John Wiley & Sons; 2008; and
Bogduk N. Clinical Anatomy of the Lumbar Spine and Sacrum, ed 4.
Edinburgh: Elsevier; 2005.)

Disc
he vertebral bodies are connected by discs that serve several
biomechanical purposes. First, the discs act as shock absorbers
between the vertebrae, absorbing a portion of the mechanical
forces transmitted through the spine. Second, they can transmit a portion of the mechanical load between vertebrae. hird,
the discs are able to permit and govern motion between the
vertebral bodies. Functionally, the discs are intended to
provide a separation between consecutive vertebrae. his
separation provides space between vertebrae so that the vertebral bodies can independently change their orientation and
execute bending movements. With this arrangement, a pliable
and deformable spinal structure is possible.
he disc consists of two distinct portions, each of which
is associated with a distinct mechanical function. he outer
portion of the disc, called the anulus ibrosus (AF), consists of
alternating layers of ibers that are oriented at a 60- to 65-degree
angle relative to the vertical. he AF consists of about 10 to 20
concentric, circumferential sheets of collagen called lamellae
that are nestled together around the periphery of the disc (Fig.
6.3). he lamellae are stif and can withstand signiicant compression loading. Given the collagenous nature of these lamellae, they are pliable and can also permit bending of the spinal
column. If the structure were to buckle, however, it would lose
its stifness and would be unable to support compression. he
second portion of the disc—the nucleus pulposus (NP)—is
designed to overcome this potential problem.
Within the AF is a gelatinous core, the just-mentioned
nucleus pulposus (see Fig. 6.3). When compressed, this core
expands radially and places the AF in tension, providing stifness. he integrity of the system changes throughout the day.
he disc absorbs water while one is recumbent, which makes
the system stifer than when one is upright. Conversely, when
one is upright, water is squeezed out of the disc, and the
structure becomes more lax.
Finally, the endplate is located at the intersection of the
disc and the vertebral body. he endplates are composed of
cartilage and cover the superior and inferior portions of the

FIG. 6.4 Ligaments of the spine. (From White AA III, Panjabi MM. Clinical
Biomechanics of the Spine, ed 2. Philadelphia: JB Lippincott; 1990.)

disc. hese structures bind the disc ibers to the vertebral
bones and play a signiicant role in disc nutritional transport.

Spinal Ligaments
he spinal ligaments play a signiicant role from a biomechanical standpoint. Ligaments are most efective in supporting loads in the direction in which their ibers run. hey
support loads under tension and can buckle under compression. hese structures can store energy and act much like a
rubber band in that they can provide resistance to loads by
developing tension.
he ligaments play three roles in biomechanics. First, they
permit motion and help orient the vertebrae without muscle
recruitment. Second, ligaments protect the spinal cord by
restricting spinal motion segment movement to within speciic
ranges. hird, they absorb energy and protect the spinal cord
during rapid motions.
he spinal ligaments are shown in Fig. 6.4. he arrangement of these structures provides support for the spine in
diferent dimensions of loading. Because support is ofered in
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Coordinate System and Force/Movement
Deinitions
A biomechanical assessment of the spine is concerned with the
analysis of movements and forces developing within the spine
as it is exposed to activities of daily living (ADLs) and other
work or environmental conditions. Movements or motions
are compared with the natural limits of movement, and forces
imposed on a tissue (also called tissue loading) are compared
with tissue tolerances (magnitude of load at which damage
occurs). To describe movement and force transmission
through tissue accurately, it is necessary to describe precisely
direction of movement and direction and magnitude of the
force application on the tissue. Direction is deined relative to
a coordinate system or reference frame. he central (global)
coordinate system of the body is shown in Fig. 6.5. he origin
or center of this coordinate system is located at the base of
the spine. Fig. 6.5 describes the coordinate system (used in
this chapter) as a traditional three-dimensional cartesian
coordinate system with three mutually perpendicular axes
oriented with a vertical z axis. Some references have adopted
the International Society of Biomechanics (ISB) coordinate
convention, in which the y axis is deined as the vertical axis.
All movements of the spine are described relative to the
origin of the central coordinate system. Flexion and extension
are typically described in the sagittal plane, lateral bending
occurs in the coronal plane, and twisting occurs along the
horizontal or transverse plane. Most activities are combinations of movements in these planes.

Coronal
plane

Sagittal
plane
z

Horizontal
plane

x

y

FIG. 6.5 Central or global coordinate system for the body.

Within the spinal motion segment or functional spinal
unit, a local coordinate system can also be deined. he convention that deines this local coordinate system is shown in
Fig. 6.6. Movement of the spinal motion segments is deined
relative to the subjacent vertebrae. Movements of the motion
segment can be either translations (indicating straight line
movements in any direction) or rotations (indicating movement around a point, as when bending).
Fig. 6.6 indicates that forces and moments (torques) can
develop along each dimension of the reference frame. Forces
along the z dimension are either compression or tension
depending on whether they compress the spinal motions
segment or pull on the tissues. hese are typically the forces
of concern when liting an object in the sagittal plane. Two
types of shear forces are also of concern when evaluating
the biomechanics of the spine. Anteroposterior shear force
describes the forward or backward force in the y axis that
can result from pushing or pulling activities. he lateral shear
forces refer to the sideways forces acting along the x axis and
represent the forces that develop in the spinal motion segment
when pushing an object to the side of the body.
Compression of the disc causes pressure within the NP
in all directions; this pressure places the AF under tension.
As shown in Fig. 6.7, the nucleus pressure can lead to deformation near the center of the endplate with this form of
loading.
Fig. 6.8 illustrates how shear, torsion, and tension inluence
the ibers of the anulus. Shear forces tense the ibers in the
direction of movement and relax the ibers in the opposite
direction. Similarly, torsion or twisting tenses the ibers that
are lengthened by the movement and relaxes the remaining
ibers. his diferential of force among the ibers is believed to
result in tissue damage. Finally, lengthening of the spine places
the ibers under tension. his action increases the force on all
the ibers regardless of their orientation.
Bending moments refer to forces acting around an axis, as
seen in Fig. 6.6. he curved arrows in this igure show the
direction in which moments act around a spinal segment. A
bending moment can be deined around the x axis, resulting in a movement in the sagittal plane (forward bending
moment), or it can be deined around the y axis, indicating
a sideways or lateral bend. In either of these situations, the
moment or torque around the central axis deines the loading
of the segment. Twisting of the spine can result when forces
are applied around the z axis of the spine. his situation results
in what is typically referred to as a torsional moment.
he forces and moments can be deined around each vertebra along the spine, resulting in a very large number of forces
and moments and numerous degrees of freedom. For practical
purposes, the forces and moment are typically deined in most
situations around one particular vertebra or disc (e.g., L5–S1)
depending on the purpose of the study.
Movements between vertebral bodies can also be coupled.
Coupling refers to the motion relationship of one vertebra
around an axis relative to another vertebra around a diferent
axis. In other words, coupling refers to the motion in diferent
planes that occurs simultaneously. he spine can bend forward
and twist at the same time—this is a coupled motion.
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stability when the spinal system is intact.

95

I

96

BASIC SCIENCE

A

B
FIG. 6.6 (A) Spinal motion segment planes and directions of motion and (B) biomechanical coordinate system
and direction of forces and moments. Motions and forces are described relative to this coordinate system.
(Reproduced with permission from Bogduk N. Clinical Anatomy of the Lumbar Spine and Sacrum. 4th ed.
Edinburgh: Elsevier, 2005.)

Endplate load

Deformation
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B

FIG. 6.7 (A) Compression of disc leading to increased pressure in the disc
nucleus. (B) Increased nucleus pressure causes endplate loading and
deformation. (From White AA III, Panjabi MM. Clinical Biomechanics of the
Spine, ed 2. Philadelphia: JB Lippincott; 1990.)

he amount of displacement between the neutral position
of the vertebra and the point at which resistance to physiologic
motion is experienced is referred to as a neutral zone.2 Neutral
zones can be deined for translational and rotational movements. he neutral zone can be described for each of 6 degrees
of freedom.

Tissue Load Characteristics
he forces represented in Fig. 6.6 deine the direction of load
application and the magnitude of the force. he nature and

temporal characteristics of the loading situation also deine
the probability that the load application will result in tissue
damage. It is believed that tissue damage can result from
several diferent “types” of trauma to the tissue. Each type of
trauma is believed to be associated with very diferent tolerance levels. First, acute trauma is the most familiar type of
loading. Acute trauma refers to a single application of force
that exceeds the tolerance level of the tissue. his would be the
case if a large load was imposed on the spinal motion segment
and a rupture of the disc occurred. In this case, the magnitude
of the force applied in a particular direction would far exceed
the tissue strength of the disc, resulting in a rupture.
Another well-recognized mechanism of tissue disruption
involves repeated cumulative loading of the tissues. With
cumulative trauma, moderate repetitive loads are applied to
the tissues; this repeated loading is believed to weaken the
structure so that the tolerance of the tissue is reduced. Although
moderate loading can cause the tissues to strengthen and
adapt to load, repetitive loading without proper rest (adaptation) time can cause degeneration of the tissues. Repetitive
application of force to a structure is believed to cause microtrauma, which weakens the structure and leads to failure at
lower levels than would be expected with an acute trauma to
the tissue.
A third type of biomechanical trauma (instability) has
received much attention in the literature.3–8 Stability is the
ability of a system to respond to a perturbation and reestablish
a state of equilibrium.2 Instability of the spine refers to the
abnormal displacement of the spine under physiologic loading.
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FIG. 6.8 The efects of shear (A), torsion (B), and tension (C) on the ibers of the anulus ibrosus. (From Adams
MA, Bogduk N, Burton AK, et al. The Biomechanics of Back Pain, ed 2. Edinburgh: Elsevier; 2013.)

he abnormal displacement can occur in translation or rotation, but most likely would be some combination of these two
types of motions. hese abnormal motions are oten small in
magnitude, but the displacement may be enough to stimulate
pain in sensitive tissue. Stability is signiicant because it is
oten the initiator of tissue damage when the system is out of
alignment or when the musculoskeletal system overcompensates for a perturbation.2 When the supporting musculature
cannot ofer adequate stability to a joint (owing to improper
muscle recruitment, fatigue, structure laxity, or weakness), the
structure may move abnormally and result in sudden and
unexpected force applications on a tissue. his type of trauma
is similar to the acute trauma pathway but is initiated by a
miscalculation of the muscle recruitment pattern. Instability
can also be secondary to trauma, developing over time in cases
of degeneration and cancer.

Mechanical Degeneration: Tissues at Risk
Many tissues in the spinal motion segment can be inluenced
by structure loading. hese tissues include bones, discs, ligaments, tendons, and nerves. Tissue loading can result in a
disruption of tissue integrity. Bones can be cracked or broken,
disc endplates can sustain microfractures, the disc can bulge
or rupture, muscle can experience iber tears, and blood low
to the tissues can be disrupted. All of these events are believed
to be capable of initiating a sequence or cascade of events
leading to back pain. he tolerance of many of these structures
within the spine is reviewed in detail in this chapter.
Clinicians are beginning to understand that low back disorders can occur before tissue damage. Biochemical studies
have shown that these types of tissue insults can result in an
upregulation of proinlammatory cytokines. his upregulation
may result in tissue inlammation at much lower levels of load
than would occur under normal conditions. his inlammation makes nociceptive tissues more sensitive to pain and may
initiate back pain.9
Much attention in spine biomechanics and clinical care
has been focused on the intervertebral disc because disc

disruption has been associated with pain. Over the past several
decades, clinicians have also begun to understand how spine
loading can initiate the degeneration process within the disc.
To appreciate this process, the system behavior of the disc,
vertebral body, and endplate must be considered in response
to cumulative trauma. he disc receives no direct blood supply
for nourishment. It relies heavily on nutrient low and difusion
from surrounding vascularized tissue for disc viability. he
nourishment is transported from the vertebral body through
the endplate to the disc. he endplate is very thin (about 1 mm
thick) and facilitates nutrient transport to the disc.
When endplate loading exceeds its tolerance limit,
microfractures can occur in the structure. Microfracture of
the endplate itself usually does not initiate pain because few
pain receptors reside within the disc and endplate. Repeated
microfracture of this vertebral endplate can lead to the formation of scar tissue and calciication, which can interfere with
nutrient low to the disc ibers. Because scar tissue is thicker
and denser than endplate tissue, the scar tissue interferes with
nutrient delivery to the disc. his reduced nutrient low can
lead to atrophy and weakening of the disc ibers and disc
degeneration. Because the disc has relatively few nociceptors
except at the outer layers, this degenerative process is usually
not noticed by the individual until the disc is weakened to the
point at which bulging or rupture occurs, and surrounding
tissues that are rich in nociceptors are stimulated. Fig. 6.9
illustrates this sequence of events that are believed to lead
to disc degeneration and potential tissue damage, such as
herniation.9
he literature also provides some evidence that excessive
motion within the spinal segment can lead to degeneration.
Excessive motion at a joint is believed to increase the cumulative trauma on the spinal structures and potentially initiate
either tissue degeneration or an upregulation of proinlammatory cytokines. his has become apparent in studies that have
examined the degeneration of segments adjacent to spinal
fusions.10 If two spinal levels are fused, trunk motion usually
results in exacerbated movement, especially at the facet joints
within spinal levels adjacent to the fusion. One study noted
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FIG. 6.9 (A) Sequence of events associated with cumulative or repeated trauma leading to disc degeneration.
(B) Herniated disc showing disruptions to the anulus ibrosus. (B, Courtesy Ehud Mendel.)

hypertrophic degenerative arthritis of the facet joints in
motion segments adjacent to a fusion typically following a
symptom-free period (8.5 years, on average).10 Another study
found signiicant evidence of degeneration at levels adjacent
to a fusion with the rate of symptomatic degeneration at the
adjacent segment warranting either decompression or
arthrodesis to be 16.4% at 5 years ater fusion and 36.1% at 10
years ater the surgery.11 In addition, more recent studies
examining artiicial discs have reported facet arthrosis.12 Facet
load forces have been shown to depend on artiicial disc placement and the subsequent load transferred to the facets.13
he application of damaging compressive forces on the
vertebral body can result in several diferent types of failures
of vertebrae. he failure characteristics have been described in
the literature14 and are shown graphically in Fig. 6.10. his
igure indicates that seven types of failures are typically seen
as a result of compression. hese consist of stellate fracture,
step fracture, intrusion fracture (with Schmorl’s nodes),
depression of the endplate, Y-shaped fracture, edge fracture,
and transverse fracture.
Many of these fractures suggest weakness of the endplate.
his weakness is a result of the thinness of the endplate necessary for nutrient transport to the disc. hese fractures are
believed to result from the NP of the adjacent disc bulging into
the vertebra.15 Clinically, vertebral body fractures that occur
purely from axial compression are classiied as type A based
on the AOSpine classiication system.16 Fig. 6.11 shows four
common subtypes of type A fractures.

In Vitro Spine Biomechanics
Motion Characteristics (Kinematics) of
the Spinal Motion Segments
he typical ranges of motion (ROMs) associated with cervical,
thoracic, and lumbar motion segments have been well
described in the literature4 and are summarized in Table 6.1.
A graphic estimate of spinal segment ROM associated with the
entire spine is presented in Fig. 6.12.2 Table 6.1 shows the vast
diferences in motion capacity for the various vertebrae as a

function of the spine region and the vertebral level. Each
region of the spine allows or limits motion in a particular
motion direction compared with other regions of the spine.
his information shows that, in the sagittal plane, the most
ROM occurs in the cervical spine followed by the lumbar
spine. Laterally directed motions, although much smaller in
magnitude than motions in the sagittal plane, occur freely in
the cervical spine, with much less movement available in the
thoracic and lumbar spine. Finally, very little axial rotation is
possible in the lumbar spine, with most motion occurring in
the thoracic vertebrae except for C1–C2.
Collectively, the body of work described in Table 6.1 and
Fig. 6.12 represents the summary of expected movement
characteristics derived in vitro. To the extent that in vitro
characteristics are indicative of in vivo characteristics, they
can provide a baseline for movement expectations for the
various vertebrae along the spinal column.
It is also possible that abnormal movement of the motion
segment can indicate disc damage. Studies have also shown
that tears in the AF change the movement characteristics of
the motion segments. Speciically, tears in the anulus increase
the amount of motion in the motion segment when torque is
applied to the segment.17

Axis of Rotation
To understand and describe better how motion occurs among
vertebrae, an axis (or center) of rotation is oten deined.
When bones move relative to one another in a single plane,
there is a point around which the object rotates. If a hypothetical line is extended from the constant point within a vertebra,
the point at which these two lines meet when the vertebra
moves between two diferent positions is called the instantaneous axis of rotation. his concept can be extended to threedimensional space; however, identifying the axis of rotation
becomes more complex. Understanding of the axis of rotation
helps one understand how kinematics are altered because of
degeneration or surgical intervention. Identiication of this
point also has implications for how forces are transmitted
through the spine.
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FIG. 6.10 Seven types of fractures identiied by Brinkmann and colleagues.14 (From Adams MA, Bogduk N,
Burton AK, et al. The Biomechanics of Back Pain, ed 2. Edinburgh: Elsevier; 2013.)

Relative movement of a vertebra can be divided into translational movement (sliding motions) and rotational movement.
During physiologic movements, the components of compression force and bending moment acting on the spine vary, along
with the translational and bending movements. his action
results in a varying axis of rotation position. he axis of rotation
is deined as a “locus,” or path, that the axis of rotation takes.18
During sagittal and frontal plane motions, the axis of rotation in the cervical spine is believed to be located in the
anterior portion of the subjacent vertebra.2 Coupling also
occurs with cervical motions, however. In the thoracic spine,
loads applied during lexion and extension motions result in
an axis of rotation located at the inferior endplate of the lower
vertebra. his axis of rotation moves farther down the vertebra
when posterior shear force occurs during extension motions.2
During lexion and extension motions, the axis of rotation
occurs in the superior endplate of the inferior vertebra of the
spinal motion segment.

During sagittal plane bending, the axis of rotation varies
according to whether forward or backward bending is occurring. Because much of the lexion and extension in the sagittal
plane occurs in the lumbar spine, much of the interest in the
axis of rotation has also been focused on the lumbar spine.
he superior vertebra translates anteriorly and posteriorly
relative to the inferior vertebra as the vertebral body rotates
around the nucleus. Ater degeneration of the disc, the axis of
rotation can change dramatically,19 resulting in marked
changes in spine loading. Under these degenerative conditions, the axis of rotation has been reported to migrate toward
the zygapophyseal joint during extension motions.20 During
lexion, the axis of rotation seems to move and is dependent
on coupling patterns during the lexion movement.
During lateral motions, the axis of rotation in the lumbar
spine lies at the opposite side of the disc from the direction of
motion. In other words, when bending to the right, the let
side of the disc is where the axis of rotation is located.2
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FIG. 6.11 Type A compression fractures based on the AOSpine Classiication. (From Reinhold M, Audige L,
Schnake KJ, et al. AO spine injury classiication system: a revision proposal for the thoracic and lumbar spine.
Eur Spine J. 2013;22[10]:2184-2201.)

he axis of rotation for axial (torsion) movements has been
diicult to locate. his axis of rotation is believed to lie within
the posterior AF when exposed to torque.21 Even small axial
motion can create compression at one facet surface and tension
at the opposite facet surface.5 With disc degeneration, the axis
of rotation becomes far less apparent, however, in the lumbar
spine.4 Under degenerative conditions, the locus of the axis of
rotation has been reported to be signiicantly spread out over
an extended area.21
Collectively, the literature has described the locations of the
axis of rotation for various “normal” motions. It is apparent,
however, that these axes change dramatically with degeneration, and should be factored in when considering load bearing
through the spine and motion proiles.

Motion Coupling
A signiicant amount of coupling has been observed along the
spinal column. Coupling is a function of the geometric characteristics of speciic vertebrae, limitations in tissue properties
of the disc and ligaments, and spine curvature. Movements are
considered coupled when one motion is accompanied by

motion in a diferent plane.2 he motion in the primary, or
intended, plane of movement is referred to as the main motion;
the accompanying motions are referred to as coupled motions.
Because coupling can have profound implications on the
transmission of forces through the spine, it is important that
the nature of coupling in the diferent regions of the spine be
understood. From a clinical perspective, coupling is important
in understanding the impact of various pathologies, such as
scoliosis and diferent types of spine trauma. In addition, an
appreciation for coupling is important for understanding the
impact of surgical interventions, such as the impact of fusion.
Coupling is most common in the cervical and lumbar
spine, but can also occur in the thoracic spine. Coupling in
the cervical and lumbar spine involves axial rotation coupled
with lateral bending. Lumbar motion can involve crosscoupling in all three rotation directions. Motions in the lumbar
spine are rarely unaccompanied by coupled movements.
Coupled motions of the lumbar spine vary as a function of the
spine level and a function of spine posture.2
Coupling patterns within the spine difer depending on the
region of the spine. he cervical spine exhibits a striking
degree of coupling in that lateral bending of the head is

TABLE 6.1

Limits and Representative Values of Ranges of Rotation for Cervical, Thoracic, and Lumbar Spine
COMBINED FLEXION-EXTENSION
(± Y-AXIS ROTATION)

Interspace

Limits of Ranges
(Degrees)

Representative
Angle (Degrees)

ONE SIDE LATERAL BENDING
(X-AXIS ROTATION)
Limits of Ranges
(Degrees)

ONE SIDE AXIAL ROTATION
(Z-AXIS ROTATION)

Representative
Angle (Degrees)

Limits of Ranges
(Degrees)

Representative
Angle (Degrees)

C0–C1

25

5

5

C1–C2

20

5

40

Middle
C2–C3
C3–C4
C4–C5

5–16
7–26
13–29

10
15
20

11–20
9–15
0–16

10
11
11

0–10
3–10
1–12

3
7
7

13–29
6–26
4–7
3–5
3–5
2–5
2–5
3–5
2–7
3–8
3–8
3–8
4–14
6–20
6–20
5–16
8–18
6–17
9–21
10–24

20
17
9
4
4
4
4
4
5
6
6
6
9
12
12
12
14
15
16
17

0–16
0–17
0–17
5
5–7
3–7
5–6
5–6
6
3–8
4–7
4–7
3–10
4–13
5–10
3–8
3–10
4–12
3–9
2–6

8
7
4
5
6
5
6
6
6
6
6
6
7
9
8
6
6
8
6
3

2–12
2–10
0–7
14
4–12
5–11
5–11
5–11
4–11
4–11
6–7
3–5
2–3
2–3
2–3
1–3
1–3
1–3
1–3
0–2

7
6
2
9
8
8
8
8
7
7
6
4
2
2
2
2
2
2
2
1

Lower
C5–C6
C6–C7
C7-T1
T1–T2
T2–T3
T3–T4
T4–T5
T5–T6
T6–T7
T7–T8
T8–T9
T9–T10
T10–T11
T11–T12
T12–L1
L1–L2
L2–L3
L3–L4
L4–L5
L5–S1

From White AA III, Panjabi MM. Clinical Biomechanics of the Spine, ed 2. Philadelphia: JB Lippincott; 1990.

Combined
flexion/extension
(± y-axis rotation)
C
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R
V
I
C
A
L

One side
lateral bending
(x-axis rotation)

One side
axial rotation
(z-axis rotation)

C0–C1
C2–C3
C4–C5
C6–C7

T1–T2
T
T3–T4
H
O
T5–T6
R
A
T7–T8
C
I T9–T10
C
T11–T12

L
U
M
B
A
R

L1–L2
L3–L4
L5–S1
5°

10°

15°

20°

25°

5°

10°

15°

5°

10°

15°

35°

40°

FIG. 6.12 Composite estimate of representative values for ranges of motion at diferent levels of the spine in
sagittal, lateral, and transverse planes of the body. (From White AA III, Panjabi MM. Clinical Biomechanics of the
Spine, ed 2. Philadelphia: JB Lippincott; 1990.)
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TABLE 6.2

Coupled Motions of the Lumbar Spine

Primary Movement
and Level

AXIAL ROTATION, DEGREES
(+ TO LEFT)
Mean

Range

−1
−1
−1
−1
−1

−2 to 1
−2 to 1
−3 to 1
−2 to 1
−2 to 1

1
1
2
2
0

FLEXION-EXTENSION, DEGREES
(+ FLEXION)
Mean

LATERAL FLEXION, DEGREES
(+ TO LEFT)

Range

Mean

Range

0
0
0
0
0

−3 to 3
−2 to 2
−2 to 2
−9 to 6
−5 to 3

3
4
3
1
−2

−1 to 5
1 to 9
1 to 6
−3 to 3
−7 to 0

−1 to 1
−1 to 1
0 to 1
0 to 1
−2 to 1

0
0
0
0
0

−4 to 4
−4 to 4
−3 to 2
−7 to 2
−5 to 3

−3
−3
−3
−2
1

−7 to −1
−5 to 0
−6 to 0
−5 to 1
0 to 2

0
1
1
1
0

−3 to 1
−1 to 1
−1 to 1
0 to 1
−1 to 1

−2
−1
−1
0
2

−5 to 1
−3 to 1
−3 to 1
−1 to 4
−3 to 8

−5
−5
−5
−3
0

−8 to −2
−8 to −4
−11 to 2
−5 to 1
−2 to 3

0
−1
−1
−1
−2

−2 to 1
−3 to 1
−4 to 1
−4 to 1
−3 to 1

−2
−3
−2
−1
0

−9 to 0
−4 to −1
−4 to 3
−4 to 2
−5 to 5

6
6
6
3
−3

4 to 10
2 to 10
−3 to 8
−3 to 6
−6 to 1

Right Rotation
L1
L2
L3
L4
L5
Left Rotation
L1
L2
L3
L4
L5
Right Lateral Flexion
L1
L2
L3
L4
L5
Left Lateral Flexion
L1
L2
L3
L4
L5

(From Adams MA, Bogduk N, Burton AK, et al. The Biomechanics of Back Pain, ed 2. Edinburgh: Elsevier, 2006.)

accompanied by signiicant amounts of cervical rotation. his
is evident by observing the position of the spinous processes
as lateral bending occurs. When lateral bend to the let occurs,
the spinous processes point to the right; when lateral bending
to the right occurs, the spinous processes go to the let. It is
generally thought that the angle of incline of the facet joints
in the sagittal plane increases from the head toward the lower
spine.2 Generally, the average ratio of the coupled lateral
bending compared with axial rotation is 0.51.22
he coupling of lateral bending and spine rotation can also
occur in the thoracic spine. As with the cervical spine, lateral
bending is coupled with axial rotation in such a way that the
spinous process moves toward the convexity of the lateral
curve. he vertebrae in the upper portion of the thoracic spine
have motions that are strongly coupled, but not to the same
degree as in the cervical spine. In the middle segments of the
thoracic spine, the coupling motions are far less apparent.
Coupled motions in this portion of the thoracic spine are
inconsistent and can result in rotations opposite of those in
the upper thoracic spine. Coupling patterns in the lower
portion of the thoracic spine are weak. Although the patterns
of coupling between axial rotation and lateral bending have
been described in the literature, most likely owing to a desire
to understand scoliosis, Panjabi and colleagues23 have shown
that coupling can occur in all 6 degrees of freedom.
Coupling patterns in the lumbar spine seem to difer from
those of the cervical and thoracic spine. he most dominant

coupling pattern of the lumbar spine seems to be lateral
bending coupled with axial rotation (Table 6.2).24 In this case,
the spinous process moves in the same direction as lateral
bending. his is exactly opposite to the pattern in the cervical
and upper thoracic spine. One group of researchers25 reported,
however, that coupling at L5–S1 occurs in a fashion similar to
that of the lower cervical spine and opposite to that of the rest
of the lumbar spine.
In vivo studies of the lumbar spine have shown the importance of muscular involvement in determining coupling patterns of the lumbar spine.25 In vitro studies have reported that
lateral bending motion was coupled with lexion motions
between L1 and L3, whereas in vivo studies reported that
lateral motions are coupled with extension movements in
these vertebrae. In addition, biomechanical analyses have
shown that coupling in the lumbar spine can be inluenced by
posture of the spine.25,26 One would expect that muscle control
can also play an important role in coupling patterns.

Neutral Zone Limits
As discussed earlier, the neutral zone is important for understanding when tissues irst experience resistance to movement.
Low intersegmental resistance to motion can be an indication
of biomechanical problems. he neutral zones for the diferent
planes of motion have been extensively described by Panjabi
and colleagues.27–29 Table 6.3 shows estimates for the neutral
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Vertebral Segments

Flexion-Extension

Lateral
Bending

Axial
Rotation

C0–C1

1.1

1.6

1.5

C1–C2

3.2

1.2

29.6

C3–C6

4.9

4

3.8

C7–T1 and T11–T1

1.5

2.2

1.2

L1–L2 and L3–L4

1.5

1.6

0.7

L5–S1

3

1.8

0.4

From White AA III, Panjabi MM. Clinical Biomechanics of the Spine, ed 2. Philadelphia: JB
Lippincott; 1990.

zones for rotary motions as a function of the plane of motion
and the spine level.2 For the most part, the neutral zone is
limited in range except for certain vertebrae in certain axes of
rotation. From a clinical perspective, one must be sensitive to
the fact that normal and abnormal neutral zones can be very
diferent for diferent vertebrae.
A large neutral zone can be an indication of several biomechanical factors. First, the neutral zone has been observed to
increase with age.30 Second, a larger-than-expected neutral
zone can indicate injury to the tissue.31 hird, some clinicians
contend that low resistance to movement is an indication of
clinical instability.32 here are several reasons to consider carefully the range of movement within the neutral zone.

Load Tolerance of the Spinal Motion Segments
he precise tolerance characteristics of human spinal tissues—
such as muscles, ligaments, tendons, and bones—loaded under
various conditions have been diicult to establish. Structure
tolerances have been observed to vary greatly even under
similar loading conditions because of their dependence on
many factors, such as strain rate (rate of loading), age of the
structure, frequency of loading, physiologic inluences, heredity, conditioning, and other unknown factors. In addition, it
has been impossible to measure these tolerances under in vivo
conditions. Many of the estimates of tissue tolerance have
been derived from various animal or theoretical constructs.
Tolerance data limits have been derived primarily from
cadaveric tissue. he obvious compromise in this approach is
that in vitro tissue when tested does not have the ability to
adapt or recover (and potentially increase tolerance) as does
a live human. he material properties of cadaveric tissue vary
depending on the manner in which the specimen was prepared
for testing. At least one study suggests that living tissue failure
might occur at magnitudes below those observed in cadaveric
specimens.33

Tendon stress has been estimated to be between 60 MPa and
100 MPa.34,35 here seems to be a safety margin between the
muscle failure point and the failure point of the tendon by a
factor of about twofold35 to threefold.34

Ligament and Bone Tolerance
Ultimate ligament stress has been estimated at approximately
20 MPa. he ultimate stress of bone has been found to depend
on the direction of loading. Bone tolerance can range from
51 MPa in transverse tension to 190 MPa in longitudinal
compression.
A temporal component to ligament recovery has also been
reported. One study found that ligaments required extended
periods to regain structural integrity. During the recovery
period, compensatory muscle activities have been observed.36–43
Recovery time has been observed to be several times the
loading duration.
Because the spinal ligaments oten are the structure that
protects the spinal system, it is important to appreciate the
failure limits of the various spinal ligaments; these are shown
in Table 6.4. Note that the load tolerance of these ligaments
and the deformation characteristics of the ligaments vary
markedly according to the region of the spine and the speciic
ligament involved. Generally, the lower the level of the spinal
ligament, the greater is the tolerance of the ligament. here are
notable exceptions to this trend, however. Spinal ligaments are
viscoelastic and can increase their length under load. hey can
be responsible for an increase in the neutral zone; excessive
movement can also initiate muscle activities intended to
regain stability.36,44

Contact Force Tolerance
Contemporary logic suggests that pain secondary to biomechanical loading of the spine may result from direct stimulation to the facet joints, pressure on the anulus, or pressure on
the longitudinal ligaments.9 At these sites, inlammatory
responses and analgesic responses are thought to be involved
in the development of pressure and pain. It is much more
diicult to specify load tolerance thresholds for contact pressures because the body’s individual responses to the imposed
loads collectively deine the pressure imposed on the spinal
structure. he tolerance limits for these structures has not
been well deined at this time.

Tolerance of Speciic Spine Structures
he general structure tolerance, or failure, limits in response to
loading of the lumbar spine have been well investigated. Table
6.5 provides a summary of these tolerances reported as a function of the nature of the loading for the spinal motion segment
structures and the disc and vertebral body structures.18

Muscle and Tendon Strain
Muscle has the lowest tolerance among the tissues of the spine.
he ultimate strength of a muscle has been estimated at
32 MPa.34 Muscle oten ruptures before a (healthy) tendon.35

Compression
he compression dimension of spine tolerance has been
widely examined. Of all the structures in the spinal motion
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TABLE 6.3 Average Neutral Zone (Degrees of Motion) for Diferent
Spinal Motion Segments in Diferent Motion Planes
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TABLE 6.4

Failure Strength of Spinal Ligaments
LOAD (N)
Average

Range

DEFORMATION (mm)
Average

Range

STRESS (MPa)

STRAIN (%)

Average

Range

Average

Range

11.6
11.5
8.7
7.6
3.2
5.4

2.4–21
2.9–20
2.4–15
7.6
1.8–4.6
2–8.7

36.5
26
26
12
13
32.5

16–57
8–44
10–46
12
13
26–39

Upper Cervical
C0–C1
Anterior atlanto-occipital membrane
Posterior atlanto-occipital membrane

233
83

18.9
18.1

C1–C2
ALL
Atlanto-axial membrane
CL
Transverse ligament

281
113
157
354

170–700

12.3
8.7
11.4

C0–C2
Apical
Alar
Vertical cruciate
Tectorial membrane

214
286
436
76

215–357

11.5
14.1
25.2
11.9

Lower Cervical
ALL
PLL
LF
CL
ISL
SSL

111.5
74.5
138.5
204
35.5
—

47–176
47–102
56–221
144–264
26–45
—

8.95
6.4
8.3
8.4
7.35
—

4.2–13.7
3.4–9.4
3.7–12.9
6.8–10
5.5–9.2
—

295.5
106
200
168
75.5
319.5

123–468
74–138
135–265
63–273
31–120
101–538

10.25
5.25
8.65
6.75
5.25
14.1

6.3–14.2
3.2–7.3
6.3–11
3.9–9.6
3.8–6.7
7.2–21

450
324
285
222
125
150

390–510
264–384
230–340
160–284
120–130
100–200

15.2
5.1
12.7
11.3
13
25.9

7–20
4.2–7
12–14.5
9.8–12.8
7.4–17.8
22.1–28.1

Thoracic
ALL
PLL
LF
CL
ISL
SSL
Lumbar
ALL
PLL
LF
CL
ISL
SSL

From White AA III, Panjabi MM. Clinical Biomechanics of the Spine, ed 2. Philadelphia: JB Lippincott; 1990.
ALL, anterior longitudinal ligament; CL, capsular ligament; ISL, interspinous ligament; LF, ligamentum lavum; PLL, posterior longitudinal ligament; SSL, supraspinous ligament.

segment, the endplate is considered to be the “weak point of
the system,” or the structure with the lowest tolerance to force.
Compression failure limits are a function of age, with older
endplates failing at lower levels of force, and a function of
gender, with female tolerances lower than male tolerances.45,46
Fig. 6.13 shows a summary of the compression strength for
much of the spine. he magnitude of force required for endplate tissue failure follows a normal distribution that ranges
from 2000 to greater than 14,000 N. When compression forces
increase on a spinal motion segment, the irst signs of damage
usually occur at the endplate or the trabeculae that support
the endplate. he endplate must be a thin structure to serve
its nutrition transport function. Because it is thin, it is also a
very weak structure, however, and subject to early failure
when load is applied.
Failure is believed to be initiated by the NP of the adjacent
disc. his nucleus causes the endplate to bulge and compromise

the vertebral body. he superior endplate is damaged more
oten than the lower endplate. In some cases, it is possible for a
portion of the NP to make its way vertically through a herniation of the endplate into the bone.18 his herniation can calcify
and form a Schmorl node. Endplate fractures are diicult to
detect via routine radiographs; however, magnetic resonance
imaging (MRI) can indicate biologic (modic) changes that are
characteristic of vertical displacement of the NP.18
When the endplate experiences excessive compressive load,
the endplate can bulge into the vertebral body, increasing the
volume available to the nucleus. his decompression of the
nucleus means that it cannot resist compression well, and
more of the load is borne by the AF. he anulus can become
unstable and the lamellae can become compressed, and cannot
be supported any longer by the nucleus. It is believed that this
form of disc loading can result in internal derangement of the
disc and potentially reverse bulging of the inner lamellae.
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Failure Site

Average Tolerance

Compression

Endplate

Shear
Flexion

Neural arch
Posterior
ligaments
Neural arch
Neural arch
Disc or vertebra

5.2 (±1.8) kN all specimens
6.1 (±1.8) kN men
(20–50 y)
2 kN
73 (±18) N-m with
compressive load of
0.5–1 kN
26–45 N-m
25–88 N-m
5.4 kN

Anulus
Posterior anulus
Anulus

0.5 kN
33(±13 N-m)
10–31 N-m

Strength/kN = a + b • age/decade
a = 10.53
b = –0.974
r2 = 0.39

15
10

Male
n = 174

Motion Segments

Disc Plus Vertebral Bodies
Shear
Flexion
Torsion

0
Compressive strength (kN)

Extension
Torsion
Flexion and compression

5

I

15
10

a = 7.03
b = –0.591
r2 = 0.35

Female
n = 132

a = 8.60
b = –0.728
r2 = 0.27

Total
n = 342

5
0
15

From Adams MA, Bogduk N, Burton AK, et al. The Biomechanics of Back Pain, ed 2.
Edinburgh: Elsevier; 2013.
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T9
T10
T11
T12
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L4
L5
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FIG. 6.14 Strength tolerance to static lumbar compression derived from
the literature as a function of age and gender. (From Jager M, Luttmann A,
Laurig W. Lumbar load during one-hand bricklaying. Int J Indust Ergo.
1991;8:261–277.)
Messerer,107 1880
Perry,109 1957
Bell et al.,106 1967

2000
(450 lbf)

4000
(900 lbf)

6000
(1350 lbf)

8000
(1800 lbf)

Compression strength in newtons (pound-force)
FIG. 6.13 Estimates of vertebral compression tolerance (strength) under
slow load rates for the various vertebrae from C3 to L5.106–108 (From White AA
III, Panjabi MM. Clinical Biomechanics of the Spine, ed 2. Philadelphia: JB
Lippincott; 1990.)

As noted earlier, endplate tolerance seems to be a function
of gender and age.45,46 Tolerance estimates based on a review of
the literature are shown in Fig. 6.14. Although great variability
is evident, women generally have lower compression tolerance
by an average of almost 2 kN compared with men. In addition, tolerance reduces signiicantly with age. Age inluences
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TABLE 6.5 Tolerance of Lumbar Motion Segment and Disc Structures
as a Function Load and Motion Characteristics
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endplate tolerance diferently between men and women,
however. he decrease in tolerance with age is nearly two
times greater for men compared with women.45,46 In addition,
the strength of the vertebrae is nearly 0.8 kN lower than that
of the disc.46 Finally, strength increases as one moves down
the lumbar spine by approximately 0.3 kN per lumbar level.47
Repetitive loading also seems to inluence the tolerance to
load of the motion segment. Fig. 6.15 shows how the number
of load repetitions and the relative magnitude of the load collectively have a dramatic impact on probability of failure of
the segment. As can be seen in this igure, when the relative
load becomes greater, the chances of failure increase the risk
signiicantly when the number of loading cycles increases.48
Studies have also shown that, as the lexion angle increases, the
number of cycles required for failure is dramatically reduced.47,49

Shear
he disc ibers and intervertebral ligaments are inadequately
oriented to resist shear forces. Shear causes the disc to creep
during repetitive loading.50 Under many situations, the neural
arch resists shear force, however. he articular process resists
on average 2 kN of load before failure; however, this can range
from 0.6 kN to 2.8 kN.51 he speciic point of load application can also greatly afect tolerance of the neural arch to
shear. Fig. 6.16 shows how difering methods of shear force
application can result in dramatically diferent neural arch
load tolerances.52,53
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FIG. 6.15 Probability of vertebrae failure as a function of load magnitude and number of cycles of loading.48
(Modiied from Marras WS. The Working Back: A Systems View. Hoboken, NJ: John Wiley & Sons; 2008.)

Torsion

1000 N (224 lbf)
Weiss,53 1975
3000 N (670 lbf)

3000 N (670 lbf)
Lamy and colleagues,52 1975
FIG. 6.16 Force tolerance of neural arch varies greatly as a function of
shear force application method.22,53 (From White AA III, Panjabi MM. Clinical
Biomechanics of the Spine, ed 2. Philadelphia: JB Lippincott; 1990.)

he motion segments ofer little resistance to small angles of
axial rotation. Torsion is irst resisted by collagen ibers in the
anulus that simply stretch slightly.18,60 With further axial motion,
the articular surfaces make contact at one of the zygapophyseal
joints, and motion is limited to 1 or 2 degrees.21 his ROM
increases, however, with greater disc degeneration.61–63 Under
typical loading conditions (involving torsion and compression),
the loads imposed on the spine are shared by several structures.
At the limit of the natural range of movement, 30% to 70% of the
applied torque is resisted by the zygapophyseal joint as a compressive load, 20% to 50% is resisted by the disc, and less than 15%
is resisted by all of the intervertebral ligaments, collectively.18,21
he lower limit for initiation of damage owing to torque
application seems to begin at about 10 to 30 N-m.21 Many clinicians believe that damage owing to torsional movements occurs
at the zygapophyseal joint before damage occurs to the discs.18

Flexion and Extension
Repetitive shear loading can also reduce the tolerance to
380 N.51 Some authors have concluded that the limit at which
shear begins to increase risk is 750 to 1000 N,54–56 although
this is also known to vary according to load rate.57,58 In addition, studies have reported failure occurring at the pars under
these conditions. Fig. 6.17 shows a summary of results of
ultimate shear strength of human cadaveric lumbar spines
obtained from in vitro studies.59 Gallagher and Marras conducted a Weibull analysis on shear failure data of human
cadaveric lumbar spines and recommended a maximum
permissible shear limit of 1000 N for occasional exposure to
shear loading (≤100 loadings/day) during occupational tasks.
However, for activities resulting in more frequent shear loadings (100–1000 loadings/day), they recommended a shear
limit of 700 N.59

Signiicant repositioning of the spine results when lexion
and extension of the spine occurs. Diferent structures are
responsible for resisting force, and the tolerance of the spine
can change. During extension of the spine, 60% to 70% of the
applied load is resisted by the neural arch. Studies have reported
damage resulting from 3 to 8 degrees of extension under
bending moments of 28 to 45 N-m.64,65 Resistance to extension
is ofered by the disc and the anterior longitudinal ligament.18
Of particular concern is the risk of the anulus bulging into the
vertebral canal and compromising canal space.
It is hypothesized that the zygapophyseal joint would be the
structure damaged irst owing to extension. However, it is also
believed that the interspinous ligament may be at risk because
it would be compressed by opposing spinous processes. Rapid
load rates, possibly resulting from athletic endeavors, are also
thought potentially to increase risk.
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Ultimate shear strength (N)
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FIG. 6.17 Summary of in vitro studies measuring the ultimate shear stress of human lumbar segments (error
bars represent the range of shear tolerance values). (From Gallagher S, Marras WS. Tolerance of the lumbar
spine to shear: a review and recommended exposure limits. Clin Biomech [Bristol, Avon]. 2012;27[10]:973-978.)

Flexion can lead to injury when imposed moments reach
50 to 80 N-m.66–68 Damage occurs when the spinal motion
segment reaches 5 to 9 degrees per motion segment in the
upper lumbar spine and 10 to 16 degrees per segment in the
lower lumbar spine. he irst structures to sustain damage
are the interspinous and supraspinous ligaments.68 During
complex motions involving lexion and lateral bending, the
capsular ligaments can also be compromised. he inal tissue
to fail is the outer posterior AF. In isolation (without the
ligaments), the disc can fail when lexed at 18 degrees with an
application of 15 to 50 N-m of load.69 As with most structures,
load rate also plays a role in tolerance. Resistance to lexion
can increase by more than 10% when rapid motions (10
seconds) are compared with slow motions (1 second).70 Static
postures seem to reduce resistance to bending by very large
amounts, probably owing to the interrelationship between the
ligamentous system and muscular control.38

Lateral Motion
Less has been reported about the tolerance associated with
lateral bending moment exposure. Some studies have reported
that a lateral bending moment of 10 N-m results in 4 to 6
degrees of lateral bending in the lumbar spine, with most of
the resistance occurring at the disc.62,71 If the disc experiences
degeneration, the ROM is greatly reduced to 3 to 4 degrees,
however, practically eliminating the neutral zone.62

In Vivo Spine Biomechanics
Overview
Our fundamental knowledge of spine biomechanics has been
primarily gained through in vitro studies on animal and

human cadaveric models in laboratories. However, the value
of these biomechanical results increases signiicantly only
when it can be directly correlated to clinical outcomes.72,73
Intuitively and experientially, we know that there are several
limitations associated with in vitro studies—such as specimen
integrity, lack of complex neuromuscular control, and proprioceptive and nociceptive inputs—that all play a signiicant
role in producing the natural, graceful, and eicient motion of
the spine. Of particular clinical signiicance is the understanding of pain-modulated motion, which is an in vivo phenomenon. Several studies have explored this complex phenomenon
in symptomatic individuals with low back disorders and found
signiicant modiications to their kinematics due to underlying pathology and pain when compared to asymptomatic
individuals.74–76 Unfortunately, current in vitro testing methods
are unable to replicate pain-modulated kinematics, estimate
pain, or determine the impact of altered kinematics due to
pain avoidance on the overall mechanical response of the
spine and potential injury risk or damage. his creates a
substantial impetus for improving our understanding of the
mechanical behavior of the spine under in vivo conditions and
developing strategies to better translate biomechanical parameters from benchtop to bedside.
To address these limitations, over the past 15 years, several
researchers have developed tools to enhance our understanding
of in vivo spine biomechanics using advanced medical imaging,
motion-capture systems, and eicient numerical techniques
to help provide clinically measurable biomechanical metrics.
hese tools have the potential to help determine accurate in
vivo spinal motions in three-dimensional (3D) load exposures,
provide insights into mechanisms of spinal injury and pathology,
and facilitate overall assessment of treatment outcomes, design
of novel spinal implants, and improve current prevention and
rehabilitation strategies. he following sections highlight key
areas of research on in vivo spine biomechanics.
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Quantitative Assessment of in Vivo Spinal Motion
Overall Spine Kinematics (Extrinsic Measurements)
To appreciate the diferences involved in spine impairment, it
is important to understand the normal motion or kinematics
of the spine. It has been observed that people with low back
pain move more slowly.74,75,77 Motion reduction is assumed to
be a result of the “guarding” that occurs in an attempt to
minimize the stimulation of pain-producing nociceptors.
Abnormal coupling of movement has also been shown to be
associated with low back pain.76
Spine kinematic proiles associated with asymptomatic
individuals and people with low back pain have been reported
in the literature at least for the lumbar spine. Fig. 6.18 summarizes how trunk ROM, velocity, and acceleration change
as a function of low back pain in the sagittal, lateral, and
transverse planes of the body. here seem to be no diferences in ROM between the low back pain group and the
asymptomatic group. Signiicant diferences are apparent,
however, when trunk velocity and acceleration are considered.
his seems to be the case in all motion planes of the body.
More recent studies have shown that kinematic ability can be
used to document the extent of a low back disorder.74,77 hese
diferences in velocity and acceleration are believed to be a
result of protective “guarding” employed by patients with low

back pain through the excessive coactive recruitment of the
trunk muscles. his coactivity is believed to slow the motions
of the torso. he use of objective quantitative biomechanical
metrics to augment traditional subjective measures such as
pain questionnaires or Oswestry Disability Index (ODI) may
provide new insights during clinical evaluation and potentially
improve overall treatment outcomes.

Spine Kinematics (Intrinsic Measurements)
Several studies have investigated noninvasive techniques to
quantify normal in vivo spinal kinematics to aid in the clinical
diagnosis of spinal impairments and instability.27,78–81 A majority of these studies relied on static planar radiographs to assess
in vivo spinal ROM.27,82 Fig. 6.19 illustrates the estimated
normal movement characteristics of the lumbar spine measured in living subjects. his igure indicates signiicantly
diferent normal movements, particularly in lexion-extension,
between in vivo and in vitro observations.18,27 Fig. 6.20 highlights this diference between the in vitro and in vivo observations in the sagittal plane.27
here is a general overestimation of extension movement
range in vitro and a general underestimation of lexion range
in vitro. In addition, signiicant diferences can be seen
between levels between the two states. It should be noted
that the measurements from these studies were from static
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15
Degrees

two-dimensional (2D) positions; thus, there are several inherent limitations with these measurements, such as kinematic
diferences between static and dynamic motions, inaccuracies
in measurements using radiographs, and inability to measure
multiplanar motion.83–85
Recent advances in imaging technologies have helped to
address the limitations of static 2D measurements and have
facilitated 3D dynamic motions of the spine to be measured
in vivo with high accuracy and precision using a system of
synchronized biplanar radiographs.78–81 3D person-speciic
spine models developed from computed tomography or MRI
can be directly matched to the biplane radiographs, and segmental kinematics can be determined in real time. Using this
technique, one study reported that, for healthy subjects, the
upper vertebrae in the lumbar spine had larger ROMs than
the lower vertebrae during functional lexion-extension.
However, during lateral bending, the lower vertebrae showed
higher motion than the upper vertebrae. hey also found no
signiicant diference between levels during axial rotation
motion.80 A subsequent study on patients with degenerative
disc disease (DDD) found signiicant diferences in spinal
kinematics between patients and healthy controls, especially
at L3–L4. hey found that L3–L4 showed the largest ROM in
patients in all planes of motion.81 Fig. 6.21 shows the results
of in vivo spinal rotations during dynamic functional motion
of patients with DDD and healthy controls.
Adjacent-level degeneration is a common occurrence clinically following a fusion surgery; however, its etiology is unclear
and controversial. Several in vitro studies have shown that
there is a signiicant increase in adjacent-level kinematics
following fusion; however, the indings of these studies are
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FIG. 6.20 Range of lexion and extension motion in lumbar spine
measured (A) in vivo and (B) in vitro.18,27 (From Adams MA, Bogduk N, Burton
AK, et al. The Biomechanics of Back Pain, ed 2. Edinburgh: Elsevier; 2013.)

based on assumptions and testing protocols that are not necessarily true under in vivo conditions.86 A group investigating
in vivo segmental kinematics using dynamic biplanar radiography recently showed that cervical spine patients followed 1
year postoperatively ater a fusion surgery at C5–C6 showed
no increase in adjacent-level motions, contrary to the indings
of in vitro studies.78,79 Rather, they observed that, during
lexion-extension, a redistribution of adjacent-level motion
occurred with more extension motion, less lexion occurring
at segments rostral to the fusion, and more posterior translations rostral and caudal to the fusion. hese diferences in
motion may be attributed to iatrogenic factors such as alteration in neutral sagittal alignment and disruption of the anterior
longitudinal ligament during fusion.79 It appears also that,
under in vivo conditions, overall ROM of the entire spine
actually decreases ater fusion.87
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Quantitative Assessment of in Vivo Spinal Loading
Accurate in vivo measurement of internal spinal loads requires
placement of a measuring device or sensor invasively into the
region of interest. his would not only pose ethical concerns,
but there is potential risk associated with the implantation
of load sensors in living subjects. Due to these factors, there
are only a few documented studies that have investigated in
vivo spinal loads. he earliest attempt at quantifying in vivo
compressive loads was conducted by Nachemson in 1964,
who measured intradiscal pressures using a needle-mounted
pressure gauge.88,89 Similar attempts were made again by two
other groups in 1999.90,91 he results from these studies can be
summarized as follows: the lowest compressive loads were seen
when lying down (144–250 N), standing upright showed loads
of 500 to 800 N, and sitting erect was 700 to 996 N.88–91 hese
studies also showed that both forward and backward bending
caused an increase in spinal loads. Fig. 6.22A shows intradiscal pressures measured in vivo from diferent postures. One
of these studies also compared intradiscal pressure (horizontal
and vertical pressures based on orientation of pressure gauge)
with respect to progression of disc degeneration, and found a
signiicant reduction in pressure with grade of degeneration.

Fig. 6.22B shows reduction in intradiscal pressure with disc
degeneration.91
Rohlmann and colleagues implanted telemeterized vertebral body replacements (VBRs) on ive patients with L1 or L3
compression fractures and measured the spinal loads in their
anterior spinal column. Using this setup, they investigated the
efect of locomotion on spinal loads and found that walking
caused signiicantly higher loads than standing.92 hey also
found that ascending stairs caused higher loads than descending (Fig. 6.23).
hey also conducted a longitudinal study and observed 10
everyday activities that caused signiicant increases in spinal
loads.93 Fig. 6.24 shows 10 activities that caused the highest
increase in spinal loads (compression and shear forces) for ive
patients. hey observed large individual variations in loads for
the various activities.

In Silico Modeling in the Spine
he structural architecture of the human spine exhibits a
hierarchical organization spanning from the whole system
level (macroscale), to the organ, tissue, and cellular levels
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(microscale). Within this complex organization, there is a
network of biologic and mechanical interactions between the
diferent levels that dictates overall biomechanical responses
of the spine. Unfortunately, it is extremely diicult to obtain
biomechanical parameters, such as internal stress and strain
distributions, especially at lower spatial scales (cellular).
his knowledge would improve our understanding of the
complex micromechanical environments in relation to normal
structure–function relationships as well as the underlying
mechanisms behind structural and functional breakdown due
to disease.
In silico models, more commonly known as computational
or biomechanical models, are seeing an increased utilization
in spine-related research for investigating complex mechanobiologic phenomena. hese models provide a viable and
practical alternative to relate the physical and material characteristics of the spine to its mechanical function. Using
advanced numerical and imaging techniques, detailed anatomic and material representations of each hierarchical level
(macroscale to microscale) can be developed and used for
biomechanical evaluations.94,95 his multiscale approach
enables whole body level simulations of spinal kinematics to
be used to predict spinal loads within each segment, and then
quantify tissue- and cellular-level stresses and strains. hese
models have the lexibility of precisely controlling a variety of
parameters, then observing the efects of these changes on the
biomechanical response of the modeled structures. hey
provide a unique platform to complement in vitro and in vivo
experimental techniques.96–100
Within the spine, there are several areas of application for
in silico models; for instance, mechanical loads are believed to
play a major role in the initiation of degenerative changes in
the disc. However, the underlying mechanisms by which onset
of damage occurs is not well understood.18,101,102 It is not clear
how whole body level mechanical loads translate to deformations at the cellular levels that lead to localized damage and the
onset of a degenerative cascade. Using in silico models, we can

now begin to explore these complex mechanical relationships
across spatial and temporal scales. It also paves the way for
the exploration of various other mechanobiologic scenarios,
such as age-related degeneration, efect of endplate microfractures, nutrient transport, and tissue remodeling and repair.
his whole systems approach to predict the impact of spinal
loads on the mechanical behavior of the spine would provide
invaluable information for the development of appropriate
preventive and therapeutic strategies against back injury.
Clinically, in silico models demonstrate a great potential to
aid clinicians in the management of complex spinal ailments.
Patient-speciic computational models can be developed for
use in presurgical planning and evaluation, and an optimized
therapy can be implemented for the patient. hese models can
also be used for conducting comparative analysis of spinal
implants.99,100,103,104 In essence, an in silico model can serve as
a valuable, cost-efective tool for the modiication of existing
implants or the design of new spinal implants aimed at stabilizing and/or preserving motion. Spinal stability following a
surgical intervention on an individual can be simulated and
evaluated, providing the clinician with valuable insight and
quantiiable metrics to help guide the decision-making process
prior to actual implementation of desired course of treatment.
Knapik and colleagues investigated the biomechanical consequences of a total artiicial disc replacement (TDR) at L5–S1
under various simulated dynamic loading conditions obtained
from real-life task performance, such as forward bending and
liting of diferent weights (9.5 and 19 kg).105 Fig. 6.25 shows
mechanical stress distribution following a TDR.105 heir study
found a signiicant increase in spinal loads between intact and
TDR at insertion level (Fig. 6.26). hey also found that motion
increased in all three planes (sagittal, lateral, and twisting) at
insertion level. Fig. 6.27 shows sagittal motion across lumbar
levels as a function of intact, TDR, and external loading. heir
model was able to efectively show in detail the biomechanical
trade-ofs with TDR speciic to that subject’s spine under
realistic loading conditions.
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The System
As can be seen through this review, the spine performs several
important functions: it transmits force, allows motion, and
protects the spinal cord. Although these functions have been
considered independently here, it is important to develop an
appreciation for the systematic nature of these spine functions.
Although these functions have been described independently,
they interact in such a way that the inability to perform one
of these functions can also afect the ability to perform other
functions.

If the disc becomes compromised in its mechanical integrity,
and disc space is reduced, it can alter the load transmission
between vertebrae. With less disc space, more of the load may
be transmitted through the posterior elements; this repeated
loading may change the biochemical behavior of the system.
his change may result in an upregulation of proinlammatory biochemical activity and increased pain transmission.
Similarly, reduced disc space height may alter the motion
characteristics of the spinal motion segments. With less disc
space, the stability of the joint can be compromised, and
the contact points of the posterior elements can be altered.
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his alteration could change the kinematic signature of the
spine.
Finally, a narrowed disc space could compromise the
protection of the nerve root because there is less space for
the nerve root to pass through the intervertebral foramen.
A compromise of the disc could lead to load transmission
irregularities, instability, motion restrictions, and a compromise of the nerve root. his is just one example of how interrelated the components of the spine are from a biomechanical
perspective.
As can be seen from this discussion, biomechanics of the
spine not only can inluence the various dimensions of the
biomechanical system, but it also can inluence the biochemical behavior of the system. Because biomechanical considerations provide an understanding of the forces that are generated
on the system, some authors are beginning to consider the
spine as a mechanobiologic system.

Summary
By nature, the spine is a complex structure that provides
protection for the spinal cord and a structure to support loads
in numerous postures and positions. In addition, the healthy
spine limits physiologic movement to conditions that protect
the structures of the spine. With trauma and degeneration, the
spine loses its ability to achieve these functions adequately.
Biomechanics provides a means to characterize and assess
the status of the spine quantitatively and precisely. Quantiication provides a rationale for one to determine “how much is too
much” exposure to the physical conditions that might damage
the spinal system. his chapter has systematically summarized
and characterized the capacity of the spinal motion segments
in terms of kinematic capacity and load tolerance.
he spinal structures themselves are physiologically unique,
and have evolved in such a manner that their functions are

unique. Although this chapter has examined the capacity of
the individual motion segments, this evaluation should make
it clear that the spine is truly a system of components that
act collectively and interactively to achieve the functions of
motion and load support. he kinematic and load support
capacities of the motion segment vary signiicantly as a function of spinal level, direction of motion, direction of load
application, and temporal exposure characteristics.
Although presented as basic information, this information
should be considered the fundamental scientiic foundation
for understanding how the spine functions, how disorders
and pain might occur in the spine, how exposure to ADLs
and occupational conditions might afect the spine status, and
what functions need to be restored clinically. Biomechanical
features and function change throughout life. Aging alone
alters the biomechanical properties of the spine. It has also
been well established, however, that various exposures can
greatly accelerate the degenerative process and the biomechanical functioning of the spine.
As knowledge of the spine increases, it is clear that a biomechanical foundation is essential for prevention and treatment of spinal disorders. A better understanding of spine
function can be achieved through a better quantiication of
physical attributes, yielding improved sensitivity and speciicity of functional understanding and interventions.
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he clinical symptoms associated with lumbar disc herniation
and spinal stenosis are attributed to pathophysiologic changes
in spinal nerve roots. Recent research has deined the basic
pathophysiologic events at the tissue, cellular, or subcellular
levels in relationship to the pathogenesis of sciatica and nerve
root pain. his chapter reviews the current knowledge about
these mechanisms and discusses these mechanisms in relation
to the clinical features of lumbar disc herniation and spinal
stenosis.
Nerve root pain is typically radiating in nature and usually
related to a speciic nerve root or adjacent roots. It is associated with pathologic changes and nerve dysfunction and may
be present in motor and sensory modalities, producing motor
weakness and sensory disturbances. hese changes are tightly
linked through mechanisms that are discussed in this chapter.
Two speciic mechanisms at the “tissue level” may be
deined: (1) mechanical deformation of the nerve roots and
(2) biologic or biochemical activity of the disc tissue causing
neuroinlammation of nerve roots.

Mechanical Efects on Nerve Roots
Enclosed by the vertebral bones, the spinal nerve roots are
relatively well protected from external trauma, although
somewhat more susceptible to injury than peripheral nerves.
In 1934, Mixter and Barr1 described that intervertebral discs
can rupture and cause mechanical compression of the nerve
roots, leading to sciatica. However, there has been moderate
research interest in the past regarding nerve root compression.
Gelfan and Tarlov2 in 1956 and Sharpless3 in 1975 performed
some initial experiments on the efects of compression on
nerve impulse conduction and showed that nerve roots were
more susceptible to compression than peripheral nerves.
Interest in nerve root pathophysiology has increased more
recently, and numerous studies are reviewed here.
In 1991, a model was presented that allowed for experimental, graded compression of cauda equina nerve roots at
known pressure levels.4 In this model, the cauda equina of pigs

was compressed by an inlatable balloon ixed to the spine
(Fig. 7.1). he cauda equina could also be observed through
the translucent balloon. his model made it possible to study
the low in the intrinsic nerve root blood vessels at various
pressure levels.5 he average occlusion pressure for the arterioles was found to be slightly below and directly related to the
systolic blood pressure. he blood low in the capillary networks was intimately dependent on the blood low of the
adjacent venules. his inding corroborates the assumption
that venular stasis may induce capillary stasis and changes in
the microcirculation of the nerve tissue, which has been suggested as one mechanism in carpal tunnel syndrome.6 he
mean occlusion pressures for the venules showed large variations; however, a pressure of 5 to 10 mm Hg was found to be
suicient for inducing venular occlusion.
Because the nutrition of the nerve root is afected by
ischemia, a compression-induced impairment of the vasculature may be one mechanism for nerve root dysfunction.
he nerve roots also have a considerable nutritional supply
via difusion from the cerebrospinal luid.7 To assess the
compression-induced efects on the total contribution to
the nerve roots, an experiment was performed in which
3
H-labeled methylglucose was allowed to be transported to the
nerve tissue in the compressed segment via the blood vessels
and via the cerebrospinal luid difusion ater systemic injection.8 he results showed that no compensatory mechanism
from cerebrospinal luid difusion could be expected at low
pressure levels. On the contrary, 10 mm Hg compression was
suicient to induce a 20% to 30% reduction of the transport
of methylglucose to the nerve roots.
It is known from experimental studies on peripheral nerves
that compression may also induce an increase in vascular
permeability, leading to intraneural edema formation.9 Such
edema may increase the endoneurial luid pressure, which
impairs the endoneurial capillary blood low and nutrition of
the nerve roots.10 Because the edema usually persists for some
time ater the removal of a compressive agent, edema may
negatively afect the nerve root for a longer period than the
compression itself. he presence of intraneural edema is also
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FIG. 7.1 Schematic of an experimental nerve root compression model.
Cauda equina (A) is compressed by an inlatable balloon (B) that is ixed to
the spine by two L-shaped pins (C) and Plexiglas plate (D). (From Olmarker
K, Holm S, Rosenqvist A-L, et al. Experimental nerve root compression: a
model of acute, graded compression of the porcine cauda equina and an
analysis of neural and vascular anatomy. Spine [Phila Pa 1976]. 1991;16:61-69.)

related to subsequent formation of intraneural ibrosis,11 a
neuroinlammatory response that is seen in some patients
with nerve compression disorders.
Nerve root compression directly afects nerve conduction.12,13 Our data show that the sensory ibers are slightly
more susceptible to compression than the motor ibers.13,14
One factor that has not been fully recognized in compression trauma of nerve tissue is the onset rate of the compression.
he onset rate (i.e., the time from compression start until full
compression) may vary clinically from fractions of seconds in
traumatic conditions to months or years in association with
degenerative processes.
A rapid-onset rate of less than 1 second has been found to
induce more pronounced pathophysiologic dysfunction. For
the rapid-onset compression, which is likely to be more closely
related to spine trauma or disc herniation than to spinal stenosis, it has been seen that a pressure of 600 mm Hg maintained
only for 1 second is suicient to induce a gradual impairment
of nerve conduction during the 2 hours studied ater the
compression was ended.15 In the case of spinal stenosis, the
rate may be a great deal slower, and pain or nerve dysfunction
may not be seen until ater considerable ischemic injury.

Chronic Experimental Nerve Root Compression
To mimic various clinical situations, compression must be
applied for long periods. In clinical syndromes with nerve root
compression, the onset time may be quite slow and the duration may be quite long. A gradual development of degenerative
changes that induce spinal stenosis leads to an onset time that
can be many years. It is diicult to mimic such a situation in
an experimental model. Chronic models should induce a
controlled compression with a slow-onset time that is easily
reproducible.

Delamarter and colleagues16 introduced a model on the dog
cauda equina in which they applied a constricting plastic band
that was let in place for various times. he band was tightened
around the thecal sac to induce a 25%, 50%, or 75% reduction
of the cross-sectional area. he data indicated that structural
and functional changes were proportional to the degree of
constriction.
To induce a slower onset and more controlled compression,
Cornejord and colleagues17 used a constrictor to compress
the nerve roots in the pig. he constrictor consisted of an
outer metal shell that on the inside was covered with a material called ameroid that expands when in contact with luids.
Because of the metal shell, the ameroid expands inward with a
maximum of expansion ater 2 weeks, resulting in a compression of a nerve root placed in the central opening of the
constrictor. Compression of the irst sacral nerve root in the
pig resulted in a signiicant reduction of nerve conduction
velocity and axonal injuries.17 It has also been found that
there is an increase in substance P in the nerve root and the
dorsal root ganglion ater such compression.18 Substance P is
a neurotransmitter that is related to pain transmission.
One important aspect in clinical nerve root compression
conditions is that the compression level is probably unstable
and varies as the result of changes in posture and movements.19,20 In 1995, Konno and colleagues21 introduced a
model in which the pressure could be changed ater some time
of initial chronic compression. An inlatable balloon was
introduced under the lamina of the seventh lumbar vertebra
in the dog. By inlating the balloon at a known pressure slowly
over 1 hour with a viscous substance that would harden in the
balloon, compression of the cauda equina could be induced
with a known initial pressure level. he compression was veriied by myelography. Because the balloon under the lamina
was composed of a twin set of balloons, the second balloon
component could be connected to a compressed air device and
could be used to add compression to the already chronically
compressed cauda equina.
Acute nerve root compression experiments have established
critical pressure levels for interference with various physiologic
parameters in the spinal nerve roots. Studies on chronic
compression may provide knowledge that would be more
applicable to the clinical situation.

Spinal Stenosis: Experimental-Clinical Correlation
Patients with double or multiple levels of spinal stenosis may
have more pronounced symptoms than patients with stenosis
only at one level.22 he mechanism for the diference between
single and double compression may not simply be based on
the fact that the nerve impulses have to pass more than one
compression zone at double-level compression. here may
also be a mechanism based on the local vascular anatomy of
the nerve roots. In contrast to peripheral nerves, there are no
regional nutritive arteries from surrounding structures to the
intraneural vascular system in spinal nerve roots.23–25 Compression at two levels might induce a nutritionally impaired
region between the two compression sites. In this way the
segment afected by the compression would be widened. Data
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Mechanical Nerve Root Deformation and Pain
Some experimental observations indicate that mechanical
nerve root deformation per se may induce impulses that cause

pain. Howe and colleagues30 found that mechanical stimulation
of nerve roots or peripheral nerves resulted in nerve impulses
of short duration and that these impulses were prolonged if
the nerve tissue had been exposed to mechanical irritation by
a chromic gut ligature for 2 to 4 weeks. Corresponding results
were obtained in an in vitro system using rabbit nerve roots.31
In this setup, it was also evident that the dorsal root ganglion
was more susceptible to mechanical stimulation than the nerve
roots. he dorsal root ganglion has elicited special interest in
this regard, and an increase in the level of neurotransmitters
related to pain transmission has been found in the dorsal root
ganglion in response to whole-body vibration of rabbits.32 A
similar increase has been seen in the dorsal root ganglion and
nerve root ater local constriction of the same nerve root.18
In vivo models of pain behavior have shown that mechanical
nerve deformation superimposed on inlammation is painful,
whereas either factor alone might not cause severe pain.31–34
he magnitude of nerve root compression pressure (measured
intraoperatively) correlates with neurologic deicit but not
with degree of straight-leg raising test.

Neuropathologic Changes and Pain
here is considerable research evidence regarding the relationship of pain to neuropathologic changes.35 Much of what is
known has been studied in relationship to mechanical and
inlammatory injury of the sciatic nerve in the rat. Entrapment
of a peripheral nerve produces pathologic change in proportion to the degree of compression and its duration,36 as is
known to be the case for nerve root compression. In an electron microscopic study,36 minor degrees of nerve compression
were associated with ischemic injury to Schwann cells, resulting in their necrosis and in demyelination. Severe nerve
compression was associated with injury to the axon, resulting
in wallerian degeneration.
Subsequent experiments established the relationship of
pain to these forms of neuropathologic change.37 hese studies
established that mild levels of ischemia producing demyelination were generally not painful, whereas severe ischemiaproducing wallerian degeneration resulted in hyperalgesia.
he pathology of the chronic constriction injury model of
neuropathic pain is based on this relationship and the added
insult of inlammation caused by the chromic gut ligatures
used to compress the nerve.38 It is now recognized that the
cytokine-driven processes of wallerian degeneration are the
dominant neuropathologic factors linking nerve injury and
pain37,39,40 and that the degree and extent of wallerian degeneration relate directly to the magnitude and duration of
hyperalgesia.41

Biologic and Biochemical Efects on
Nerve Roots
he clinical picture of sciatica with a characteristic distribution of pain and nerve dysfunction in the absence of herniated
disc material at radiologic examination and at surgery has
indicated that mechanical nerve root compression may not be
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from a study on the nutritional transport to the nerve tissue
in double-level compression showed that there is a reduction
of this transport to the uncompressed nerve segment located
between the two compression balloons that was similar to
the reduction within the two compression sites.26 hus, there
is experimental evidence that the nutrition to the nerve
segment located between two compression sites in nerve
roots is severely impaired, although this nerve segment itself
is uncompressed.
If nerve compression is of an extremely low onset rate, as
in spinal stenosis, there may be an adaptation of the nerve
tissue to the applied pressure. In cadaveric experiments,
Schönström and colleagues27 found that when a hose clamp
was tightened around a human cadaveric cauda equina specimen there was a critical cross-sectional area of the dural sac
when the irst signs of pressure increase among nerve roots
were recorded by a catheter placed in the compression zone.
his cross-sectional area was approximately 75 mm2, which
was also found to correlate with a corresponding measurement on computed tomography (CT) in patients with spinal
stenosis.28 When the hose clamp was tightened further, the
pressure increased. Owing to creep phenomena in the nerve
tissue, the pressure decreased with time, however. When the
pressure did not normalize within 10 minutes, the “sustained
size” was registered and was found to be in the range of 45 to
50 mm2.27 his study indicates that even in acute compression
there is an adaptation of the nerve tissue to the applied pressure. From a longer perspective, this probably means that the
nerve may also be reorganized in its microstructural elements,
which would result in a nerve with a smaller diameter. Under
such circumstances, with gradually decreasing nerve diameter,
the pressure acting on the nerve would be reduced to some
degree.
here is a correlation between the experimental animal
observations regarding critical pressures for functional and
nutritional changes in nerve roots under compression and the
measurements of pressure levels among nerve roots in human
cadaveric lumbar spines ater experimental constriction of the
dural sac.
Epidural pressure measurements have been performed,
evaluating the relationship between epidural pressure and
posture.20 It was found that the local epidural pressure at the
stenotic level was low in lying and sitting postures and high
in standing postures. Pressure was increased with extension
but decreased with lexion of the spine. he highest epidural
pressure, 117 mm Hg, was found in standing with extension.
Measurements have also been reported regarding changes in
epidural pressure during walking in patients with lumbar
spinal stenosis.29 he pressure changed during walking with a
wave pattern of increasing and decreasing changes. Such
observations correlate with the previously mentioned experimental observations regarding intermittent cauda equina
compression.19
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the only factor that is responsible for sciatic pain. In 1984 it
was suggested that the disc tissue per se may have some injurious properties.42 It was later conirmed experimentally that
local epidural application of autologous nucleus pulposus in
the absence of mechanical deformation induces signiicant
changes in structure and function of the adjacent nerve roots.43

Biologic Efects of Nucleus Pulposus
In 1993, Olmarker and colleagues43 published a study that
showed that autologous nucleus pulposus can induce a reduction in nerve conduction velocity and light microscopic
structural changes in a pig cauda equina model of nerve root
injury. hese axonal changes had a focal distribution, however,
and the quantity of injured axons was too low to be responsible
for the signiicant neurophysiologic dysfunction observed. A
follow-up study of areas of the nerve roots exposed to nucleus
pulposus that appeared to be normal by light microscopy
revealed that there were signiicant injuries of Schwann cells
with vacuolization and disintegration of Schmidt-Lanterman
incisures (Fig. 7.2).44 Schmidt-Lanterman incisures are essential for the normal exchange of ions between the axon and the
surrounding tissues. An injury to this structure would be
likely to interfere with the normal impulse conduction properties of the axons, although these models’ changes may not fully
explain the neurophysiologic dysfunction observed.
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FIG. 7.2 Seven days after application of nucleus pulposus. Myelinated
nerve iber with prominent vesicular swelling of Schmidt-Lanterman
incisure. Note mononuclear cell (red M) in close contact with nerve iber.
Arrowheads indicate myelin sheath layers outside Schmidt-Lanterman
incisure. A, well-preserved axon; white M, myelin sheath; S, outer Schwann
cell cytoplasm. (Bar = 2.5 µm.) (From Olmarker K, Nordborg C, Larsson K, et
al. Ultrastructural changes in spinal nerve roots induced by autologous
nucleus pulposus. Spine [Phila Pa 1976]. 1996;21:411-414.)

he pathophysiologic potential of the nucleus pulposus was
emphasized further in an experiment using a dog model in
which it was seen that a surgical incision of the anulus ibrosus,
with minimal leakage of nucleus pulposus, was enough to
induce signiicant changes in structure and function of the
adjacent nerve root.45 It has also been seen that epidural
application of the autologous nucleus pulposus within 2 hours
induces an intraneural edema46,47 that leads to a reduction of
the intraneural blood low.47 Histologic changes of the nerve
roots are present ater 3 hours,48 and a subsequent reduction
of the nerve conduction velocity starts 3 to 24 hours ater
application.43,48 he nucleus pulposus may also interfere with
the nutrition to the intraspinal nerve tissue. Ater application
to the dorsal root ganglion, it was found that the intraneural
blood low was dramatically decreased and that there was a
simultaneous increase of the tissue luid pressure.47
Methylprednisolone reduces the pathophysiologic events
of the nucleus pulposus–induced nerve root injury if given
within 24 hours. To establish if the presence of autologous
nucleus pulposus could initiate a leukotactic response from
the surrounding tissues, a study was initiated that assessed
the potential inlammatogenic properties of the nucleus
pulposus.49 Autologous nucleus pulposus and autologous
retroperitoneal fat were placed in separate perforated titanium
chambers and placed subcutaneously, together with a sham
chamber, in the pig. he number of leukocytes was assessed 7
days later for the chambers. he nucleus pulposus–containing
chambers had a number of leukocytes that exceeded the two
others by 150%. In another experiment, autologous nucleus
pulposus and muscle were placed in Gore-Tex tubes subcutaneously in rabbits.50 Ater 2 weeks, there was an accumulation
of macrophages and T-helper and T-suppresser cells in the
tube with nucleus pulposus that persisted the full observation
time of 4 weeks.
Kawakami and colleagues51 showed that neuropathic pain
in an experimental setting seems to be mediated by iniltrating
leukocytes, a inding consistent with the previous observations of neuroimmunologic inlammatory changes and pain.52
In rats made leukopenic by using nitrogen mustard, the pain
response was absent ater application of nucleus pulposus,
whereas normal rats with nucleus pulposus application displayed a pathologic response to stimulation. he same group
also showed that inhibition of cyclooxygenase-2 might reduce
nucleus pulposus–induced pain behavior.53 Taken together,
these data further support the impression that autologous
nucleus pulposus may elicit inlammatory reactions when
outside the intervertebral disc space and that such reactions
may not be restricted to resorption of the herniated tissue
but also may be intimately involved in the pathophysiology
of sciatica.

Nucleus Pulposus and Sciatic Pain
Pain is much more diicult to assess than nerve conduction
in controlled experimental studies. he available literature
indicates that pain may be induced by both mechanical factors
and nucleus pulposus–mediated factors. he role of the
nucleus pulposus in this context is interesting in view of
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patients with obvious symptoms of disc herniation but with
no visible herniation at radiologic examination or surgery.54,55
he potential of nucleus pulposus material to induce pain has
also been indicated in clinical studies that showed that noncontained herniations (the nucleus pulposus was in contact
with the epidural space) were much more painful and had a
more pronounced straight-leg raising test result than contained herniations.56-58
Studies on rats using pain behavior assessment indicated
that the nucleus pulposus is involved in pain production.
Pain behavior in this context refers to response thresholds
to thermal and mechanical stimulation. he role of the
various anatomic components of the nerve root complex for
the production of spinal pain was further elucidated by
Cavanaugh and colleagues31 and Weinstein and colleagues.32
Other studies33 suggest a dose-response relationship between
pain behavior and the amount of nucleus pulposus material
in the epidural space. he combination of nucleus pulposus
herniation and mechanical injury produces pain.33 his observation is consistent with the neuropathologic understanding
of pain and the consequences of combined mechanical and
inlammatory injury to nerve ibers that are superimposed to
increase the number of ibers injured and the corresponding
increase in proinlammatory cytokines.40,41
hese experimental studies on pain behavior suggest that
the presence of nucleus pulposus has sensitized the nerve
tissue. Minor compression of peripheral nerves is not painful,
and touching of a normal nerve root during local anesthesia is
not painful.59 Touching of a nerve root exposed to a disc herniation oten reproduces the sciatic pain, however.59 Although
the combination of a mechanical component and the presence
of nucleus pulposus seems to be a prerequisite to produce
changes in the in vivo situation, more recent neurophysiologic
studies have shown that the mere application of nucleus
pulposus may induce increased neuronal pain transmission.60
he spinal dura mater is known to contain nerve endings,
and stimulation of the dura has been suggested as a mechanism for sciatic pain.42,59,61,62 Irritation or stimulation of the
dura as one important factor for sciatica is an interesting
theory that could explain many clinical features. One may
assume that the dura is segmentally innervated, the sensory
nerves travel in a caudal-lateral direction, and the dura is
drained to the corresponding nerve root by the nerve of
Luschka.63 Stimulation of the dura at a point where dorsolateral disc herniations appear (1 in Fig. 7.3) might be recorded
by the corresponding nerve root. At this location, the irritation
may spread medially to the contralateral segment, producing
bilateral symptoms, or laterally, producing symptoms from
levels above. Similarly, a lateral disc herniation (2 in Fig. 7.3)
could produce symptoms in the lower level.
If the pain of the straight-leg raising test is the result of dura
irritation owing to friction to the herniated mass, one may
consider the phenomenon of crossed straight-leg raising to be
based on simultaneous stimulation of the contralateral dura.
Such a “radiculitis” or “local meningitis” probably could be
regarded as similar to peritonitis. When there is peritonitis,
there is usually a relectory muscle contraction present over
the afected area. An analogue for this local meningitis could
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FIG. 7.3 Suggested area of innervation by one recurrent sinuvertebral
nerve (nerve of Luschka). Disc herniation at location 1 may be recorded by
the same nerve and by the nearby innervation areas, laterally and
contralaterally, as indicated by arrows. At location 2, lateral disc herniation of
disc one level below may afect same nerve root but also root one level
below, located medial to this root, as indicated by arrows. A, Thecal sac; B,
dorsal root ganglion; C, intervertebral disc. (From Olmarker K. The
experimental basis of sciatica. J Orthop Sci. 1996;1:230-242.)

be the relectory ipsilateral contraction of the spinal muscles,
producing the “sciatic scoliosis” or lateral bending of the spine
at the level of herniation.

Other Consequences of Herniated
Nucleus Pulposus
Histologic observations have indicated that nerve root changes
caused by nucleus pulposus are focal and mainly found in the
center of the nerve roots, resembling a mononeuritis simplex
that is induced by nerve infarction secondary to embolism of
the intraneural vessels.43,44 Particularly in view of the work of
Jayson and colleagues64,65 indicating an impairment of the
venous outlow from the nerve roots owing to periradicular
vascular changes, one must consider vascular impairment as
one factor.
he inlammatory components of nucleus pulposus may be
involved in vascular and rheologic phenomena, such as coagulation, and may be involved in nerve root vascular embolism.
It has been observed that the presence of nucleus pulposus
may induce thrombus formation in microvessels.49 Inlammatory mediators may also exert a direct efect on the myelin
sheaths, as indicated by an electron microscopic study of nerve
roots exposed to autologous nucleus pulposus in the pig.44
here were signiicant injuries of Schwann cells with vacuolization and disintegration of Schmidt-Lanterman incisures,
which closely resembles the injury pattern of inlammatory
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nerve disease.66,67 As previously described, epidural application of nucleus pulposus induces an increase of the vascular
permeability and a subsequent reduction of the blood low in
the adjacent nerve roots, which suggests vascular impairment
as being of pathophysiologic importance.
It has also been suggested that because the nucleus pulposus
is avascular and “hidden” from the systemic circulation, a
presentation of the nucleus pulposus could result in an autoimmune reaction directed to antigens present in the nucleus
pulposus and that bioactive substances from this reaction may
injure the nerve tissue.68-75 he work of Li and colleagues76
has demonstrated that there are autoimmune reactions not
only to the disc but also to components from the nerve tissue
that are released as the result of injury, such as basic myelin
proteins. Another study also assessed the presence of immune
complexes in herniated disc tissue obtained at surgery as an
indicator of immunoactivation.77 Immunoglobulin G (IgG)
was found in close relation to the disc cells in herniated disc
material. No IgG was found, however, in the residual disc that
was evacuated at the time of surgery. No immune complexes
were found in control disc material obtained at spine surgery
for other causes than pain.

Chemical Components of Nucleus Pulposus
he nucleus pulposus is composed mainly of proteoglycans,
collagen, and cells.78,79 he proteoglycan component has
gained the most attention and has been suggested to have a
direct irritating efect on nerve tissue.74,80,81 Neither the collagen nor the cells have previously been suggested to be of
pathophysiologic importance. More recent studies of the cells
of the nucleus pulposus have shown, however, that these cells
are capable of producing metalloproteinases such as collagenase or gelatinase and interleukin (IL)-6 and prostaglandin E2
and do so spontaneously in culture.
Substances such as IgG, hydrogen ions, nitric oxide, and
phospholipase A2 have also been suggested to be responsible
for the pathophysiologic reactions.74,82-86 Another substance
produced by the disc cells that has similar pathophysiologic
efects as nucleus pulposus is tumor necrosis factor (TNF)-α.87

Cytokines as Mediators of Nerve Dysfunction
and Pain
TNF is known to be a regulatory proinlammatory cytokine
that has speciic biologic efects and the ability to upregulate
and act synergistically with other cytokines such as IL-1β
and IL-6.88-90 Immediately ater nerve injury, TNF is released
and upregulated by Schwann cells at the site of nerve injury91;
this is followed by release and upregulation of TNF in many
other endoneurial cells, including endothelial cells, ibroblasts,
and mast cells. his local production of TNF is the stimulus
that results in macrophage attraction to the injury site,39
which contributes massively to the concentration of proinlammatory cytokines in the injured tissue. Several studies
have shown that blocking TNF production or delaying the
invasion of macrophages to the site of nerve injury results

in reduced or delayed neuropathologic change and reduced
hyperalgesia.52,92
TNF is known to induce axonal and myelin injury similar
to that observed ater nucleus pulposus application,93-99 intravascular coagulation,100-102 and increased vascular permeability.102 TNF is also known to be neurotoxic96,98,103,104 and to
induce painful behavioral changes93,105 and ectopic nerve
activity when applied locally.94,104 TNF is sequestered in a
membrane-bound form and is activated ater shedding by
certain enzymes. Matrix metalloproteinases (MMPs) are
particularly important in this regard. MMP-9 and MMP-2 are
upregulated immediately ater a nerve injury.106 MMPs process
the inactive, membrane-bound form of TNF and its receptors
to the biologically active form and are directly associated with
breakdown of the blood-brain and blood-nerve barriers.
MMP-9 and TNF receptors are also retrogradely transported
from the site of nerve injury to the corresponding dorsal root
ganglion and spinal cord,107 where they may have a direct role
in gene regulation. his may relate to the observation that cell
membranes of disc cells are suicient to mediate the nucleus
pulposus–induced efects.
TNF induces activation of endothelial adhesion molecules
such as intercellular and vascular cell adhesion molecules,
adhering circulating immune cells to the vessel walls (Fig.
7.4).88,108,109 As a consequence of the TNF-induced increased
vascular permeability, these cells migrate into the endoneurial
space where the axons are located. he cells release their content
of TNF and other cytokines, which may induce accumulation
of ion channels locally in the axonal membranes.110-112 he
channels may allow for an increased passage of sodium and
potassium, which may result in spontaneous discharges and
in discharges of ectopic impulses ater mechanical stimulation. TNF by itself can cause spontaneous electrical activity in
A-delta and C nociceptors.104 Such discharges, whether they
come from a pain iber or a nerve iber transmitting other
sensory information, are interpreted as pain by the brain.
Previous studies have also indicated that local application of
nucleus pulposus may disintegrate the myelin sheath42,43; this is
also a known efect of TNF.113 his injury could also contribute
to the formation of ectopic impulses and to the sensitization
to mechanical stimulus. Experimental and clinical studies
have shown that nerve root compression and disc herniation
can induce increased concentrations of neuroilament in the
cerebrospinal luid.114,115 Increased levels of serum antibodies
against one or more nervous system–associated glycosphingolipids have been shown in patients with sciatica and disc
herniation, indicating a possible autoimmune response.116
More recent work regarding molecular events in the pathophysiology of neuropathic pain has suggested a potential role
of TNF for inducing allodynia.94,117,118 TNF may mediate the
formation of allodynia in the dorsal root ganglion and at the
spinal cord level because of its local upregulation, which
occurs via a positive feedback loop caused by TNF itself. his
cycle seems to be broken by a direct efect of TNF on the
upregulation of antiinlammatory cytokines such as IL-10,
which eventually leads to a reduction of TNF and the physiologic balance of proinlammatory and antiinlammatory
cytokines. Such regulation seems to be induced by mechanical
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FIG. 7.4 Suggested mechanism of action for tumor necrosis factor (TNF). (A) TNF from cells of herniated
nucleus pulposus enters endoneurial capillaries and activates endothelial adhesion molecules. (B) Circulating
white blood cells (WBCs) adhere to vessel walls (1) and extravasate from capillaries out among axons owing to
TNF-induced increase in vascular permeability (2). TNF also induces accumulation of thrombocytes that form
intravascular thrombus (3). (C) There is local release of TNF from extravasated WBCs among axons that induce
myelin injury, accumulation of sodium channels, and allodynia in the dorsal root ganglion (DRG) and at the
spinal cord level. Thrombus, together with edema owing to increased permeability, induces nutritional deicit in
the nerve root. Local efects of TNF and nutritional deicit may induce pain and nerve dysfunction. CAM, cell
adhesion molecule; VCAM, vascular cell adhesion molecule. (From Olmarker K, Myers R, Kikuchi S, et al.
Pathophysiology of nerve root pain in disc herniation and spinal stenosis. In: Herkowitz H, Dvorak J, Bell G, et al,
eds. The Lumbar Spine. 3rd ed. Philadelphia: Lippincott Williams & Wilkins; 2004:11-30.)

injury to peripheral parts of the axons and by a direct efect
of TNF exposure and further enhances the impression that
TNF may be an important mediator of neuropathic pain. TNF
is a potent activator of cells; because it is retrogradely transported from the site of nerve injury to the dorsal root ganglion
and spinal cord, it may be this proinlammatory stimulus that
activates central glia and neurons.107
Apart from directly afecting the endoneurially located
axons, TNF may also indirectly interfere with the axons by
compromising the nutritional transport. TNF can induce
intravascular coagulation ater local application119; this reduces
the local blood low in the intraneural capillaries.54
TNF was found in disc cells and there is evidence that
elevated levels of TNF and its receptor, TNFR1. In herniated
lumbar discs correlated with the chronicity of postoperative
sciatic pain.120 Speciic TNF inhibitors, such as a monoclonal
antibody to TNF (inliximab) and a soluble TNF receptor
(etanercept) can inhibit pathophysiologic dysfunction. It has
been shown that inliximab may attenuate immunoreactivity
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of brain-derived neurotrophic factor and may prevent neurologic and histologic changes in dorsal root ganglion in rats
ater experimental disc herniation.121 More recent studies
reinforce the potential utility of cytokine inhibition in treating
the inlammatory hyperalgesia induced by nucleus pulposus122
and spinal nerve injury.123
Application of certain cytokines to intraspinal nerves may
also increase the somatosensory neural response.124 Discharges
from wide-dynamic-range neurons ater stimulation of a receptor ield of a dorsal root ganglion exposed to nucleus pulposus
increased signiicantly ater application. his increase may be
related to the sensitization of the sensory system caused by
proinlammatory cytokines and the production of low-grade
spontaneous electrophysiologic activity in nociceptors by
TNF,104 which by itself is an important factor that contributes
to sensitization. Administering an antibody speciic for TNF
eiciently inhibited this efect. An in vivo study assessing
changes in spontaneous behavior clearly showed that changes
induced by the combined action of mechanical deformation
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and disc incision were markedly inhibited by intraperitoneal
injection of a monoclonal antibody speciic for TNF.55
TNF seems to be an important mediator for the observed
efects on nerve function and for pain induced by local application of nucleus pulposus. Additional support for this
hypothesis comes from previous work that showed that
blockade of TNF upregulation in macrophages by thalidomide92 and downregulation of TNF by IL-10 administration
reduced the magnitude and duration of hyperalgesia ater
nerve injury. Because cytokine interactions are complex, other
cytokines such as IL-1β and IL-6 may be involved as well.
Because these cytokines are induced by TNF, as well as inducing TNF, their role is complex.
he possible role of brain-derived neurotrophic factor in
nerve root pathophysiology and experimental disc herniation
has been analyzed.125 he appearance and distribution of
macrophages and TNF in the dorsal root ganglion of rats ater
experimental disc herniation and the relationship between
nerve growth factor and pain behavioral changes have been
described.126 It has also been shown that disc-related cytokines
can inhibit axonal outgrowth from dorsal root ganglion cells
in vitro.127

Clinical Use of Cytokine Inhibitors for Treatment
of Sciatica
On the basis of the experimental indings that TNF may mimic
nucleus pulposus–induced nerve dysfunction and pain, pilot
clinical trials regarding the possible use of TNF inhibition
for the treatment of sciatica were initiated. Karppinen and
colleagues128 administered a monoclonal antibody speciic
for TNF (inliximab [Remicade]) to 10 volunteers waiting
for surgery for radiologically veriied disc herniations with
severe sciatica. In this open-label study, inliximab reduced
pain assessed by visual analog scale by 50% at 1 hour ater
infusion. Ater 2 weeks, 60% of the patients were pain free.
At 3 months ater the single infusion, 90% were pain free. No
adverse drug reactions were noted, and no patients required
surgery. A 1-year follow-up129 of the 10 patients treated with
inliximab showed that the beneicial efect of a single infusion
of 3 mg/kg of inliximab for disc herniation–induced sciatica
was sustained in most patients. he authors also noted that
inliximab did not seem to interfere with spontaneous resorption of disc herniations.
Genevay and colleagues130 administered a TNF inhibitor in
the form of a soluble TNF receptor (etanercept [Enbrel]) by
three subcutaneous injections to 10 patients with severe sciatica. he patients had a 70% reduction of leg pain assessed
by visual analog scale 10 days ater starting the treatment. At
6 weeks, the reduction was 83%. he results were statistically
signiicantly better than for 10 patients treated with three
intravenous injections of methylprednisolone.
In one randomized study published by Cohen and colleagues,131 treatment of sciatica by local epidural injections of
the TNF inhibitor etanercept was efective. he investigators
randomly assigned 24 patients with subacute radiculopathy
into three groups each consisting of eight patients. he patients
in each group received either 2, 4, or 6 mg on two occasions,

and two of the eight patients were saline controls. All
etanercept-treated patients had signiicant improvement 1
month ater treatment compared with saline-treated patients
regarding leg and back pain. he efects persisted 6 months
ater treatment in all but one patient. he authors concluded
that “etanercept holds promise as a treatment for lumbosacral
radiculopathy.”131 Genevay and colleagues132 published the
results of a multicenter, double-blind, placebo-controlled trial
on the use of the TNF inhibitor adalimumab (Humira) subcutaneously injected in 31 patients with severe, acute sciatica
caused by disc herniation. Two injections were given 7 days
apart; 30 control patients received placebo injections in the
same manner. he results showed that there was a signiicantly
more favorable evolution of leg pain in the adalimumab group
than in the placebo group, but the efect size was relatively
small. here were twice as many patients in the adalimumab
group who fulilled the criteria for “responders,” and there
were signiicantly fewer surgical discectomies in this group
compared with the placebo-treated controls.
he issue of anti-TNF therapy for human sciatica remains
complex. In spite of encouraging basic science studies in
experimental animals, its eicacy and utility in humans
remains unsettled.133 While there continues to be reports of
positive results in animals and humans,134 a second multicenter, randomized trial by Cohen et al.135 of 84 adults with
lumbosacral radiculopathy revealed only a short-term relief
for some of their patients. Issues of experimental design and
placebo efects complicate the interpretation of the results.
Indeed, this point is emphasized by Williams et al.,119 who
performed a systematic review and meta-analysis of biologic
treatments targeting TNF-α for sciatica and concluded that
there was insuicient evidence to recommend these agents
when treating sciatica. hey concluded, however, that additional studies are warranted.
Taken together, these observations indicate a potential
clinical efect of TNF inhibition in the treatment of sciatica.
It is unconirmed although provocative that early treatment
with TNF inhibition seems superior to late antiinlammatory treatment by nonsteroidal antiinlammatory drugs,
methylprednisolone, or even morphine in many patients. We
suggest that it is more eicient to target the responsible mediators of neuropathic pain early and directly before additional
dysfunction occurs than to treat a patient with conventional
antiinlammatory drugs ater the neuropathic pain state has
fully developed. Sciatica has a neuropathic pain component,
and nonspeciic antiinlammatory medication and morphine
are less eicient in such conditions. Further studies must be
undertaken, however, before any deinite conclusions regarding the eicacy of anti-TNF therapy for the treatment of
sciatica may be drawn.

Summary
he pathophysiology of sciatica is complex, with numerous substances and mechanisms acting at various levels of
the neural axis. hese mechanisms have attracted attention of basic scientists, and numerous studies looking into
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that contribute directly to these pathophysiologic processes.
Epidural application of nucleus pulposus induces structural
and functional changes that relate closely to sciatica. he
nucleus pulposus also sensitizes nerve roots, producing a
painful condition. hese experimental observations correlate
with the clinical impression that preoperative touching of
nerve roots that have been exposed to disc herniation under
local anesthesia reproduces the sciatic pain and that surgical
removal of the mechanical compression of the nerve root oten
relieves symptoms.
he biologic substance of importance in the pathogenesis
of painful radiculopathy seems clearly at this stage of understanding to be TNF-α. he activation and upregulation of this
ubiquitous proinlammatory cytokine produces acute pain and
neuropathologic changes associated with chronic pain states.
TNF stimulates ibroblast scar formation in a vicious cycle
whereby the local presence of TNF stimulates other cells to
upregulate this cytokine. Initiation of this cycle by the leakage
of TNF from herniated nucleus pulposus produces a cascade of
tissue injury, scar formation, and local pain. Superimposition
of mechanical injury to the nerve root in this environment
exacerbates the neural immune insult, causing macrophagemediated wallerian degeneration with signiicant increases in
TNF concentrations. We suggest that these combined events
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and treatment of this common disorder.
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Introduction to Genetics
Genetics has a growing role in the ield of clinical medicine.
Genes are the fundamental make-up of any organism; thus,
understanding what genes and environmental factors contribute to certain disease traits/phenotypes are of interest. By
identifying the mutations in the genes that lead to disease,
focused management such as early detection, targeted therapies, or even disease prevention can be developed.
With genome sequencing and public access to the electronically compiled genome data, the Human Genome Project
allows scientists to identify genes of interest at particular
locations in the genome. his can allow researchers to use a
certain DNA sequence of a particular gene as an initial reference sequence to carry out mutation screening and permit
rapid identiication of genetic markers within or adjacent to
genes of interest. his database of DNA reference sequences
can also help design primers that bind to a certain sequence
of the genome. he available data allow studies regarding
expression patterns in diferent tissues and sequence variations between subjects such as single nucleotide polymorphisms (SNPs).
Many genetic disorders have already been identiied and
stored in the Online Mendelian Inheritance in Man (OMIM)
database. he pattern of how genetic information is passed
through subsequent generations is based on the Mendelian
laws of inheritance. Using modern technology, potential
genetic variants that predispose to disease can be determined.
For spine surgeons, disc degeneration and scoliosis are two
of the most sought ater conditions in terms of genetic background. Both conditions are likely inluenced by multiple
genes and various environmental factors. his chapter aims
to provide clinicians with a basic concept of genetics with
regard to the terminology and principles, with a speciic focus
on disc degeneration and scoliosis. Readers may be able to
equip themselves with a general understanding and thereby
the ability to follow novel literature regarding advances in
genetics.

Chromosomes and DNA
Before discussing genetics and how to determine genetic variations, concepts of chromosomes, DNA, and polymorphisms

need to be understood. Any single human genome is comprised
of 22 pairs of homologous chromosomes with an additional
pair of sex chromosomes inherited from parents. A full set
of chromosomes is also known as diploid and a half set is
known as haploid. Chromosomes are made up of DNA, which
is a nucleic acid that carries genetic material. DNA contains
a super-phosphate with nitrogenous bases. he nitrogenous
bases include base pairs of adenine (A) and guanine (G)—
purines—and cytosine (C) and thymine (T)—pyrimidines.
Each molecule of DNA is comprised of two nucleotide chains
that are coiled in a clockwise fashion to form the double helix.
hese chains have two ends, called the 5′ and 3′ ends, and the
two nucleotide chains run in opposite directions, either from
5′ to 3′ or from 3′ to 5′. Base pairings in these chains are
obligatory A:T and G:C.
he main function of these nucleic acids is coding protein
synthesis. he basic architecture of proteins is comprised of
amino acids, and the order of sequence in which amino acids
are encoded judge the way the resulting protein is formed and
functions. hese proteins are encoded by DNA, and therefore
by its gene. DNA is double stranded, whereas ribonucleic acid
(RNA) is single stranded. In addition to this diference, uracil
(U) replaces T in RNA sequences. Exons are sequences of
DNA that contain coding information, whereas introns are
noncoding sequences. DNA is used as a template to create
RNA in a process known as transcription. As any set of three
base pairs form the codes for an amino acid, the transcribed
messenger RNA (mRNA) encodes the information for a
certain protein with a speciic amino acid sequence that is
imprinted by a certain gene. hrough the transcription process,
the DNA strands separate and act as the template for the
enzyme RNA polymerase II to synthesize nucleotides in the
opposite direction of the DNA template (5′ to 3′ matched to
3′ to 5′). his process will include all introns and exons.
Despite being a noncoding region, introns have regulatory
functions during transcription. Introns are eventually removed
ater splicing; the remaining exons form mature mRNA.
he next stage in protein synthesis is known as translation, which occurs in the cell cytoplasm. he mRNA attaches
to a ribosome; each ribosome moves along the mRNA to
form a matching transfer RNA (tRNA), which will contribute
its speciic amino acid to a growing protein chain until it
reaches a stop codon. Proteins are important for normal
133

S E C T I O N

8

C H A P T E R

Basic Concepts in Genetics and
Intervertebral Disc Degeneration
and Scoliosis

I

134

BASIC SCIENCE

bodily functions, as they regulate diferent mechanisms both
intracellularly and extracellularly.

low-frequency variants. Polymorphisms rarely cause signiicant external efects despite changes in the gene sequence.

Genetic Variations

Terminology and Types of Disease

Despite having pairs of chromosomes, there are variations in
sequencing that distinguish between chromosomes. Variants
on the same location of paired chromosomes are known as
alleles. hey may be homozygous, meaning the same, or heterozygous, meaning diferent. Small variations can exist in
individual nucleotides. Larger variations include microsatellites, deletions, insertions, and copy number variations
(CNVs). All variations can cause signiicant alteration of the
protein structure, thus gene expression and possibly disease
manifestation. However, these genetic variants can be manipulated into a genetic marker for identifying their location on
the DNA sequence. hese markers are important for studying
the causative relationship between a genetic variant and an
inherited disease.
SNPs are particularly of interest, as they are commonly
used for genetic analysis. hey are also commonly found
throughout the genome, comprising up to 90% of the genetic
variants. hey are 1-base pair (bp) substitutions of DNA
sequences that can occur anywhere in the genome. On average,
a SNP may be observed in every set of 300 nucleotides; thus,
there are approximately 10 million SNPs found in the entire
human genome.
Microsatellites or variable number of tandem repeats refer
to repeating short nucleotide sequences. Due to the variable
number of repeats in diferent chromosomes, it is a useful
marker for identifying diferent people. Deletion or insertion
of one or more base changes may lead to signiicant changes
in DNA sequences, thus causing missing or extra amino acids
in any protein chain. A complete change in protein sequence
may result from more than 3 bp of sequence addition or loss.
hese usually cause serious genetic diseases. CNV refers to
large structural variations in DNA sequences. he “copy
number” refers to the number of duplications that occur. CNV
involves duplications of large segments of a certain chromosome that alters one or more genes. Inversions may also occur
as a result of reversal in a segment of chromosome, which may
cause complex genetic diseases.

Genotype is the deinition of the status of two alleles or actual
denotation of the genetic data. In contrast, phenotype is the
observable expression of the subjects’ traits. Diferences in
genotypes contributed by polymorphisms lead to phenotypical variations between individuals. Expression can exist at the
molecular level in the form of protein expression or can be
more clinically notable, such as height diferences and symptoms. As the clinical expression of the disease relies heavily
on the genotype, being able to phenotype a disease carefully
is very important for any genetic analysis. Not all genotypical
diferences may manifest clinically, however, as this relies on
penetrance. Incomplete penetrance may not result in disease,
as the genotype is not fully expressed clinically. hese cases
are considered to be complex genetic disorders in which environmental factors must interact with the susceptibility genes
before developing disease. Many orthopedic conditions—such
as osteoarthritis, disc degeneration, and even scoliosis—are
types of complex genetic disorders. his is in contrast to Mendelian diseases, which are simpler but rarer forms of disease
caused by single gene mutations.1,2 Usually, these are severe
diseases, such as osteogenesis imperfecta. Mendelian diseases
are usually predictable in inheritance patterns.
For complex disorders, meticulous qualitative and quantitative phenotyping is important to classify disease severity.3 For
example, in disc degeneration, most phenotyping relies on
magnetic resonance imaging (MRI) which is used to assess
the disc’s hydration status, any bulging discs or herniation, and
Schmorl’s nodes or endplate irregularities. Qualitatively, whether
there is disc degeneration is evaluated. However, quantitative
evaluation is more important in these complex disorders, as
the phenotype may alter in severity and over time, such as
with the degenerative process. On the MRI, Schneiderman’s
and Pirrmann’s grading describe the signal intensity of the
nucleus pulposus on T2-weighted MRI. Schneiderman’s grading
describes the signal intensity of the nucleus pulposus by four
grades (grade 0 indicating a normal disc and grade 3 indicating
hypointensity with disc space narrowing).4 Pirrmann’s classiication evaluates the homogeneity of disc structure, signal intensity,
distinction of nucleus pulposus and anulus ibrosus, and disc
height by ive grades (grade 0 indicating a homogeneous disc
structure, hyperintense signal, and normal disc height with
grade 5 indicating inhomogeneous disc structure, hypointense
signal, loss of distinction between nucleus pulposus and anulus
ibrosus, and collapsed disc space).5

Mutations and Polymorphisms
Mutations result from permanent damages to DNA or replication errors. he efects are variable: from fatal to only mildly
detrimental. If fatal, these mutations will not be inherited,
thus are very rarely found in the population. For mild cases,
individuals are likely to reproduce and encourage the mutation to be inherited, leading to an increase in prevalence in
the general population. Rare variants are more commonly
researched, as they are more likely to have positive indings in
genetic research and usually are associated with more clinically
relevant diseases. hey are deined as variants with a minor
allele frequency (MAF) of less than 1%. Polymorphisms are
deined as MAF greater than 1%; among these, MAF greater
than 5% are common variants and those from 1% to 5% are

Gene Mapping
Gene mapping must be performed prior to claiming that a
disease is caused by a certain gene. Accurate mapping helps
us understand the etiology and pathogenesis, and identiies
genes that may be manipulated into targeted therapies. he
method for gene mapping works diferently for Mendelian
versus complex diseases. In Mendelian diseases, due to the
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gene to the marker) is tested against the null hypothesis (no
linkage). Sequential recombination rates are performed to
compare the likelihood of either hypothesis. his is known as
likelihood ratio or odds. Using a logarithm to base 10 of this
ratio, the logarithm of odds (LOD) score can be calculated.
he highest LOD score represents the likely distance between
the disease gene and marker.8 LOD is an important parameter
to decide whether a inding is signiicant or not; a score of 3.3
is required to achieve genome-wide signiicance.9 his LOD
score can be strengthened by combining results from diferent
studies with the same disease model.
With linkage analysis, prior knowledge of the position of
the disease gene is unnecessary since it can be determined by
linkage with microsatellite markers. hus, it is most useful in
diseases in which only a small number of genes are involved.
he main limitation is its inability to detect common alleles
without a strong inluence on the disease. herefore, in
common conditions with multiple gene and environmental
contributions, such as disc degeneration, association studies
are preferred.

Linkage Analysis
Preferably, linkage analysis has the greatest yield with large
families and multiple afected members. Genotyping for
microsatellite markers is performed to locate disease genes
that are nearby (Fig. 8.1). he premise of linkage analysis is
that recombination is less likely to occur between the disease
gene and the designated genetic marker since their positions
are nearby, allowing “linkage” of the disease gene with the
marker. In other words, afected members of the same family
are likely to pass on this region of the genome with the disease
gene. If suicient microsatellite markers are available to cover
the whole genome, linkage analysis can help locate the diseased gene even if it is unknown at the outset. However, this
is dependent on the distance between the disease gene and
marker. With a large distance, it is likely that recombination
may have occurred in between. hus, the rate of recombination can help calculate the distance between the diseased gene
and marker used. In general, a 1% recombination rate (θ) is
represented as 1 centimorgan (cM) apart or approximately 1
million bp distance.6,7
One of the main tests used is the parametric linkage analysis, in which the test hypothesis (true linkage of the diseased

Association Studies
Population-based gene association studies aim to identify
alleles associated with a single trait across the population.
Although it is similar to linkage analysis, in that it identiies a
disease gene in subjects with a common ancestry (population
based instead of family based), it assumes that the “linkage”
distance between the marker and disease gene of interest is
extremely close so that recombination over generations would
not afect its position. hus, positive association represents
that a particular disease gene is overexpressed in diseased
individuals as well as underexpressed in normal subjects.
Association studies can be classiied as either direct or
indirect.10 Direct association studies target the variants that
have functional efects, which leads to disease. Although successful identiication of a predisposing allele shows powerful
association, the chance of positive identiication is low. In
indirect association studies, the association between the
marker and disease gene is targeted. his association relies on
the concept of linkage disequilibrium (LD), that is, because

Disease-causing variant(s)

Can be SNP4

SNP4

chr22 (q11.21)

22p13 22p12

p11.2

q11.21

q12.1

12.2

22q12.3

q13.1

q13.2 22q13.31

Or adjacent
FIG. 8.1 SNP4 is the disease-causing variant. In linkage analysis, markers nearby (or adjacent in this igure) to
the disease variant can be easily picked up, as recombination is unlikely to have occurred in between.
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rarity of the contributing gene variations, most are identiied
by studying afected families. Family genetics allow visualization of the mode of inheritance, and can help locate the
position of the genetic variant. Although there are limitations
in this analysis because family members are exposed to similar
environmental factors and may mask some real genetic factors,
examining monozygotic (identical) twins may help analysis
for purely genetic disorders since they should both have
disease. However, if both monozygotic and dizygotic (nonidentical) twins both have similar disease rate (concordance
rate), then it is likely that shared environmental factors are the
major factor instead. In complex genetic diseases, there is
contribution from multiple genes; with their complex interactions with the environment, special mapping designs are
required. For family-based designs, linkage analysis will be
used. For population-based designs, association analysis or
biologically relevant candidate gene analysis are used.
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markers are near the disease gene, they are associated and
thus lead to higher frequency of disease than expected.
Identifying this marker will suggest that a disease-causing
variant is nearby, helping to narrow down the search for the
disease gene.
Association studies can be conducted via a candidate-gene
or genome-wide association type of approach. Candidate-gene
approaches utilize possible disease genes that are previously
identiied or are in relation to the disease pathway and directly
screen the individuals for these disease genes using markers,
which are usually selected SNPs. Genome-wide association
studies (Fig. 8.2) adopt a similar principle as candidate-gene
studies, but, rather than testing for possible single genes, a

SNP mapping of the entire genome is performed. All possible
SNPs are tested for association with the disease by comparing
the frequencies of occurrence between cases and controls.
Conventionally, the threshold for genomewide signiicance
is 5 × 10−8. Technological advancements with the addition
of DNA genechips allow for this scale of study.11 he cost
and time spent to perform these studies are now much more
reasonable.

Newer Technologies
With the advancement in sequencing technologies,12 whole
human genome or whole exon (1%–2% of the human genome)

A

B
FIG. 8.2 (A) Genome-wide association studies pick up all single nucleotide polymorphisms (SNPs) between
cases and controls. (B) Manhattan plots are used to deine which SNPs are signiicant by logarithm to base 10
of the observed P value.
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Interpretation of Results
Using association studies, possible signiicant results may be
generated in the form of direct or indirect association or falsepositive results. Direct association indicates that the genotyped
polymorphisms are the true causal genetic variant leading to
disease. Indirect association indicates that the polymorphisms
are in LD with the true variant. A false-positive result is usually
due to population stratiication, suggesting that diferences in
allele frequency exist between subpopulations of the subject
population, indicating that these individuals are of a diferent
ancestry.
As with all statistical analysis, genetic testing to determine
whether variants are associated with disease susceptibility
requires certain P values. he null hypothesis with regard to
P value is the possibility of no association in genotype distribution between cases and controls. Similarly, this hypothesis
of no association is rejected with a P < .05. Special tests may
be adopted in candidate-gene or genome-wide association
studies since all variants undergo study. Increased falsepositive rates exist with increased hypothesis testing. Bonferroni correction is one of the most common approaches13 in
these studies. he corrected statistical signiicance level is 1/n
times what is expected from only one variant testing. herefore, the signiicance threshold is 0.05 divided by the number
of markers under testing.

Disc Degeneration Genetics
here has been a gradual shit in understanding of disc degeneration from purely a reaction to aging and prolonged
mechanical load to a more complex interaction between
genetics (Table 8.1) and environmental factors.14 Earlier
studies suggest contributions of age, gender, occupation, cigarette smoking, and increased height and weight.15 Using
familial studies, several genetic variants have suggested this
relationship, as young patients may also develop disc degeneration.16,17 In addition, a familial link can be generated due to

similarities (26%–72%) found between identical twin pairs.18
With analysis of monozygotic twins, up to 61% of the genetic
variance can be explained by familial aggregation with only
limited (16%) contribution by age and mechanical loading.19
Subsequent twin studies suggest that 74% of disc degeneration
is heritable ater adjustment for age, body weight and height,
smoking, occupation, and degree of physical exercise.20
As compared to spine deformity, in which the phenotype
is clear, disc degeneration is overall more subjective for diagnosis (Fig. 8.3). here is a wide range of symptoms, severity,
and presentations, with particularly complex MRI features
including loss of nucleus pulposus signal intensity, disc herniation and bulging, endplate irregularities and Schmorl’s
nodes, osteophyte formation, and disc space narrowing, Modic
changes, and high-intensity zones. Some very young individuals may develop severe disc degeneration, while some of the
elderly may have normal discs. Clinical presentation is especially variable as not all individuals with “black” discs develop
back pain.
Despite evidence of heritability suggested by studies
of twins, limited validation studies exist for the identiied
common variants. Considering the substantial population
with disc degeneration, causality is still unclear with many
unknown common variants still requiring identiication. Most
of the current studies focus around candidate-gene analysis
with common SNPs. However, there is an increasing interest
in rare variants due to their role in complex diseases.
Via linkage study, a novel susceptible variant in carbohydrate sulfotransferase 3 (CHST3) is found to be associated
with early-onset disc degeneration.21 his is accomplished by
genotyping candidate regions on chromosomes 1, 5, 8, 10,
and 20. A follow-up epigenetics study detected a reduction
in expression of CHST3 mRNA in intervertebral disc cells
of individuals carrying the A allele of the SNP rs4148941.
By understanding the biologic pathways leading to the disc
degeneration phenotype, probable candidate genes can be
used to identify possible disease variants. he extracellular
matrix is an integral part of the disc architecture; thus, genes
encoding structural proteins including collagen and aggrecan are good candidate genes to analyze with regard to disc
degeneration.
he vitamin-D receptor (VDR) has been most commonly
replicated in diferent population cohorts, thus is the most
robust of all associated genes under study. A Finnish twin
study22 irst identiied TaqI and FokI polymorphisms manifesting as reduced signal intensity of the disc on MRI. TaqI
has been replicated in a Japanese cohort23 and a Chinese
population-based study.24 he next stage of functional validation has yet to be performed, however. he expression of this
variant is likely extracellular matrix alterations.25
he gene ACAN encodes aggrecan, which is responsible
for maintaining disc hydration as it is the major proteoglycan
contributing to the cartilage and nucleus pulposus structure
of the intervertebral disc. Variable number tandem repeats
in ACAN is associated with disc degeneration in a young
Japanese cohort,26 which has been replicated in the Han
Chinese,27 Korean,28 and Turkish29 populations. A greater risk
of symptoms has been observed in smokers (odds ratio [OR]
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sequencing is becoming more afordable and feasible. his
allows assessing of all DNA variations in the genome, such
as CNVs instead of only SNPs or microsatellites. Exome
sequencing is used for sequencing the protein-coding genes
in a genome. hus, only the DNA that encodes for proteins
is sequenced. his technique is a simpler approach to rare
variants. Since diseases are caused by these rare variants,
targeting the protein coding sequence usually has a high
yield for identifying the causative variants. Because of this, an
understanding of the clinical implication of the disease and
the protein sequence that is defective is required. his is in
contrast to whole-genome sequencing, which determines the
entire DNA sequence of an individual’s genome. More than
95% of the genome is thus genotyped, allowing information
on the individual’s genetic susceptibility to diseases to be
generated. Despite its wide coverage and reduced cost with
technological advancements, it is still comparably the most
expensive sequencing technique.
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TABLE 8.1

Genetic Variants for Disc Degeneration

Gene

Protein

Cohort/Study Population Size (N)

Variant

ACAN

Aggrecan

Japanese (64)
Chinese (132)
Korean (104)
Turkish (100)

Variable number tandem repeats

ASPN

Asporin

Japanese (1353)
Chinese (1055)

D14 allele

3

CHST3

Carbohydrate sulfotransferase 3

Japanese (23,136) Chinese (6088)
Finnish (6069)

rs4148941

21

CILP

Cartilage intermediate layer
protein

Finnish (538)

rs2073711

46

COL11A1

Type XI collagen

Japanese (1852)

rs1676486

30

COL1A1, COL1A2

Type I collagen

Dutch (517)

rs1800012

35

COL9A2

Type IX collagen

Finnish (966)
Chinese (804)

Trp2

31
32

COL9A3

Type IX collagen

Finnish (492)

Trp3

33

GDF5

Growth diferentiation factor

Northern European (5259)

rs143383

38

IL6

Interleukin 6

Finnish (538)

rs1800795
rs1800797

46

MMP1

Matrix metalloproteinase-1

Chinese (691)

–1607 promoter (G to D allele)

40

MMP2

Matrix metalloproteinase-2

Chinese (480)

–1306 promoter (T to C allele)

41

MMP3

Matrix metalloproteinase-3

Japanese (109)

MMP-3 promoter (5A5A and 5A6A)

42

MMP9

Matrix metalloproteinase-9

Chinese (859)

–1562 promoter (C to T allele)

43

PARK2

Parkin (E3 ubiquitin ligase)

Northern European (4600)

rs926849

47

SKT

Sickle tail

Japanese (1758)
Finnish (538)

rs16924573

45
46

THB2

Thrombospondin-2

Japanese (1743)

rs9406328

44

VDR

Vitamin D receptor

Finnish (85 twins)
Japanese (205)
Chinese (804)

TaqI, FokI
TaqI
TaqI

22
23
24

= 4.5), suggesting further interactions with environmental
factors.
Collagen is another structural protein that has been commonly studied. Type XI collagen encoded by COL11A1 (SNP:
rs1676486; T-allele) has been suggested in a Japanese study to
be associated with disc herniation and sciatica due to destabilizing mRNA.30 Trp2 allele is a rare mutation of COL9A2 (type
IX collagen) and is suggested to be a disease-causing mutation
in a Finnish family linkage study.31 his association is replicated in the Chinese population, in which its frequency is even
higher.32 Trp3 is another variant suggested to be causative in
a Finnish population,33 but is not replicated in the Chinese32
or Southern European34 cohorts. COL1A1 and COL1A2 are
two genes encoding collagen type I, and a SNP (rs1800012) is
identiied to be associated with disc degeneration.35 However,
no large-scale study has replicated these results.
Other degeneration phenotypes, such as osteoarthritis,
may have similar variants as disc degeneration. For example,
associations with the gene ASPN (Asporin) have been observed
in Asian cohorts.3 Asporin is an extracellular matrix protein
that contributes to knee osteoarthritis. Growth diferentiation
factor (GDF5) is also a commonly used candidate gene for

Reference
26
27
28
29

osteoarthritis36 as it is important for joint formation,37 but
has also been shown to lead to disc degeneration. A SNP
(rs143383) is related to disc space narrowing and osteophyte
formation.38 In a meta-analysis with regard to rs143383, a
signiicant association can be detected among women for this
phenotype.38
Matrix metalloproteinases (MMPs) are important proteins
that are expressed in intervertebral discs. hus, MMPs have
increased enzymatic activity and increased expression in
degenerated disc cells.39 MMP1, MMP2, MMP3, and MMP9
have been linked to disc degeneration. In a cohort of Southern
Chinese subjects, the signiicance of the MMP1 variant is
found only in subjects older than 40 years.40 A signiicant
SNP located at the promoter region of MMP2 is associated
with severe disc degeneration.41 Polymorphisms of MMP3
may lead to the onset and progression of disc degeneration.42
Finally, for MMP9, a SNP at the promoter region may also
be associated with disc degeneration.43 All of these indings
are in Asian cohorts and have yet to be replicated in other
ethnicities.
hrombospondin-2 genes (THBS2) have also been studied
in Japanese cohorts as possible candidate genes. A signiicant
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FIG. 8.3 Importance and variations in phenotypes observed in disc degeneration. The left T2-weighted
magnetic resonance image (MRI) shows a relatively normal phenotype with signal intensity of the nucleus
pulposus. The center MRI shows multiple discs with loss of signal intensity and disc height, bulging and
high-intensity zone anteriorly at L4–L5. The right MRI shows discs with normal signal intensities but multiple
endplate irregularities and Schmorl’s nodes.

SNP (rs9406328) has been proposed44 to be related to regulation of MMP expression in the disc. he combined efects of
THBS2 and MMP9 variants amounts to an OR of 3.3 for disc
degeneration.44
Sickle tail (SKT) gene polymorphisms have been analyzed
in a Japanese cohort.45 Here, a signiicant SNP (rs16924573)
observed has been replicated in the Finnish population.46 he
risk of lost signal intensity at the nucleus pulposus and the
SKT SNP has been established (OR = 0.27 [95% CI, 0.07–0.96],
P = .024).46 However, further functional studies of this relationship are required.
A recent large-scale (4600 subjects) genome-wide association study of a Northern European cohort suggests that the
SNP (rs926849) of the PARK2 gene (P = 2.8 × 10−8) is also
associated with disc degeneration.47 Polymorphisms have also
been found for CILP (rs2073711) and IL6 (rs1800795 and
rs1800797) genes via association study.46
From the summary of genetic studies with regard to lumbar
disc degeneration, many genes have been reported, but just a
few have been replicated with diferent cohorts and ethnicities.
A systematic review of disc degeneration association studies14
suggests that most of the reported studies have only a weak
level of evidence. It is thus likely that cross-cohort validations
are required in subsequent studies to raise the signiicance of
reported results.

Scoliosis Genetics
Early-Onset Scoliosis and Congenital Scoliosis
Early-onset scoliosis (EOS), according to the Scoliosis
Research Society, is a lateral curvature of the spine that is
diagnosed before the age of 10. hus, any diagnoses can fall
under this category including neuromuscular, syndromic,
congenital, and idiopathic scoliosis. With regard to idiopathic
scoliosis, both infantile (ages 0–3 years) and juvenile (ages
4–10 years) idiopathic scoliosis are considered EOS. Due to
the variable presentations of EOS, little evidence is available
in regard to their inheritance. For idiopathic scoliosis, subjects
that are younger commonly are boys as compared to older age
groups, in which girls are more commonly afected.48 Olderonset scoliosis, in particular, has a higher incidence among
relatives.
he occurrence of congenital scoliosis is usually sporadic,
with an incidence of 0.5 to 1 per 1000 live births.49,50 Its etiology is likely to be multifactorial, with contributions from both
genetic and environmental factors. Vertebral anomalies may
arise from the fetal development with mothers exposed to
environmental factors such as hypoxia, hyperthermia, carbon
monoxide, and alcohol exposure.51 Gestational hypoxia, in
particular, has been shown to potentiate abnormal ibroblast
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TABLE 8.2

Genetic Variants for Congenital Scoliosis

Gene

Function

Cohort/Study Population (N)

Variant/Location

JAG1

Notch signaling pathway

Reference

United States (4 families)

Chromosome 20p12

58

PAX1

United States (48)

Chromosomes 20, 21

64

DLL3

United States (50)

Chromosome 19

63

United Kingdom (3 families)

Chromosome 19q13.1-q13.3

57

China (254)

rs2289292 rs3809624

62

T-box 6

TBX6

TABLE 8.3

Genetic Variants for Adolescent Idiopathic Scoliosis

Linkage

Cohort/Study Population (N)

Reference

Chromosomes 6p,10q,18q

United States (1 family)

72

Chromosome 19p13.3

Chinese (7 families)

73

Chromosome X

United States (202 families)

75

Chromosomes 5p13, 13q13, 13q32

United States (7 families)

76

Chromosome 17p11

Italy (1 family)

77

Chromosomes 9q31.2-q34.2, 17q25.3-qtel

United States (10 families)

78

Gene

Protein

Cohort/Study Population (N)

Variant/Location

Reference

CHD7

Chromodomain-helicase-DNA-binding
protein 7 (also associated with CHARGE
syndrome)

France (10)
United States (52 families)

Intron 2
Exons 2–4
Chromosome 8q12

79
80

MATN1

Matrilin 1, cartilage matrix protein

Italy (81 families)

Chromosome 1p35

81

MTNR1b

Melatonin receptor 1B

Chinese (1465)

rs4753426

82

Xbal

Estrogen receptor

Japanese (304)
Chinese (376)

Chromosome X

85
86

CHL1

Neural cell adhesion molecule L1-like protein
(Robo3 related)

United States (419 families)

rs1400180
rs10510181

89

LBX1

Ladybird homeobox 1

Japanese (1376 families)
ICSG (6 Asian, 3 non-Asian cohorts)

rs11190870

90
93

GPR126

G protein–coupled receptor 126

Japanese (1819 cases)

rs6570507

94

ICSG, International Consortium for Scoliosis Genetics.

growth factor (FGF) signaling in mice, which thus develop
congenital scoliosis.52
he phenotype of congenital scoliosis includes vertebral
and rib malformation caused by failure of segmentation or
formation in utero. Overall, the genetic understanding (Table
8.2) of this condition is still limited, with only a few signiicant
association studies performed. Complex interactions between
the signaling pathways such as FGF, Wnt, and Notch, occur in
the embryo to form vertebral bodies from somites.53 Various
notch pathway genes. including MESP2,54 LFNG,55 and HES7,56
have been identiied to trigger normal somite segmentation
and vertebral development in mice. Any mutation in these
genes alters the pathway of vertebral development and may
lead to anomalies. he association is more complex in humans
due to the less predictable vertebral and rib malformations.
Several gene variants of the Notch pathway have been identiied in spondylocostal dysostosis57 and Alagille syndrome.58,59
However, the actual gene and protein mechanisms responsible
for the phenotype representation are still unknown; thus,
these mutations may not be the sole contributory element. Via
animal studies, several human candidate genes from the Wnt,

FGF, and Notch signaling pathways have been identiied.49,60
PAX1, DLL3, and TBX6 are candidate genes that have been
studied using association analysis.61–65 One study on Han
Chinese subjects comparing patients with congenital scoliosis
with normal spines yielded two SNPs of the TBX6 gene
(rs2289292 and rs3809624) to be in strong LD (LOD = 57.48),
suggesting that these rare variants play important roles in the
development of congenital scoliosis.62

Adolescent Idiopathic Scoliosis
As compared to EOS, adolescent idiopathic scoliosis (AIS)
involves patients older than 10 years of age. AIS usually
involves girls and with right-sided thoracic involvement
instead of the opposite in early-onset idiopathic scoliosis.
It is the most common pediatric spinal deformity, afecting
2% to 3% of children.66 here is an adequate sampling for
genetic studies (Table 8.3) as shown by more research in this
area as compared to EOS. Original twin studies supported a
genetic etiology in AIS.48,67 Within AIS families, the disease
characteristic may difer and may not afect every generation.
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Several contributing variants have been detected by linkage
analysis. However, detecting disease genes related to AIS
remains limited. Complex genetic disorders such as AIS are
expected to be associated with multiple gene variants with
only moderate efects of each. In view of this, linkage analysis
may be limited in detection of all genes, and association
studies may have better success.88 In addition to larger sample
sizes to obtain signiicant indings, identiied disease genes
require veriication in other populations and ethnicities.
Using genome-wide association studies, several recent
indings are worth mentioning. he SNPs (rs10510181) near
the CHL1 gene89 and (rs11190870) near the LBX1 gene90 have
been identiied and replicated in the Chinese population.91,92
Several Asian and non-Asian cohorts have also veriied
rs11190870 in a meta-analysis and yielded P values of 1.22 ×
10–43 for both genders and 2.94 × 10–48 for females.93 his is
the irst susceptibility locus for AIS that is replicated in several
populations. A third signiicant SNP (rs6570507) has also
been detected in a Japanese population to exist in the GPR126
(encoding G protein–coupled receptor 126) gene, which has
been replicated in Chinese and European cohorts.94 hese
SNPs are suggested to have ORs of 1.2 to 1.4 for AIS susceptibility. hese association studies are now the go-to method
for identifying gene variants; further studies are expected to
be generated in a similar manner.

Conclusions and the Future
his chapter is an introduction into the ield of genetics. It acts
as a basic guideline for clinicians to understand the genetic
jargon and available evidence with regard to genetic susceptibility genes identiied for disc degeneration and scoliosis.
Numerous genetic studies have been carried out to locate
susceptibility genes responsible for development of lumbar
disc degeneration and scoliosis. As both are complex diseases,
studies have identiied multiple gene interactions as well as
diferent risk patterns according to exposure to environmental
factors such as aging and smoking for disc degeneration. With
increasing demand and interest for higher-level genetic
studies, the advancement of genotyping and sequencing
technologies have followed suit, with the more complex and
stronger association studies and exome-sequencing methods.
Due to these advances, better understanding of complex
disorders is possible.95 However, there are still signiicant limitations in our current understanding. Very few of the susceptible genes are replicated, and many of their functions are
unknown. Before functional studies can be performed by
testing gene knockout in animal models, larger sample sizes
with cross-validation of diferent cohorts are necessary to have
a more accurate evaluation of possible genetic variants to
avoid testing incorrect and false-positive polymorphisms.
hus, multicenter and multiethnic genetic studies with international collaborations are inevitable to produce results of
higher signiicance. To ensure standardization among research
groups, phenotypes should be deined properly with good
reliability of assessment. In addition to the study phenotypes,
gene–gene and gene–environmental interactions must be
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Similar to other spinal deformities, it is a complex trait that
likely involves more than one gene.
In a further assessment of AIS family history, one study
found that 97% of AIS patients have familial origins.68 he
genes that contribute to AIS are likely to exist with diferent
types of expression and penetrance, which explains why some
subjects have more lorid phenotypes than others despite
sharing a similar gene pool. his suggests that only up to 30%
male and 50% female carriers of the disease variant develop
more pronounced scoliosis.69
Based on family studies, linkage analysis and association
studies are conducted to identify the disease susceptibility
genes. Previous reviews on familial AIS genetics have been
published70,71 with identiication of signiicant linkage regions
speciically located on chromosomes 6, 10, and 18. Large
family genetics showed the highest LOD score on chromosome 18.72 his prompted further study into AIS families,
which found a plethora of susceptibility areas in the genome
that might give rise to scoliosis. Some found linkage areas with
a LOD score of 3.63 on chromosome 19p13.3.73 his region
was veriied in a subset of families with probands having Cobb
angles of 30 degrees or greater.74 Others reported the X chromosome with a maximum LOD score of 1.6975 and speciically
kyphoscoliosis to be associated with linkage at chromosomes
5 and 13.76 Other positive indings were observed with marker
D17S799 (LOD 3.20) in a three-generation Italian family,77
and linkage at marker D9S2157 of chromosome 9q (LOD
3.64) and at marker AAT095 of chromosome 17q (LOD 4.08)
in the British population.78
Overlap of genes associated with congenital abnormalities
is also observed in AIS subjects. he CHD7 gene has been
found to be associated with CHARGE syndrome during gene
mapping.79 he CHD7 gene is known to be expressed in undifferentiated neuroepithelium and in neural crest mesenchymal
cells. It is found in the dorsal root ganglia, cranial nerves, auditory area, pituitary area, nasal tissues, and neural retina near
the end of the irst trimester. Gao et al.80 identiied an A to G
SNP in intron 2 of the CHD7 gene that disrupted a transcription factor binding site associated with late-onset idiopathic
scoliosis. Resequencing of the CHD7 gene veriied potential
functional polymorphisms that may disrupt this transcription
factor binding site, suggesting an etiologic overlap between
CHARGE syndrome and idiopathic scoliosis.80
Using genome-wide association studies, several genes have
been identiied as potential susceptibility genes. An allele of a
microsatellite marker in the MATN1 gene is overtransmitted
from parents to afected probands, suggesting a link to familial
idiopathic scoliosis.81 Using a chicken pinealectomy model,
melatonin deiciency is observed as a possible disease mechanism for AIS. he melatonin receptor 1B (MTNR1B) has also
been identiied as a possible candidate gene in a study on
Chinese AIS subjects.82 A “C-C” genotype with a promoter
SNP (rs4753426) signiicantly increases the risk of AIS (OR,
1.29). hese results, however, are not veriied in Japanese and
Hungarian cohorts.83,84 he Xbal polymorphism of the gene
encoding the estrogen receptor has been linked to curve severity.85 Although this association is observed in a Chinese
dataset,86 this has not been replicated in other studies.87
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assessed and accounted for during analysis. his is a necessary
process for all complex genetic diseases.
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For the latter half of the 20th century, problems with back pain
and degenerative conditions were thought to be primarily a
result of excessive loading and the cumulative efects of
physical demands on the back. hus, injury and “wear-andtear” models were commonly used to explain degenerative
conditions and back pain.1 Accordingly, prevention focused
on ergonomic interventions, education in proper liting and
other strategies aimed at decreasing daily loading of the spine,
particularly through workplace safety and health initiatives.2
However, over the past few decades, a dramatic shit has
occurred away from this view such that degenerative conditions, such as disc degeneration and lumbar spinal stenosis,
are now thought to be substantially driven by genetic factors.3,4
While environmental factors are also important, exposure to
heavy materials handling and other physical demands that
were once believed to be the primary risk factors appear to
have relatively modest efects overall. Twin studies have been
major contributors to this shit in how common degenerative
spinal conditions are viewed.
his chapter briely reviews some of the highlights of what
has been learned about common degenerative conditions
through twin studies. Many examples come from the Twin
Spine Study, a research program spanning more than 2 decades
utilizing the Finnish Twin Cohort,3 and projects utilizing the
TwinsUK registry,5 which have been long-standing contributors in the area. Chapter 8 focuses speciically on genotypes
suspected of inluencing risk of various common spinal disorders and the biologic mechanisms through which they may
act. his chapter concentrates on the contribution of twin
studies to elucidating overall genetic versus environmental
inluences.

Twin Studies
Many traits, conditions, and diseases run in families; therefore,
family history is oten assessed in the work-up of a patient.
However, families share not only genes but also many aspects
of the environment (here deined very broadly as all nongenetic inluences, be they physical, chemical or microbiologic
agents, lifestyle factors, or psychosocial inluences). hese

nongenetic environmental inluences are more important
during the time that family members share a common household, that is, during childhood and adolescence, but these
inluences can be maintained either socially or even through
epigenetic mechanisms. If we study nuclear families (parents
and children), we can observe familial aggregation but cannot
be conident in ascribing where it arises from—is it common
genes, shared exposures and experiences, or both? Naturally,
there may be opportunities to conduct experiments (in animal
models) or even interventions/ield trials in humans to resolve
this, but for many putative causes of disease, such experimentation is not possible logistically or ethically.
One approach to provide more insight into the relative role
of genetics versus environment is the study of twins. Two types
of twinning exist. First, monozygotic (MZ; early division of
the zygote into two individuals) twins share the same genomic
sequence and hence are genetically identical, thus oten called
identical twins. However, external inluences act in them in
utero and postnatally; thus, they can be and are to some degree
phenotypically diferent from one another. Dizygotic (DZ)
twinning arises from the release and fertilization of two eggs.
DZ twins are genetically full siblings and oten called nonidentical, or fraternal, twins. Both twinning types result in a twin
pregnancy with birth of the two individuals at the same time.
For more than 100 years, the realization of two types of
twins has led to comparison of the similarity of MZ versus DZ
twins to provide information about the contribution of genetic
factors. If MZ and DZ twin pairs are overall more similar than
two individuals chosen at random from the same population,
this result, like those from other types of family studies, is
evidence for familial aggregation and familial inluences on
the trait being studied. If there is no diference in the average
similarity of MZ versus DZ cotwins, this speaks to primarily
nongenetic family inluences giving rise to familial resemblance and suggests the absence of genetic inluences. If there
are genetic inluences, then MZ twins would be expected to
resemble each other for the trait in question more than DZ
twins, as MZ twins share the same genomic sequence and DZ
twins share only 50% of their segregating genes, on average.
For a trait that is due to multiple genes, each of quite small
efect, the similarity of MZ twins is expected to be twice that
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of DZ twins. If assessed as correlations, the expected genetic
correlation of MZ pairs is unity (1) and that of DZ twins is
0.5. his has been found to be the case for multiple traits, a
prime example of this being height. Such efects are additive
across all contributing loci and each risk allele contributes
equally in both heterozygotes (i.e., carrying one risk allele)
and homozygotes (carrying two risk alleles having twice the
efect size compared to heterozygotes). his source of variation in the phenotype is known as additive genetic variance
(A). Extensive reviews of twin study designs and modeling
approaches are available elsewhere.6,7
Genetic efects may also be due to dominance, that is, the
sum of all nonlinear efects of alleles at a locus, in which the
heterozygote phenotype value deviates from the midvalue
predicted from the two homozygotes. he genetic correlation
relecting dominance efects is unity in MZ but only 0.25 in
DZ pairs; this gives rise to genetic variance due to dominance
(D). Finally, there may be gene-gene interactions or epistasis
afecting phenotypes.
Nongenetic variance in a trait is divided into that shared
by the twin siblings, that is, those experiences and exposures
that make them similar, termed environmental efects in
common (C) and those that are not shared; that is, unique to
each twin (E). hese are distinguished by whether the efects
of the experiences and exposures are shared and have equal
efects on both twins, not by the actual environmental factor.
hus, if both twins exercise extensively and that has efects on
back pain, for example, that will create common (C) efects on
back pain, but if only one twin does so, this will result in a
contribution to unique environmental efects (E).
Based on these expectations, it is possible to model data
from MZ and DZ twin pairs, to derive estimates of the relative
contribution of genetics, and thus estimate the heritability of
a trait. he latter is deined as the proportion of total variance
for a trait accounted for by genetic factors, typically additive
(A), but sometimes the overall genetic variance A+D. Of note
is that A efects are transmitted from one generation to the
next, but D efects are not. he current statistical approaches
to modeling permit evaluation of which models best account
for the observed variance in a trait, providing the best statistical it. hus, we can evaluate which of several models its the
data when a single trait is looked at. he simplest model is
unique environment only (E), thus rejecting all evidence for
familial efects. As measurement error and random efects are
part of E, E is included in all more complex models. An AE
model would specify that the pattern of twin similarity in MZ
and DZ models its a polygenic additive model, with no shared
environmental efects (C) and no genetic efects due to dominance (D). Alternative models CE, ACE, and ADE can also be
speciied and tested. By comparing the it of two models, such
as ACE and AE, one can decide whether shared environment
(C) efects are statistically compelling. he broad sense heritability or overall genetic inluences from both A and D will
be primarily reported from the so-called “classic twin studies”
included in this chapter.
he statistical models and sotware to run such models
have developed greatly in the past 30 years. At present, many
types of multivariate and longitudinal models based on twin

data are possible. Multivariate models permit answering questions about the degree of shared genetic or environmental
efects across related traits. Such an example is our analysis
of the genetic correlation of back pain and MRI-assessed disc
degeneration.8 Likewise, the longitudinal stability and change
of genetic efects can be assessed. In other words, are the same
genetic efects present in disc degeneration when assessed 10
years later, as the participants have aged? While genes do
not change in structure over time, their expression and activity do, resulting in possible novel genetic efects as people
develop and age. Finally, these models permit assessment
of gene-environment interactions, asking whether a known
exposure modiies the impact of genetic variation. An example
is the well-replicated inding that physical activity bufers
the impact of genes on obesity; among sedentary persons,
genes account for a much larger fraction of variance in body
mass index (BMI) than among physically active persons. his
observation from twin studies9 has now been extensively corroborated using measured genotypes associated with BMI.9a
hese designs have not yet been extensively used in back
pain studies.
All of the aforementioned models target primarily the
estimation of familial aggregation and the contribution of
genetic and shared environmental efects. here is a massive
twin literature on this topic summarized in a recent review
article.10 Nearly all studied traits have some degree of genetic
inluence.
When studying the association of a putative risk factor or
exposure on an outcome, such as back pain, the association
may be causal, that is, implying that reducing the risk factor
would lead to a reduction in back pain. Alternatively, it can be
due to confounding. Measurement of known confounders and
adjustment for them in statistical models has been the standard approach in observational epidemiology, be they cohort
or case-control studies. However, not all confounders are
known or measureable. Genetic factors underlying back pain,
as shown by the studies in this chapter, may be shared with
genetic efects on the risk factor. hus, the association of
smoking with disc degeneration may be causal (and there are
plausible biologic explanations for that) or it may be accounted
for by confounders, known and unknown. As smoking itself
is, in part, heritable and genes for various aspects of smoking
behavior have been identiied,11 there is potential for confounding due to shared genes.
Study designs that adjust for genetic variation made possible by the study of twins are exposure-discordant and
matched case-control designs to study nongenetic efects. As
MZ twins share the same genomic sequence, all diferences
between the twins arise from nongenetic causes. If we can
identify twin pairs in which one smokes and the other does
not (exposure discordant), then a test of the causal hypothesis
of the association between smoking and back pain would be
to study back pain in a suiciently large number of such pairs
discordant for smoking. If the MZ cotwins who are smokers
have signiicantly more back pain than their cotwins who do
not smoke, strong evidence would be provided to support a
causal hypothesis. he design controls for genetic background
and for sex and age efects as well as the exposures that both
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Critical Importance of Phenotype
It is the observable trait (e.g., lumbar spinal stenosis, disc
narrowing, and chronic low back pain), referred to as the
phenotype, that we are trying to better understand through
whatever genetic or other research is being conducted. hus,
a clear, well-conceptualized case deinition is critical, yet oten
neglected. Inadequate phenotype deinitions or descriptions
can lead to an incorrect interpretation of results and inability
to replicate indings. his problem became very apparent
when a simple literature search was performed to identify gene
association studies of “disc disease.”29 Deinitions of phenotypes under the rubric of “lumbar disc disease” varied greatly,
ranging from “discogenic sciatica” with severe, unilateral pain
radiating from the back to below the knee to a loss of disc
signal observed on magnetic resonance imaging (MRI)
regardless of back pain history. Phenotypes of “degenerative
disc disease” also lacked consistency in the underlying concept,
varying from observations of disc signal loss, narrowing or
bulging irrespective of history of back symptoms, to a diagnosis of degenerative disc disease for chronic low back pain for
which spine surgery was planned.29 Such widely varying, disparate phenotype deinitions reveal underdeveloped clinical
concepts (e.g., degenerative disc disease) that are the root of
much miscommunication and misunderstanding. his
problem is receiving long overdue attention; there are several
international groups currently working toward consensus of
broad underlying concepts and associated phenotype deinitions of prevalent spinal conditions to create a common language to move the ield forward. Furthermore, agreement on
phenotype deinitions would greatly facilitate the search for
associated gene variants, as very large subject samples are
needed, typically requiring meta-analyses across studies to
conidently identify associated genes.
Phenotype measurement accuracy and precision are also
important in all studies, including twin studies, as inaccurate
measurements dilute or mask true associations. A couple of
examples of this come from twin studies. For example, with
respect to smoking, when nicotine intake was of interest and
the associated phenotype was deined as the reported number
of cigarettes smoked per day, the most strongly associated
single nucleotide polymorphism within a cluster of three nicotinic acetylcholine receptor genes accounted for only 1% of the
variance in nicotine intake. However, the variance explained
by the single nucleotide polymorphism increased nearly
ivefold when the phenotype was deined using cotinine, a
more accurate biomarker of nicotine intake.12 Some discrepant
indings related to the heritability of disc degeneration, as
indicated by disc signal loss on MRI, may have their roots in
a similar problem. When deined by a four-point qualitative
score, disc signal loss was not found to be heritable in a classic

twin study of English and Australian women.13 However,
when using a more precise quantitative, continuous MRI
measure of disc signal, disc desiccation was found to be substantially heritable (30%–54%) in a classic twin study of
Finnish men.14

Genetic Versus Environmental Inluences
on Lumbar Degenerative and
Pathoanatomic Findings
Disc Degeneration
High suspicions of substantial genetic inluences are oten
raised when traits are observed to be much more similar
within family members than would be expected by chance.
Such was the case for disc degeneration. While there had been
a number of previous case reports documenting high degrees
of similarity in disc degeneration within family members,
it was two studies of independent samples of Finnish male
monozygotic twins in 1995, one with 20 pairs and the other
116 pairs, which provided strong evidence of familial aggregation suggesting that disc degeneration may be much more
genetically determined than previously thought (Fig. 9.1).15
Not only were the lumbar spines of the cotwins morphologically similar, as might have been expected, they were also
similar in terms of the degree, type, and location of qualitatively assessed degenerative indings (e.g., disc signal loss,
narrowing, and bulging) on MRI. he suspicion that the similarities observed may have been largely due to genetic inluences rather than shared environmental inluences was
heightened as exposures to the main suspected environmental
risk factors explained very little of the variance in disc degeneration or the high degree of cotwin similarities.
Later, heritability, or the proportion of population variance in a trait or disease accounted for by interindividual
genetic variation, was estimated for various disc degeneration
phenotypes using a classic twin study design and genetic
inluences were conirmed to be high. In a classic twin study
involving primarily English and Australian women (326 twin
pairs) reported in 1999, Sambrook et al. found that approximately 75% of the variance in disc degeneration—deined as
a summary score of disc signal loss, bulging, disc narrowing,
and osteophyte formation—was explained by genetic inluences.13 A later study of a sample of 300 pairs of monozygotic
and dizygotic adult male Finnish twins investigated genetic
inluences on disc signal, bulging, and narrowing and found
less dramatic but substantial heritability estimates of 29% to
54% depending on the particular phenotype.14
Findings from the latter study also included multivariate
analyses to examine shared genetic inluences between traits.
he indings suggested that disc signal, bulging, and narrowing have primarily shared genetic inluences, with lumbar disc
bulging and narrowing nearly fully sharing their genetic
inluences (genetic correlations >0.90). However, degenerative
indings at upper and lower lumbar levels have important
independent genetic efects. hus, it may be wise to consider
lumbar level when deining phenotypes for gene mapping of
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twins have shared (such as numerous childhood and adolescent exposures from their common childhood home). Matched
case-control designs have also been used for the study of
environmental inluences on back pain, selecting pairs in
which one cotwin has back pain and the other is “pain free.”
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FIG. 9.1 A high degree of similarities in disc degeneration and endplate defects or irregularities was noted
between twin siblings, often despite high discordance in lifetime occupational loading histories. (From Battié
MC, Videman T, Kaprio J, et al. The Twin Spine Study: contributions to a changing view of disc degeneration.
Spine J. 2009;9(1):47–59.)
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A

B
FIG. 9.2 (A) Top, Images from a pair of 51-year-old male monozygotic twins from the Twin Spine Study;
bottom, images of the same pair 15 years later. (B) Top, Images from a pair of 36-year-old male monozygotic
twins; bottom, images of the same pair 15 years later.

disc degeneration and related pathology or, at least, to consider
upper and lower lumbar levels separately.14
Not surprisingly, as disc degeneration is substantially
genetically determined when studied in cross-sectional
studies, the rate or progression of degenerative indings (disc
signal loss, bulging) assessed longitudinally has also demonstrated familial aggregation and genetic inluences (Fig.
9.2).16–18 Yet, it is interesting that familial aggregation explained
56% of the variance in progression of disc narrowing in 75 MZ
male twin pairs,16 whereas no heritability was found for the
progression of disc narrowing in a classic twin study of 234
pairs of primarily female MZ and DZ twins.18 he contrasting
indings are curious, as it seems unlikely that the high degree
of familial aggregation for disc narrowing found in the male
MZ twins would be entirely explained by shared environmental inluences. While heritability of progression is notable, the
identiication of stark variations in the development of degenerative and pathoanatomic indings between MZ cotwins may
ofer unique opportunities for exploration of possible environmental and behavioral inluences.
When considering overall genetic inluences, it should be
kept in mind that heritability of a trait in a population is not
necessarily static. For example, if important inluential environmental and behavioral exposures change over time and
explain more or less of the population variance in a trait, all
else being equal, there will be inverse variations in the heritability of the trait. In addition, heritability of a trait may vary

by gender and age. For example, indings from the previously
mentioned twin study of disc degeneration progression in
women suggested that genetic inluences on progression of
disc bulging were only clear under the age of 50 years.18 While
heritability is an important concept related to the overall
magnitude of genetic versus environmental inluences on a
trait at the population level, it must be recognized that there
is a highly complex interplay between genetic and environmental factors, as seen in epigenetics and gene expression, for
example.
Beyond heritability estimates, classic twin studies with
multivariate analyses have allowed the examination of shared
genetic inluences between phenotypes to test hypotheses
regarding shared etiologies or possible pathways of genetic
inluences on clinical phenotypes. For example, a couple of
studies have investigated disc degeneration as one pathway
through which genes may inluence back pain reporting.19,20
Both studies identiied shared genetic inluences between disc
degeneration and back pain phenotypes. In one study, signiicant genetic correlations were observed for disc degeneration
(narrowing) and hospitalization due to back problems, duration of worst back pain episode, and presence of disabling
back pain over the prior year, but only a minority of the
genetic variance of the pain phenotypes examined was
explained by genetic inluences in common with disc degeneration.20 Both studies found that while disc degeneration may
be one pathway through which genes inluence back pain
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phenotypes, it would appear to account for only a small
portion of genetic inluences on back pain problems at the
population level.
he role of disc degeneration in lumbar range of motion
and lordosis has also been investigated in twin studies using
multivariate analyses. Findings from the Finnish Twin Spine
Study (300 male pairs) suggested that lumbar lexion was predominantly inluenced by genetic factors (64%) and extension
to a lesser extent (39%).20 Following an earlier observation
of an association between lesser lumbar range of motion
and greater disc degeneration ater adjusting for age,21 correlations between the genetic components of the phenotypes
were examined. he genetic correlations of lumbar extension
and the disc degeneration phenotypes of disc bulging and
disc narrowing demonstrated shared genetic inluences (r =
–0.38 to –0.43, respectively).20 hus, one pathway through
which genetic inluences appear to afect lumbar extension is
through degenerative changes of the spinal motion segment
as seen through disc bulging and narrowing, which explained
approximately one-ith of the genetic inluences on lumbar
extension.
Lumbar lordosis has also been shown to be largely genetically determined in a classic twin study of women from the
TwinsUK registry, with a heritability estimate of 59% based on
123 twin pairs. While multivariate analyses were not conducted to look speciically at shared genetic inluences between
lordosis and disc degeneration, more disc degeneration—as
indicated by a summary score of disc signal, bulging, narrowing, and anterior osteophytes—was found to be strongly
associated with less lordosis.22

Modic Changes
Modic changes are signal variations at the endplate extending
into the vertebral body as seen on MRI,23 which have been
associated with disc degeneration and back pain.24,25 Modic
changes are classiied into three types. Type 1 is thought to
relect edema and is demonstrated by decreased signal on
T1-weighted MR images and increased signal on T2-weighted
images; type 2, fatty degeneration demonstrated by increased
signal on both T1- and T2-weighted images; and type 3,
endplate sclerosis with decreased signal on both T1- and
T2-weighted images.
A twin study of mostly women from the TwinsUK registry
suggests that Modic changes are primarily environmentally
determined, with overall genetic inluences on their presence
estimated at 30%. However, as only T2-weighted images were
available in the study, the presence of type 1 and type 2 Modic
changes could not be diferentiated.24 Given that Modic
changes are associated with disc degeneration, it could be
informative to investigate shared genetic and other inluences
to gain insights into the causal pathways and mechanisms of
these phenotypes.
he TwinsUK registry study also found that when both
Modic changes and a summary disc degeneration variable—
including disc signal, narrowing, and osteophytes—was considered in multivariable analysis, only disc degeneration
remained in the model explaining “having ever experienced

back pain disability lasting more than one day.”24 Yet our
preliminary analyses utilizing the Twin Spine Study cohort as
a population-based sample of Finnish men suggest that while
correlated, both disc degeneration and Modic changes have
modest independent contributions to explaining back pain
depending on the back pain phenotype. More research is
needed to understand the relationships of Modic changes, disc
degeneration, and back pain, with careful attention given to
the particular case deinitions or phenotypes of each.

Schmorl’s Nodes and Endplate Defects
Endplate defects have attracted attention recently as another
possible condition or pathology underlying back pain. here
appear to be several distinct endplate lesion or defect types,
which vary in their association with back pain.26,27 From visual
inspection of the osseous endplates of a large cadaveric study,
defects were categorized by Wang et al. as Schmorl’s nodes,
fractures, erosions, and calciication.26,27 Unfortunately, challenges in adequately visualizing the endplate on MRI and
other clinical imaging modalities create diiculties in both
detecting and characterizing endplate defects, but this will
likely improve as imaging technologies continue to develop.
Presently, given prior and current limitations, endplate defects
visualized on MRI are oten lumped into the category of
Schmorl’s nodes.
In another study using the TwinsUK data from over 250
twin pairs, Schmorl’s nodes were found to be common in
middle-aged women and highly genetic, as indicated by a
heritability estimate of 70%.28 Furthermore, the endplate
defects labeled as Schmorl’s nodes were associated with disc
degeneration and back pain. However, in multivariable analyses, once disc degeneration was in the model, no independent
association of Schmorl’s nodes with the back pain phenotype
remained. hus, the association of the endplate defects with
back pain appeared to be through their association with disc
degeneration. A clearer understanding of the interrelationship
of endplate defects, disc degeneration, and back pain may
require improved imaging and careful attention to the speciic
deinitions of the imaging and pain phenotypes.

Lumbar Spinal Stenosis
Lumbar spinal stenosis is an increasingly common clinical
syndrome responsible for chronic pain and disability in older
adults. It is considered to be primarily a degenerative condition, but through an investigation of 299 twin pairs in the
Finnish Twin Spine study, the pathoanatomic component was
found to be highly genetic.29 he heritability of lumbar spinal
stenosis was estimated at 67% when assessed from the clinical
perspective of an experienced spine surgeon using a standard
qualitative rating scheme for MRI. When dural sac crosssectional area was measured quantitatively across lumbar
levels at the narrowest point at each disc, the heritability
estimate was even higher (81%).
In the sample of Finnish male twins, spinal stenosis as
measured at the narrowest point of the spinal canal at the disc
level was explained from the best-itting model by additive
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Genetic Versus Environmental Inluences on
Back Pain
Back pain phenotypes, while very important, present many
research challenges. Among them are the subjective nature of

reported back pain, measuring symptoms that are oten transient and of varying intensity when present, and inaccurate
recall. Furthermore, there are no universally accepted case
deinitions for back pain that have been consistently used
across twin and other studies, making it diicult to compare
study results and conduct meta-analyses.
Despite the challenges, there have been approximately a
dozen twin studies of the heritability of back pain, deined in
a variety of ways, coming primarily from developed countries
of Northern Europe and Scandinavia.19,20,30–37 Several years ago
Nielsen et al.38 conducted a review of twin studies of pain,
which investigated back and neck pain separately from other
pain conditions. While they found widely varying heritability
estimates ranging from 0% to 68%, when studies of children
and the elderly were excluded, estimates were less disparate in
the remaining studies of adults. he related meta-analysis of
back pain studies yielded an overall heritability estimate of
34% (95% conidence interval, 30–39%). here was also a
tendency noted for greater heritability for case deinitions
involving more severe back pain problems.20,34
In the aforementioned review, widespread pain and the
diagnosis of ibromyalgia, which oten includes back pain, had
a somewhat higher heritability estimate of around 50% based
on available studies.38 Concordant with a higher genetic inluence on widespread pain compared to single-site musculoskeletal pain, a Swedish twin study found a higher heritability
estimate for concurrent back and neck pain (60%) than for
either when present alone (24–30%).35 However, there have
been conlicting indings. Heritability estimates for neck,
thoracic, and lumbar pain experienced separately or altogether
were similar (32–39%) in a large sample (>15,000) of Danish
twins, with lower estimates for various combinations of pain
afecting any two spinal regions.32
Pain comorbidity is common in cases of back pain problems
and raises questions about shared genetic or environmental
inluences, which can be investigated through twin studies.
A few studies from the TwinsUK registry have investigated
shared genetic inluences between back pain and pain at
other musculoskeletal sites and chronic widespread pain.37,39
Both studies, using diferent analytic approaches, supported
substantial shared genetic inluences between the pain phenotypes. he authors reported that 39% of the variance in
chronic widespread pain and 70% of the variance in low back
pain interfering with daily activities due to genetic inluences
was attributable to shared genetic efects and that roughly
40% and 67% of the residual variation was caused by shared
environmental inluences afecting both pain syndromes.39
Moderate to high genetic correlations for pain in diferent
spinal regions (neck, thoracic, and lumbar) have also been
found in a large Danish twin study (>15,000).32 he possibility
of largely shared inluential gene variants, as well as environmental factors, between back pain and musculoskeletal
pain at various body sites and chronic widespread pain has
important implications. Such indings may point to systemic
pain mediators (e.g., inlammatory and neurologic) or differences in pain processing, rather than purely local factors
(e.g., disc degeneration) driving pain, which could inform the
search for important causal factors and mechanisms that are
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and dominance genetic inluences as well as unique environmental efects, whereas the mean anteroposterior diameter of
the bony canal, as measured along the length of the vertebral
body, had a particularly strong dominance genetic component,
suggesting an inluence of one or more major genes or important gene–gene interactions. If this is truly the case and is not
due to chance luctuation, there may be implications for the
search for inluential genes with substantial efects. However,
even with a relatively large sample of 598 twins, the study was
underpowered to deinitively distinguish additive and dominance genetic efects simultaneously.
Disc degeneration as measured through disc bulging and
stature as a measure of bone size and development were
investigated as possible pathways through which genes may be
inluencing spinal stenosis. Remarkably, additive genetic
inluences on dural sac cross-sectional area (measured at the
disc level) were fully shared with those of disc bulging, while
dominance genetic inluences were completely independent.
his suggests the presence of a set of gene variants with efects
that are additive to each other and usually small and another
set of gene variants with speciic efects that tend to interact
with each other, creating larger efects. Consistent with earlier
research (other than on achrondroplasia) revealing low correlations of bony lumbar vertebral canal size and vertebral
body size or stature, skeletal size or development as depicted
through standing height had no genetic association with dural
sac cross-sectional area.29
Another interesting inding from the Finnish twin study
was that the heritability across lumbar levels difered depending on the particular stenosis phenotype used. he genetic
contribution to the variance in qualitatively assessed lumbar
spinal stenosis difered signiicantly by lumbar level, being less
at the lower than upper lumbar levels. Yet, heritability estimates were similarly high across all lumbar levels for dural sac
cross-sectional area measured quantitatively. his diference
in heritability by spinal level between the surgeon’s qualitative
assessments and the quantitative measurements suggest that
the spine surgeon’s assessments may be taking other factors
into account in determining stenosis beyond dural sac crosssectional area, which are more afected by environmental
inluences in the lower than upper lumbar levels.
While a narrow canal, either central or foraminal, is an
essential aspect of the clinical diagnosis of spinal stenosis,
indings on imaging are generally poorly correlated with
symptoms and disability. hus, it cannot be assumed that the
heritability estimates for the pathoanatomic aspects of spinal
stenosis will generalize to the clinical syndrome. Furthermore,
there are likely to be mediators (e.g., neurovascular or inlammatory factors) that cause symptoms to manifest in the presence of a narrow canal, which may have their own sets of
genetic and environmental inluences.
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needed to develop more efective preventive and therapeutic
interventions.

Speciic Environmental and Behavioral
Inluences on Disc Degeneration and Back Pain
Exposure-Discordant Twin Studies of
Disc Degeneration
When twin studies were irst used in the early 1990s to study
the etiology of common spinal conditions, the main suspected
risk factors for disc degeneration, pathology, and so-called
degenerative disc disease were heavy physical loading (typically
occupational), exposure to motorized vehicles and associated
whole-body vibration, and cigarette smoking. Efects of height,
weight, and genetics were unclear.40 However, there was much
conlicting evidence and uncertainty related to whether or not
these factors did indeed afect the disc, as there were concerns
about inadequate control of potentially confounding factors in
the available epidemiologic literature. his motivated a series
of studies using exposure-discordant MZ twins selected from
the Finnish Twin Cohort to examine each of the suspected
factors.3 As discussed earlier in this chapter, well-designed,
exposure-discordant MZ twin studies provide an exceptionally high degree of control of confounding factors, particularly
since genetic inluences on disc degeneration are substantial.
he irst study of this type related to spinal conditions was
of the efects of long-term cigarette smoking on disc degeneration (disc signal, bulging, and narrowing).41 Findings from the
study of 20 MZ twin pairs with an average smoking discordance of 32 pack-years revealed greater disc degeneration in
smokers as compared to their nonsmoking cotwins. Also,
the diference was present across spinal levels, supporting a
mechanism acting systemically. While degeneration was
clearly higher in smoking than nonsmoking cotwins (mean,
18%), smoking only explained 2% of the variance in disc
degeneration in the study sample. In addition to providing
evidence of smoking efects, the study demonstrated the eiciency of the exposure-discordant twin study design in
investigating environmental and behavioral inluences on
spinal conditions of multifactorial etiology.
Subsequently, the same design has been used to study the
efects of driving and associated whole-body vibration,42 heavy
physical workload,3 excessive body weight,43 recalled trauma
or injury to the back,44 and various types of exercise on disc
degeneration in men.45 he studies of heavy physical loading
were remarkable in that despite extreme, long-term contrasts
in physical workload between cotwins, related diferences
between cotwins in disc degeneration (e.g., signal, bulging,
narrowing) were modest or equivocal. his was also the case
for cotwins who had maintained highly discordant body
weight43 or were discordant in recalled history of back trauma
or injury.44 In 12 twin pairs, in which cotwins had an average
contrast of 2300 versus 200 hours of weightliting exercise,
there was only slightly more degeneration seen in the mid- to
lower thoracic region in the weightliters as compared to their
MZ cotwins. A diference was not observed in the lumbar

region.45 hese indings suggest that routinely performed
heavy occupational and leisure physical activities have a relatively minor efect on disc degeneration. Finally, our study of
45 pairs of MZ twins grossly discordant for exposure to driving
and associated whole-body vibration revealed no tendency for
greater disc degeneration in the drivers, even when considering a range of phenotypes of lumbar degeneration.42 Collectively, the studies provided strong evidence raising doubts
about whether the main previously suspected environmental
risk factors were really important causative factors in disc
degeneration.

Cohort and Matched Case-Control Studies of
Back Pain
here have been several exposure-discordant twin studies of
various back pain phenotypes embedded in larger twin cohort
studies of back pain, such as an investigation of incident low
back pain in 1387 elderly Danes, including 86 pairs that were
discordant for occasional strenuous activity at baseline.46
he more active elderly twins had signiicantly lower risk of
developing low back pain of both shorter and longer duration
over the following 2 years. We will likely see many more twin
studies of back pain using similar combined study designs,
as in just the past year combined cohort and case-control
designs have been reported investigating the efects of educational attainment,47 obesity and body fat distribution,48 and
depression.49

Summary
Twin studies have been major contributors to the shit away
from the long-standing injury or wear-and-tear model of
degenerative spinal conditions, in which exposure to heavy
occupational and other physical loading factors were viewed
as the major determinants. Following consistent evidence
from so-called “classic” twin studies, it is now recognized that
spinal function, degenerative conditions, pathology, and pain
have important genetic inluences. As a result, twin studies
have been transformative in changing the research agenda for
common spinal disorders.
Furthermore, a combination of cohort, exposure-discordant,
and matched case-control twin studies are helping elucidate
the efects of suspected environmental factors and have
persuasively demonstrated that some factors once thought
to have major efects on spinal degeneration (e.g., routine,
heavy physical loading) have much more modest inluences.
Yet, environmental factors are clearly important, particularly
for back pain phenotypes, although the speciic factors with
major efects remain elusive. Twin studies examining gene–
environment interactions, which have not yet been widely
utilized in degenerative and other spinal conditions, may shed
light on such factors and the complex interplay between genetic
and environmental factors that surely exists. Finally, much
more attention needs to be given to phenotype deinition to
enhance the success of future twin and other studies of common
spinal disorders.
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Need for Outcomes Research
Outcomes research can be deined simply as “the measurement of the value of a particular course of therapy.”1 It is based
on the principle that every clinical intervention produces a
change in the health status of a patient that can be measured.
he motivation for outcomes research varies depending on
one’s perspective, but all parties involved in health care have
a vested interest in deining outcomes related to medical
interventions. Health care providers have a responsibility to
provide the highest level of care to their patients, which can
be done only if the best treatment for a given condition has
been determined through research. Patients need to be well
informed about their prognosis, treatment options, and
expected outcomes associated with each treatment option so
that they can make an appropriate decision with their physician. Private and government payers have the right to demand
evidence that the interventions for which they are paying yield
improvement in the health of the patients they cover.
he United States has the highest gross domestic product
(GDP) in the world and spends a higher proportion of its GDP
on health care than any other country in the world, with little
evidence to suggest that the level of public health is better than
other developed countries.2,3 Wennberg and Gittelsohn4 developed the method of small area analysis in which variations in
practice patterns, spending, and outcomes could be compared
across hospital referral regions. hey showed markedly diferent rates of hospital use between Boston, Massachusetts, and
New Haven, Connecticut, for conditions without deined
treatment protocols such as back pain, with no discernible
diferences in outcomes.5 Using the technique of small area
analysis, Fisher and colleagues6,7 studied the relationship
between Medicare expenditures and outcomes in hospital
referral regions across the United States, and found no relationship between the level of health care spending and outcomes. he substantial geographic variation in rates of lumbar
surgery in the Medicare population was documented by
Weinstein and colleagues (Fig. 10.1).8 hese studies have
shown that practice patterns vary substantially across diferent

regions, indicating that the “best” practice for many conditions is unknown. he wide variation in the rates of health
care use suggests that many regions are not practicing in the
optimal zone of use, resulting in “unwarranted” variation due
to either “supply-sensitive,” “preference-sensitive,” or “efective” care, indicating that health services are likely underused
in some regions and overused in others.9–13
In the past, health care providers have assumed that
increased use of health care services was associated with
higher-quality outcomes, a relationship that is shown by the
upward-sloping portion of the curve shown in Fig. 10.2.
Economists have theorized, however, that eventually this
curve lattens out such that additional expenditures yield
increasingly fewer beneits until there is no marginal beneit
(law of diminishing marginal returns).14 Although it has not
been explicitly shown, it is possible that the curve eventually
starts sloping downward, indicating that outcomes worsen
with increasing use. Such a phenomenon could occur if
patients were being inappropriately selected for treatment
from which they were unlikely to beneit, but might still
experience treatment side efects. he Maine Lumbar Spine
Study suggested that such a down-sloping portion of the curve
might exist, as outcomes for lumbar intervertebral disc herniation and spinal stenosis were worst in the regions where the
rates of surgery were the greatest.15,16
Given the wide variation in practice across all of medicine,
and spine surgery in particular, policymakers have demanded
that the research community perform outcome studies to
determine the best practices for treating various conditions.
In 2007, a Medicare Evidence Development and Coverage
Advisory Committee (MedCAC) questioned the role of fusion
for degenerative lumbar conditions in patients older than 65
years and suggested that Medicare could discontinue reimbursement for the procedure unless it could be shown to be
efective.17 In response, Glassman and colleagues18 analyzed
their results of lumbar fusion in this population and found
that older patients had equivalent or better outcomes compared with younger patients. Although it is unclear how these
data will be acted on, the MedCAC study and response to it
155

I

156

BASIC SCIENCE
RATIO OF RATES OF LUMBAR FUSION TO THE U.S AVERAGE BY HOSPITAL
REFERRAL REGION (2002–03)

1.30 to 4.48 (80)
1.10 to < 1.30 (41)
0.90 to < 1.10 (53)
0.75 to < 0.90 (33)
0.21 to < 0.75 (98)
Insufficient data (1)
Not populated
FIG. 10.1 Rates of lumbar fusion in hospital referral regions across the United States in 2002–2003, normalized
to average rate. (From Weinstein JN, Lurie JD, Olson PR, et al. United States’ trends and regional variations in
lumbar spine surgery: 1992–2003. Spine. 2006;31:2707–2714.)

“Flat of
the curve”

Health

Diminishing
health
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health

important role in guiding health policy. his chapter introduces the spine surgeon to some methods of outcomes
research, including outcomes measurement, study design, and
cost-efectiveness analysis.

Measuring Outcomes in Spinal Disorders

Health care utilization
FIG. 10.2 Theoretical relationship between health and resource use. At low
levels of use, health increases with use. As use increases, the marginal return
decreases until there is no marginal return (“lat of the curve”). In some
cases, increasing use could lead to further worse health outcomes.

provide an example of how researchers can respond efectively
to policymakers who are looking for evidence to justify health
care expenditures. As part of the 2009 economic stimulus
package and, more recently, the Afordable Care Act, more
than 1 billion dollars has been allocated for comparativeefectiveness health research, suggesting that outcomes and
cost-efectiveness research are likely to play an increasingly

One of the irst principles of science is that something must
be measured, and a cornerstone of outcomes research is that
any change in health status is measurable. Measuring subjective qualities such as pain and function, two important outcomes in patients with spinal disorders, can be quite
challenging, however. In the classic literature, outcomes were
oten physiologic (e.g., motor function), radiographic (e.g.,
fusion), or subjectively deined by the treating physician (e.g.,
“poor,” “fair,” or “good”).19,20 Over the last 30 years, clinical
studies have adopted patient-based outcome measures.
Outcome measures can be classiied as global measures of
health (SF-36 Health Survey,21 EuroQoL22 Sickness Impact
Proile [SIP],23 and Patient Reported Outcomes Measurement
Information System [PROMIS])24,25 or condition-speciic
measures (Oswestry Disability Index [ODI],26 Roland-Morris
Disability Questionnaire [RDQ]).27 High-quality outcome
measures need to be practical, precise (reliable), accurate
(valid), and responsive.28
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he SF-36 is among the most commonly used generic
health questionnaires, and has been extensively validated
across many medical conditions.32 It consists of 36 questions
and can be completed in less than 10 minutes. Responses are
scored on eight nonoverlapping scales (physical functioning,
role–physical, bodily pain, general health, vitality, social
functioning, role–emotional, and mental health), which are
summarized as a physical and mental component summary
score. All scales range from 0 to 100 (lower scores represent
worse symptoms), with the component summary scores
transformed to have means of 50 and standard deviations of
10. In looking at the speciic scales used in SPORT, the physical
function scale is based on ratings of activity limitation (e.g.,
carrying groceries, climbing stairs, walking), and the bodily
pain scale is based on two questions about the severity of pain
and the degree to which pain interferes with work. At baseline,
the patients in the SPORT IDH randomized controlled trial
(RCT) had a mean baseline physical function score of 39.4
(age-adjusted and sex-adjusted norm of 89) and bodily pain
score of 26.9 (age-adjusted and sex-adjusted norm of 81),
suggesting that they were markedly afected by their disc
herniation.
PROMIS is a psychometrically validated, dynamic survey
that utilizes patient responses to questions to produce quantitative values to ascertain a patient’s state of well-being or sufering.24,25,33,34 PROMIS aims to improve the quality and precision
of measurement of patient-reported outcomes through the
utilization of item response theory.35,36 Item response theory
(IRT) is a psychometric method commonly used in education
testing. It has recently been expanded to health outcomes
research. IRT is fundamentally based on statistical models,
which produce calibrations associated with answers to speciic
questions.35,36 hese calibrations are then processed through
computer sotware in order to select the most informative
follow-up question to an initial question, allowing the content
of the survey to adapt to the patient’s responses to previous
questions.35,36 he PROMIS initiative began in 2004; through
continued support from the National Institutes of Health,
it has now developed three major instrument types—short
forms, proiles, and computer adaptive tests (CATs)—measuring physical, mental, and social health, which have been used
across a variety of chronic conditions.24,25,33,34,37 Short forms are
a ixed set of items administered in its entirety. hese metrics
usually include 4 to 10 items per domain. For instance, the
Physical Functioning item bank is comprised of 124 items
and has a 10-item short form comprised of a subset of those
items. hese 10-item short forms have become increasingly
popular in the literature for a wide variety of chronic conditions.37 Recently, Hung et al.38 reviewed the psychometric
properties of the PROMIS Physical item bank and noted that
the survey adequately addressed outcomes of patients with
spinal disorders with excellent reliability, minimal ceiling/
loor efect, and limited item bias. All PROMIS instruments
utilize a T-score, for which the mean is 50 and the standard
deviation is 10. For most domains, the mean of 50 references
the United States general population. In all cases, a high
score relects more of a domain. For instance, a higher score
on a physical functioning measure indicates better physical
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Practical surveys are of an acceptable length and include
easily answered questions so that patients are willing and able
to complete them. Precision, or reliability, refers to the reproducibility of a survey—will a patient in the same state of health
score the same on the outcome measure on diferent occasions? Validity is the ability of the survey to measure the
quality that it aims to measure. Assessing the validity of a tool
oten requires multiple approaches. he score on a new instrument can be compared with a “gold standard” outcome
measure to assess its convergent validity. Additionally, the
ability of the measure to discriminate between patients in
diferent health states can be evaluated to determine its discriminate validity. Ironically, “face” validity, the concept that
the instrument appears to be measuring what it is designed to
measure, is fundamental to instrument development and oten
the weakest form of validity evidence. his is especially true
when the group that designed the instrument is evaluating its
face validity. Responsive outcome measures are able to detect
health status changes in an individual patient before and ater
successful treatment of low back pain.
In the medical literature, it is commonly held that many
of the well-known generic and back-speciic outcome measures have been shown to be practical, precise, valid, and
responsive, and thus can be considered “validated” outcome
measures.29 From a psychometric perspective, much of this
evidence is post-hoc, however, meaning that the instrument’s
validity is based on its use in a study in which the results
showed that one group improved more than another by some
statistically signiicant amount. By this logic, the fact that
the tool “worked” (i.e., allowed for a statistically signiicant
diference to be observed) is taken as de facto evidence that
(1) the tool is practical because the patients completed it, (2)
the tool is reliable because a signiicant diference between
groups was observed, (3) the tool is valid because the goal of
the instrument is to document the magnitude of an outcome
that was expected to be diferent for the various treatment
groups, and (4) the tool is responsive because the diference
in outcomes was detectable. Subsequent studies use these
same tools, oten for diferent populations, justifying their
use because the instrument has been “validated” in a previous
study.
he Spine Patient Outcomes Research Trial (SPORT)
intervertebral discs herniation (IDH) study serves as a good
example to examine the selection of outcome measures. he
primary outcome measures were the SF-36 bodily pain and
physical function scales and the ODI (American Academy of
Orthopaedic Surgeons MODEMS version). Secondary
outcome measures included work status, satisfaction, and the
Sciatica Bothersomeness Index.30 he distinction between the
primary and secondary outcome measures was that the study
was powered to detect a prespeciied diference in the primary
outcome measures (i.e., a 10-point diference on the SF-36
scales or ODI), whereas the secondary outcome measures did
not factor into the power analysis. As has been recommended,
SPORT included a generic (SF-36) and condition-speciic
(ODI) primary outcome measure.31 Given the extensive use of
the SF-36, ODI, and RDQ in the spine literature, we examine
these questionnaires in greater detail.
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functioning and thus better health, whereas a higher score in
fatigue indicates greater fatigue and, likely, poorer health. In
utilizing the T-score metric, the PROMIS-10 physical function
short form and the PROMIS-13 CAT fatigue short form were
found to have greater precision across a broader range of
the respective domains than the SF-36.39–42 hus, although
still a relatively new entrant, utilization of PROMIS metrics is
becoming more popular in the research community and will
likely become increasingly common in the spine literature.
he ODI was designed speciically for use in a back pain
clinic. It asks one question about the intensity of pain and nine
questions about the degree to which pain limits speciic activities (i.e., liting, walking, traveling). Scores can range from 0
to 100, with higher scores indicating more severe disability.
he mean score among “normals” is about 10, with mean
scores in the 30s for patients with neurogenic claudication and
40s for patients with metastatic disease.43 In the SPORT IDH
RCT, the average baseline ODI score was 46.9, indicating
substantial pain-related disability.44 he ODI has been extensively validated and used in the spine literature, and has been
recommended to be used as a back pain–speciic questionnaire (the RDQ is the other outcome measure recommended
for this purpose).43
he RDQ is a 24-item survey developed from the 136-item
SIP, with the phrase “because of my back” added to the end of
the SIP statements to focus the survey on back-related problems.27,43 he questions focus primarily on function and pain,
with only one question asking about the psychological efects
of back pain and none inquiring about social function. Each
question is a statement about the efect of back pain on function on the day the survey is taken (i.e., walking, bending,
sitting, lying down, dressing, sleeping, self-care), with which
the respondent must agree or disagree. he number of positive
responses is the score (0–24), with median scores of 11 in a
population with back pain presenting to a primary care clinic.45
he RDQ has been shown to be valid and responsive, although
reproducibility has been diicult to show because it refers to
symptoms only over a 24-hour period. In comparing the RDQ
and the ODI, it has been suggested that the RDQ may be better
able to detect changes in function in patients with a mild to
moderate degree of disability, whereas the ODI may be better
suited to patients with a more severe degree of disability.43
Experts have recommended using global health and backspeciic outcomes questionnaires.46 he SF-36 or EuroQoL are
recommended for measuring global health in spine patients,
whereas the ODI or RDQ are the recommended back-speciic
instruments. In addition to these formal outcome measures,
measuring work status and overall satisfaction with treatment
is recommended.

Importance of Study Design in
Outcomes Research
he goal of any outcomes research study is to measure results
from a study sample and extrapolate those results to understand health outcomes in the real world. he results of research
studies are highly dependent on the details of study design,

however. Reviewing three RCTs comparing lumbar fusion
with nonoperative treatment for chronic low back pain reveals
one study that showed a clear advantage for surgery,47 one that
showed only a minor beneit to surgery,47 and one that reported
no beneit for surgery.48 How can three RCTs asking the same
essential question come to three contradictory conclusions?
he answer may relect diferences in research methods and
details of study design. In designing or evaluating a research
study, one must consider the research question, the target
population and study sample, the interventions being compared, the outcome measures employed, and the speciic study
design.
A well-posed research question is the foundation of the
entire research project. No elaborate study methodology, new
data collection technique, or statistical expertise can make up
for a poorly chosen research question. For this reason, suicient time and energy should be devoted to developing, critically evaluating, and reining the research question. In
evaluating the results of a study, one must determine what
question was really answered because it may be diferent than
what was suggested by the authors.
When the research question has been speciied, the next
step is to deine the target population and study sample. he
target population is the group of people to whom the results
of the study should be generalizable, whereas the study sample
is the group of patients actually available for study.49 he target
population is deined by the inclusion and exclusion criteria.
here is an inherent struggle between having inclusion and
exclusion criteria that are very restrictive yet provide a homogeneous study population (i.e., 34-year-old women with letsided posterolateral L4–L5 disc extrusions and extensor
hallucis longus weakness) and criteria that are less restrictive
and yield a more diverse study population (i.e., anyone with a
disk herniation). More restrictive studies can speciically
evaluate the efect of treatment on speciic patient subgroups,
whereas less restrictive studies are inherently more generalizable. Deining subgroups that have diferent outcomes is
important to determine the best treatment for individual
patients, although it is not usually possible to perform separate
trials for each subgroup.50 Understanding the actual target
population is essential to interpreting and acting on the indings of a study.
Most clinical studies evaluate the efect of an intervention
on an outcome.51 Similar to the study participants and outcome
measures, the intervention also needs to be clearly deined.
he intervention for the control or comparative group also
needs to be speciied. Diferences in the experimental and
control interventions may explain some of the diferences
among the aforementioned studies comparing fusion with
nonoperative treatment for the treatment of chronic low back
pain. Fritzell and colleagues47 compared three types of fusion
techniques with nonspeciic physical therapy and showed a
clear beneit to fusion. In contrast, Brox and colleagues48
compared instrumented posterolateral fusion with a very
speciic program of cognitive therapy and 3 weeks of intensive
physical therapy, and reported no diferences in results. hese
two studies did not compare the same interventions, which
may be one reason for the discrepant results.
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TABLE 10.1

Internal and External Validity Threats

Internal Validity Threats

External Validity Threats

History: Speciic events occurring
between irst and second
assessment in addition to
experimental variable

Selection bias: To the extent that
patients presenting at study sites
are not representative of patients
in general

Maturation: Processes within patient Reactive or interactive efects:
operating as a function of time (e.g., Screening process (informed
favorable natural history)
consent, extra attention,
additional procedures to identify
inclusion/exclusion criteria) is
not done with nonstudy patients
Testing: Efects that testing itself has
on subsequent scores

Reactive efects of experimental
procedures: Just being in a study
may afect patient responses

Instrumentation: Changes in
obtained measurements owing to
changes in instrument calibration,
observers, or raters

Multiple treatment efects: When
treatments have multiple
components (i.e., surgery,
postsurgical rehabilitation)
or when patient has multiple
treatments (e.g., nonoperative
treatment followed by surgery),
possible efects of former
treatment on latter may
inluence eicacy

Understanding Threats to Study Validity
In general, threats to study validity have been classiied as
internal and external (Table 10.1). Internal validity is related
to the validity of the conclusions of a study within the study
sample—was the observed diference between the treatment
groups real? External validity refers to whether the indings of
the study can be generalized to populations and settings
outside of the study sample—would the diference observed
in the trial be observed in the real world?
Clinical studies generally aim to determine if a speciic
intervention results in a certain outcome. Although a study
may show an association between an intervention and an
outcome, this association may be spurious (i.e., the association
exists in the study but not in the real world), or the association
may not represent a cause-efect relationship (i.e., the intervention was associated with but was not the cause of the
observed outcome). he two main causes of spurious associations are chance (random measurement errors) and bias.53
Confounding is another threat to validity that can obscure the
cause-efect relationship between the intervention and
outcome being studied. Diferent types of study designs are
prone to diferent types of inferential errors, which are discussed in detail when each study design is considered.

Chance
When an association is observed between an intervention and
an outcome, it is possible that this observation is due to chance
rather than to the intervention causing the outcome. Fritzell
and colleagues47 reported that fusion for chronic back pain
reduced ODI scores by 11 points, whereas nonoperative treatment resulted in only a 2-point decrease. Although surgery
efectiveness may have been responsible for the diference, it
is also possible that surgery had no beneicial efect and that
the observed diferences were due to chance alone. Statistical
tests are used to evaluate the possibility that an observed
relationship between an intervention and outcome was due to

Statistical regression: Lack of
reliability in tools, which is especially
problematic when patients are
selected on basis of extreme scores
Selection: Biases resulting from
diferential selection of patients into
treatment arms
Patient attrition: Diferential loss of
patients from treatment groups
(e.g., loss to follow-up, crossover)
Interactions of above efects:
Interactions among above variables
may have efects that are
mistakenly attributed to treatment

chance. In the case of the study by Fritzell and colleagues,47
statistical testing showed a statistically signiicant diference
(P = .015), indicating that the association between surgery and
symptom improvement was probably real. Details about the
theories underlying probability testing are beyond the scope
of this chapter, and can be found in standard biostatistics
textbooks.54

Bias
Bias is the other major cause of spurious associations. Bias has
been deined as “the non-random-systematic error in the
design or conduct of a study.”51 Although numerous types of
biases have been identiied, most bias is related to patient
selection, treatment, attrition, and outcome detection. If the
patients enrolled in a study difer from the target population,
an association observed in the study may not exist in the target
population. If the patients who enrolled in the SPORT IDH
RCT had less severe symptoms than the target population, the
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he speciic study design used by a research project can
have profound efects on the interpretation of the results. Each
study design has inherent advantages and disadvantages that
must be weighed when planning an investigation. Although
the RCT is considered the gold standard of clinical research
designs, it is oten the case that mounting an RCT before the
preliminary case series, case-control, and cohort studies have
been performed would be counterproductive. he high cost
in terms of researcher and clinical time oten greatly outweighs
the results obtained from a poorly planned RCT. Before
launching a large RCT, observational pilot studies should be
performed to generate hypotheses and reveal challenges (e.g.,
adequate assessment, compliance with treatment, treatment
harms and side efects) that are diicult to anticipate. A unique
aspect of the study design of SPORT was its concurrent use of
an RCT and observational cohort study that allowed patients
to choose enrollment in the randomized or observational
arms.52
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beneit of surgery could be underestimated if the treatment
efect is less among this group. Performance bias exists when
patients are treated diferently in ways other than the intervention being studied, with a “cointervention” being the true
driver of the association. If patients undergoing discectomy
were more likely to be treated with long-term narcotics postoperatively, the association observed between surgery and
outcome could actually be due to narcotics.
Attrition bias results when patients drop out of a study in
a nonrandom manner that is associated with the group assignment. If patients who failed nonoperative treatment dropped
out of the study to receive surgical treatment elsewhere, the
outcomes for the nonoperative patients remaining in the study
would be spuriously inlated. Bias in outcome detection can
occur if outcome assessors are nonsystematic in their evaluation of patients and tend to change their procedures depending
on the assigned treatment. Generally, if the outcomes assessor
is not blinded to the treatment received, the assessor is liable
to be biased (consciously or not) in his or her assessment.
Similarly, patients who are not blinded to their treatment may
also be biased in self-reported outcomes.
Bias tends to be insidious; investigators should attempt to
prevent it in the planning stages and detect it during the
analysis. Eforts should be made to ensure that the patients
enrolling in the study are similar to the target population to
eliminate selection bias. Blinding can eliminate many forms
of bias related to treatment and outcomes assessment because
patients cannot be treated or assessed diferently if the patient
and the assessor are unaware of the treatment assignment.
Blinding (shams) can oten be diicult, however, or potentially
unethical in surgical studies.55 he best way to combat attrition bias is to limit attrition through aggressive eforts to
ensure follow-up. Ater a study has been completed, the
authors should consider the role that bias could have played
in their indings and address these limitations transparently.

Confounding
Confounders are variables that are associated with the exposure (i.e., the intervention) and afect the outcome (Fig. 10.3).
If patients undergoing discectomy are less likely to be depressed
than patients undergoing nonoperative treatment, and depression is associated with worse outcomes, the relationship
between treatment and outcome is confounded by depression.

Intervention

Outcome

Confounder
FIG. 10.3 Relationship between intervention, outcome, and a confounder.
Although there may be an association between the intervention and the
outcome, there may be a third variable, or confounder, that is associated
with the intervention but is the actual cause of the outcome observed.

Although the association between better outcomes with
surgery is real (i.e., greater than would be expected by chance)
in this case, the true cause of the diference may be the better
psychological state of the surgical patients rather than the
surgery itself. he only way to eliminate confounding is to
ensure that the treatment groups are equivalent. True equivalence is never achievable, however, given the vast number of
potential diferences in patients. he best method to minimize
group diferences is to randomize in the case of clinical trials,
or use methods such as speciication or matching in the case
of observational studies.
Depending on the nature of the particular study, randomization might be simple (i.e., each subject has an equal chance
of being placed in any of the available treatments) or stratiied
on speciic variables of interest given the context of the
problem. It is common to stratify patients by gender and age
group, ensuring that the various treatment groups are “reasonably” equivalent with respect to these factors before randomly
assigning these subgroups to treatment. Randomization does
not ensure equivalence for any given inite sample, however.
With small samples (≤20), randomization oten can fail to
produce reasonably equivalent groups. If an investigator randomizes 20 patients, 10 males (M) and 10 females (F), and
deines a “fair” split of males to females as 6M4F, 5M5F, or
4M6F, this result is likely to occur 82.1% of the time. More
extreme splits occur 17.9% of the time. hus, with smaller
sample sizes, stratiied randomization should be considered.
Confounding can be a major threat to the validity of observational studies. Strategies to eliminate confounding in observational studies can be used in either the design or the analysis
phase; however, potential confounders must be anticipated
and measured to be addressed.53 Speciication and matching
are techniques that can be used when designing the study.
Speciication involves stipulating a certain level of the confounder as an inclusion criterion. In an observational study
comparing discectomy with nonoperative treatment, the
investigator could specify that only patients without depression be included to eliminate depression as a potential confounder. he disadvantage of this strategy would be that the
results would apply only to patients without depression.
Attempting to use this strategy for many confounders would
soon become quite limiting. Matching is another technique
that is oten used in case-control studies, in which a control is
found for each case that is matched on numerous potential
confounders. Although this approach can eliminate the efects
of confounding, it also makes it impossible to evaluate the
association between potential confounders and the outcome.
In addition, matching can be diicult and require a large
sample of potential controls to match successfully on many
variables.
Analytic techniques are used more commonly than design
techniques to address potential confounding. he most
straightforward approach is a stratiied analysis with a stratum
deined for each level of confounder. If many confounders and
their interactions are being considered, the individual strata
soon contain too few subjects, however, to make meaningful
estimates. he most common statistical method used to
control for potential confounders is adjustment using multiple
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Randomized Controlled Trials
he gold standard for evaluating the efect of an intervention
on an outcome is the prospective, double-blinded RCT. Most
providers are familiar with the basic design of an RCT: a group
of patients that have met selection criteria are randomly
assigned to either the intervention or the control treatment
and followed prospectively to compare outcomes between the
two groups (Fig. 10.4). he main advantage to an RCT is that
successful randomization minimizes baseline diferences
between the two groups. To the extent that randomization is
successful, the potential for confounding by either measured
or unmeasured variables is reduced. As mentioned previously,
successful blinding of study participants and investigators
should eliminate the efects of observer, detection, and performance biases. he double-blinded RCT is the design that most
convincingly shows the cause-efect relationship between an
intervention and an outcome because it provides the best
defenses against confounding and bias.
RCTs can have substantial limitations and disadvantages.
hey tend to be prospective studies with large sample sizes,
and can be very expensive and time-consuming to perform.
By design, they usually address only one primary research
question. he generalizability of the study can be limited if the
patients who are willing to be randomly assigned are markedly
diferent from the target population. he efects of potentially
harmful exposures cannot easily be studied ethically using an
experimental design, although some trials involving cessation
of exposures presumed to be harmful may be possible. Studies
of certain interventions, especially surgery, are diicult to
blind, and RCTs that are not blinded are subject to observer,
detection, and performance biases. Prospective trials in which
deinitive treatment is not performed at the time of randomization are potentially subject to crossover between treatment
groups.
To maintain the beneits of randomization, results should
be analyzed using an intention-to-treat (ITT) analysis. An ITT
analysis compares the outcomes between the groups based on

Treatment A

Study
sample

Outcome A

Randomization

Treatment B

Outcome B

FIG. 10.4 Basic design of randomized controlled trial. Study sample is
randomized to diferent treatments, and outcomes are prospectively
determined.

the treatment assigned rather than actual treatment received.
Patients who cross over are analyzed as part of their assigned
treatment group despite receiving the alternate treatment.
Crossover typically results in an underestimation of the treatment efect of the intervention. Researchers studying treatments in which crossover is likely, such as surgical versus
nonoperative care in patients with back pain, are encouraged
to develop recruitment, consent, and treatment procedures to
minimize crossover, within the obvious constraint that patients
ultimately have the right to change their course of treatment.
Finally, RCTs are also subject to attrition bias if patients are
lost to follow-up.
To illustrate how these principles afect the interpretation
of an RCT, we consider how these issues apply to the SPORT
IDH RCT. Data from this study revealed that there were no
signiicant diferences between the surgery and nonoperative
groups at baseline on more than 25 variables, suggesting that
randomization was efective.44 Given that patients were randomly assigned to either surgery or nonoperative treatment,
blinding was considered inappropriate because it would have
required a sham surgery with signiicant risks.52,53 As such, the
possibility of treatment and detection bias must be considered.
Greater than 80% of patients in both groups completed the
1-year follow-up, although follow-up decreased to around
75% in both groups at 2 years. he role of attrition bias should
be considered for the 2-year data.
he most striking aspect of the SPORT IDH RCT was the
high rate of crossover between the treatment groups in both
directions, attributable to the elective nature of the procedure
and the generous period allowed per protocol for receiving
assigned surgery. In the irst 2 years of follow-up, 40% of
patients assigned to surgery did not have surgery, and 45% of
patients assigned to nonoperative treatment did have surgery.44
As a result, the surgery and nonoperative groups ended up
receiving nearly the same treatment, and the ITT analysis
revealed no signiicant diferences on the primary outcome
measures. Given the high rate of crossover, the ITT analysis
alone does not allow strong conclusions to be made based on
the RCT.

Observational Cohort Studies
he key diference between randomized and observational
studies is that the determination of treatment is not randomized in the case of observational studies. hus, in an observational study evaluating an intervention, the patient and
physician determine the patient’s treatment. he study groups
are deined by the presence or absence of an exposure or
intervention, and the outcomes are compared (Fig. 10.5).
Cohort studies can be prospective or retrospective, but the
group assignment is determined by the presence or absence of
the exposure in both cases. he main advantage of a cohort
study is that the temporal relationship between exposure and
outcome is known, making it unlikely that the outcome was
actually the cause of the exposure (this is known as “efectcause”). his type of study may also have better generalizability
to the target population because the patient treatment is
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regression. he details of multiple regression analysis and
analysis of covariance are beyond the scope of this chapter;
readers should consult a standard biostatistics textbook for
further information.54
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Unexposed

Cases

Exposed

Unexposed
Exposed

Randomization
Treatment B
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FIG. 10.5 Basic design of observational cohort study. Treatment is chosen
by patient and physician rather than through randomization. Study groups
are deined by treatment, and outcomes are compared. Cohort studies can
be prospective or retrospective.

determined in the same manner as for a nonstudy patient.
Prospective observational cohort studies are also a very powerful design when randomization is impossible or unethical
(i.e., studying a harmful exposure).
Observational studies have many potential disadvantages.
Because randomization and blinding are impossible in an
observational design, confounding and bias must be taken
into account. he two groups being compared oten have
important baseline diferences, some of which can be responsible for confounding. Confounding can be addressed through
design-phase and analysis-phase techniques, both of which
have been discussed previously. he lack of blinding makes
treatment and detection bias possible, and these issues are
much more diicult to address. Blinding is oten impossible
in RCTs comparing surgery with nonoperative treatment,
however; thus, the RCT does not always ofer an advantage in
this regard. Prospective cohort studies tend to require large
numbers of patients and can take many years to perform. On
the other hand, retrospective cohort studies tend to be much
less resource intensive, but evaluation of the exposures and
outcomes is limited by what was recorded in the medical
record.
Comparison of the SPORT IDH RCT44 and observational
cohort study56 helps to illustrate the diferences in the two
study designs. Whereas the ITT analysis of the RCT showed
no signiicant diferences between the surgery and nonoperative groups on the primary outcome measures at 2 years, the
observational study (and the as-treated analysis of the RCT)
showed clinically and statistically signiicant advantages for
surgery on all outcome measures. How should these diferences be interpreted? Longitudinal regression was used in the
observational analysis to account for potential confounding
and attrition related to the baseline variables that were measured. Such an analysis cannot control for potential confounding by unmeasured variables, however. Baseline diferences
on unmeasured variables could act as confounders and be
responsible for some of the diferences observed between the
surgery and nonoperative groups. Similar to the RCT, the lack
of blinding in the observational study limits the control of
observer/performance biases. Attrition rates were lower in the
observational cohort than the RCT (<20% for both groups at 2
years); thus, the potential for attrition bias is less. Given these
considerations, are the results of the observational study valid?

FIG. 10.6 Basic design of case-control study. Study groups are determined
by outcomes; patients with a particular outcome are cases, whereas patients
without the outcome are controls. This study design looks retrospectively to
determine if there is a diference in rate of exposure to a particular variable
between cases and controls.

In 2000, Benson and Hartz57 compared indings between
modern randomized and observational studies on various
medical questions and found that the results were similar for
most studies. In the two instances in which there were diferent indings between the study designs, the RCTs reported a
greater treatment efect than the observational studies. hese
indings strongly support the validity of well-designed observational studies. Although confounding by unmeasured
variables and bias may have resulted in some overstatement
or understatement of the treatment efect of surgery for IDH
in SPORT, with the numerous potential confounders measured
and used to adjust the analysis and the strong efects observed,
it seems likely that there was a beneit to surgery.

Case-Control Studies
he case-control study is another commonly used observational design, although it has not been used frequently in the
spine literature. In this study design, the groups are deined by
their outcomes, and the rates of exposure are compared
between the two groups (Fig. 10.6). Typically, cases are identiied, a matching control group is assembled, and the rates of
exposure to the risk factor of interest are compared between
the two groups. he main advantage of a case-control study is
its ability to assess risk factors for a rare outcome with a relatively small group of cases in a retrospective fashion. Additionally, the retrospective approach and the ability to examine
a large number of predictor variables also makes case-control
studies useful for hypothesis generation.
here are many potential pitfalls with case-control studies,
however, with sampling and recall bias being the two most
diicult to overcome.58 Sampling bias results when the cases
and controls are not drawn from the same population. his
can be controlled through the use of clinic-based or hospitalbased controls, population-based samples of cases and controls
(i.e., through disease registries), through the use of two or
more control groups, or through the technique of matching,
as discussed previously. Recall bias can also result when cases
are more likely to report exposure to the risk factor of interest,
based on their knowledge of the outcome. Recall bias can be
minimized through the use of data recorded prior to the onset
of the outcome or through the use of blinding.
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Case Series
Case series are reports of outcomes for patients undergoing a
treatment without any control group. he spine literature is
replete with this type of study. No inferential conclusions can
be made from case series because there is no control group
with which to compare outcomes. Case series should be based
on a consecutive series of patients to avoid selection bias in
which the investigator includes only patients with desirable
outcomes. hese studies are useful for hypothesis generating
or reporting outcomes on rare conditions. hey should not be
used to develop treatment guidelines because they lack a
control group and do not allow for the assessment of efectiveness of a treatment.

Levels of Evidence
Investigators have created a hierarchy of study designs based
on the quality of causal inference that one can make with
each study design (Fig. 10.7). Well-controlled RCTs and
meta-analyses of such studies are at the pinnacle of the
hierarchy. hese studies have been labeled level I evidence.59
Observational cohort studies or RCTs with methodologic
shortcomings are level II evidence. Case-control studies are
considered level III evidence. Descriptive studies such as case

Cohort study
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An interesting feature of case-control studies includes their
ability to be “nested” within a deined cohort. his is referred
to as a nested case-control or nested case-cohort design. Here,
the cohort has typically been assembled for another purpose
and, as such, has previously stored images, specimens, and
other data, or has been assembled de novo to answer the
research question. he investigator would typically measure
the outcome variable in this cohort to distinguish cases from
controls, and then measure the predictor variables in the
banked specimens and images. his allows for comparison of
risk factors in the cases and controls. he main advantage of
this subtype of case-control study design is that it is especially
useful for minimizing costly measurements on serum and
other specimens (since these will only have to be conducted
on all the cases and a sample of the controls, instead of the
entire cohort). Additionally, this design also preserves the
advantages of cohort studies that result from collecting predictor variables prior to the occurrence of the outcome.
Although case-control studies have rarely been used in the
spine literature, a hypothetical example would be the comparison of the rate of exposure to nonsteroidal antiinlammatory
drugs (NSAIDs) between patients with a lumbar pseudarthrosis (the cases) and patients with a successful fusion (controls).
his approach might prove useful in evaluating the hypothesis
that NSAID use might afect the likelihood of successful
fusion. Sampling bias (e.g., diferential rates of smoking, diabetes, and other risk factors for nonunion between the cases
and controls) and recall bias (patients with pseudarthroses
might be more likely to report exposure to NSAIDs) would
have to be taken into account.
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FIG. 10.7 Hierarchy of research designs in evidence-based medicine.

series and case reports are level IV evidence. Expert opinion
is considered level V evidence. As shown by the SPORT IDH
RCT, all questions are not best answered with a randomized
design. In addition, when modern observational studies are
compared with RCTs, it has been shown that they do not
usually overstate the treatment efect of an intervention.57,60
Whereas the hierarchy of evidence is useful for comparing
study designs in general, the merits of each individual study
should be assessed, and high-quality, observational studies
should not be discounted.

Cost-Efectiveness Analysis
Given the ever-increasing costs of health care, policymakers
have recommended that medical interventions be evaluated
for their cost-efectiveness.61 Cost-efectiveness analysis aims
to determine the cost to society for the incremental health
beneit derived from an intervention that is more costly than
an alternative, less efective treatment. Although an RCT can
show the eicacy of a treatment, further economic analysis can
be performed alongside the RCT to evaluate how much society
must pay for the treatment efect. To compare the costefectiveness of a wide variety of treatments across many
medical specialties, a universal scale of health must be used to
measure preference for health outcomes. In cost-efectiveness
analysis, the quality-adjusted life-year (QALY), which combines length and quality of life in a single number, is the recommended measure of health beneit.
To estimate QALYs, a utility, which is a numeric preference
rating of health ranging from 0 (equivalent to death) to 1
(perfect health) is used to value the health states associated
with a treatment. Classically, utilities have been derived using
techniques such as the time trade-of, which essentially determines how much time in a state of suboptimal health people
would be willing to trade for a lesser amount of time in perfect
health.61 More recently, techniques have been developed to
determine utilities based on standard questionnaires such as
the SF-36.62 QALYs are determined by multiplying utility for
each health state by the length of time in each health state and
summing up over time. For example, 2 years spent in a poor
health state with a utility of 0.5 followed by 10 years in a good
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health state with a utility of 0.8 would be equivalent to 9
QALYs (2 × 0.5 + 10 × 0.8). To compare the beneits of various
interventions, cost-efectiveness analysis determines the gain
in QALYs associated with an intervention. he advantage of
QALYs is that they allow for the comparison of very diferent
health states across medical disciplines.
he other half of the cost-efectiveness equation is cost.
Although an intervention typically produces a health beneit,
that beneit comes at a cost to society. Determining the cost
of an intervention is challenging; thus, many cost-efectiveness
analyses use gross costing based on average reimbursements
for various procedures. Ater determining the costs and beneits associated with an intervention, these must be compared
with another treatment. his is done by determining the incremental cost-efectiveness ratio (ICER). he ICER is deined as
the diference in cost between two treatments divided by the
diference in utility. Tosteson and colleagues63 reported that
discectomy resulted in a gain of 0.21 QALYs compared with
nonoperative treatment at an additional cost of $14,137, which
yielded an ICER of $67,319/QALY ($14,137/0.21 QALY).
Traditionally, an ICER of $50,000/QALY has been used as
a cost-efectiveness threshold because this was the ICER for
hemodialysis, an intervention for which society has decided
to pay.64 More recently, some authors have suggested that
$100,000/QALY is a more realistic cost-efectiveness threshold
because many frequently used interventions fall in the $50,000
to $100,000/QALY range.63,65,66
heoretically, cost-efectiveness analysis should allow
societies to maximize the value of their health care expenditures; the United Kingdom has set ICER thresholds to determine which services should be provided by their National
Health Service.67 here is little evidence, however, that health
care systems, including systems that currently ration care,
have been consistently using cost-efectiveness analysis to
guide rational treatment guidelines.68 As health care spending
comes under greater scrutiny and decisions regarding which
treatments to provide are made, evaluating the costefectiveness of an intervention will be essential.

Future of Outcomes Research:
Patient-Speciic Recommendations
Since the prior edition of this textbook, the quality of spine
outcomes research has improved markedly alongside a more
sophisticated understanding of the issues surrounding outcomes research within the spine community. A study of
spine-related clinical trials published in 2007 reported that
60% were performed and reported in an acceptable fashion, a
result that is better than seen in a general orthopaedic journal.69
Although this percentage is likely an improvement from years
prior, there is further work to be done on the quality of the
spine literature. he 4-year and 8-year outcome data from the
SPORT IDH study, the largest scale outcomes research study
ever performed in the ield of spinal disorders, have been
published more recently.70,71 Although this and most largescale trials are able to determine the treatment efect of an
intervention for the “average” patient, it can be diicult to

apply the results to clinical practice, in which no patient is
“average.”
In the case of IDH, there are clearly patients who fail surgical treatment and others who are very successful with nonoperative treatment. Blind application of the results of SPORT to
all patients who met the inclusion criteria (symptoms lasting
at least 6 weeks, the presence of neurologic indings, and
imaging consistent with their symptoms) would result in
surgery for all such patients. Although this approach would
result in greater clinical improvement than nonoperative
treatment, on average, surgery would be performed on some
patients who would have improved to an acceptable, and even
to a greater, degree with nonoperative treatment. Other
patients would fail to improve with surgery and perhaps
experience an additional decrease in their quality of life.
To avoid unnecessary surgery on these two groups of
patients, models that take individual characteristics and values
into account when predicting outcomes are needed. When
suiciently powerful models are developed, individual baseline characteristics, physical indings, and results from imaging
studies can be entered into such models to determine the
likelihood of success with surgery or nonoperative treatment.
Individual patient values should also be considered in deining
success and assigning utilities to the various possible outcomes. Such an approach represents the true integration of
evidence-based medicine with shared decision making at the
level of the individual patient and should be the next step in
spine outcomes research.

KEY POINTS
1. With constantly increasing health care costs, policymakers are
demanding outcomes research to show the efectiveness of
treatments, especially in ields that require expensive
technology, such as spine surgery.
2. There is substantial geographic variation in the rates of spine
surgery across the United States, indicating that further research
is needed to determine which patients are served best with
surgery.
3. Chance, bias, and confounding all threaten the validity of
conclusions based on clinical research and need to be
addressed in study design and data analysis.
4. RCTs can yield the highest level of evidence, although many
surgical questions are not amenable to this type of study
design. In these cases, well-designed observational studies may
be more appropriate.
5. Cost-efectiveness analysis will become more important as
decisions need to be made about the use of scarce health care
resources.
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Introduction
Computational and numeric methods have been used to
assess the biomechanical behaviors of biologic systems. he
advent and continuous development of powerful computing
systems in addition to improvement of the emerging computational packages in computer-aided engineering (CAE) with
enhanced modeling features have enabled scientists to develop
more rigorous models of biologic systems to predict the
behavior of these systems under diferent biologic conditions.
In orthopaedic biomechanics, the latest advances in medical
imaging technologies have helped researchers obtain a better
resolution of geometric and anthropometric speciications of
individual organs in the human body, including micro-scale
computational models of the knee, hip, spine, and bone itself.
In addition to ethical considerations, the practical diiculties,
restrictions, and cost involved in experimental in vitro and in
vivo studies highlight the utility of computational models as
complementary tools for studies in orthopaedic biomechanics.
he future challenge will be how to apply these approaches
to those areas of science that are not yet considered and how
to further improve present generation models to better simulate the couplings and nonlinearities that occur in physical
incidents.
One of the most applicable approaches used in biomechanical studies is inite element analysis (FEA), in which the
object or system is represented by a geometrically similar
model consisting of multiple linked representations of discrete
regions. he basic idea for the inite element (FE) method
originated from advances made in aircrat structural analysis
in the 1940s. Since then, the FE method has become a powerful tool for the numeric solution to a wide range of engineering
problems. In this method of analysis, a complex region deining a continuum is broken into simple geometric shapes called
inite elements. Material properties and governing relationships are assigned to the elements. With the advances in
computational power and computer-aided drawing (CAD)

systems, complex problems can now be solved with relative
ease. Specialized FE method sotware—such as Abaqus
(Simulia), ANSYS, COMSOL Multiphysics, and others—
provides linear, nonlinear, static, and dynamic solutions to
many industrial problems.
In general, FEA includes three main steps: preprocessing,
analysis, and postprocessing. Preprocessing is the irst step in
FEA, in which an FE model of the structure is created. Most
FEA packages require a topological description of the structure’s geometric features as input, which can be in one-, two-,
or three-dimensional (3D) form, representing line, surface, or
structural elements, respectively. However, 3D models are
used in most cases. Design iles, CAD models, and preexisting
digital scans can be imported into an FEA environment to be
utilized for an FEA. Once the FE geometric model is developed, a meshing procedure is used to deine and divide the
model into small discrete elements. An FE model is deined
by creation of a mesh network, which includes the geometric
arrangement of elements and nodes. When the FE model is
created, the material properties are assigned to the individual
parts, and proper interactions and constraints are deined
between interacting part and surfaces. Finally, the boundary
conditions and loads are assigned to the model.
he next step is analysis, which solves the model to converge
for solutions within the predeined boundary, load conditions,
and constraints. To better simulate the physical conditions
of the problem, diferent types of analysis, such as static or
dynamic (time-dependent) simulation, can be considered. In
static simulation, the inputs and outputs are independent of
time and the system is solved to balance the load and boundary conditions. In dynamic simulation, time can afect the
input and output parameters and the behavior of the model
varies over the time. Examples of dynamic simulations are
dynamic loading, impact, and long-term creep (or wear).
Once the simulation is inished, postprocessing of the data
can be performed using visualization tools. he analysis
outputs can be in the form of nodal outputs, including
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FIG. 11.1 Steps of creating the inite element (FE) model of spine. The computed tomographic images are
used to develop a grid at each transverse plane. The coordinates of the nodes are imported to the FE package,
and the elements are created. The material properties are deined for individual elements; the loads, boundary
conditions, and constraints are deined as the last step in modeling. The model is run and various FE outputs,
such as stresses and nodal displacements, are calculated for sections of interest.

displacement at each node and element outputs, such as
stresses and strains (Fig. 11.1).

Finite Element Modeling of the Spine
Low Back Pain
he human spine is a complex structure that supports the
upper trunk weight and external loads applied to the human
body. he spine column also protects the delicate spinal cord
and provides adequate lexibility and stifness to perform
various daily activities. he stability of the ligamentous spine
is signiicantly reduced in vivo due to absence of muscles.1
Low back pain (LBP) is one of the common musculoskeletal
disorders that afects the functionality of the spine. While
there are many causes of back pain, the most prevalent causes
are muscle strain, degenerative disc disease, spinal stenosis,
disc herniation, facet hypertrophy, isthmic spondylolisthesis,
degenerative spondylolisthesis, or (rarely) a spinal tumor.
In the United States, LBP is one of the major reasons for
disability for people younger than 45 years. More than 80% of
Americans sufer from LBP at some point in life. According
to an estimate, LBP costs between $100 and $200 billion annually, two-thirds of which is a result of decreased wages and
productivity.1 hus, there is a need to study the origin of pain
associated with the lumbar spine and search for simple, costefective, and safe treatment options. While there are a number
of avenues that researchers are pursing in this direction, the
role of mechanical factors in back disorders is signiicant.
hus, it is prudent to undertake biomechanical studies of the
spine in various conditions: intact-normal, degenerated,
surgery, and then “stabilization” of some sort. hese issues
have been investigated using cadaver models, animal models,
and numeric tools. his chapter focuses on the application of
numeric approaches in understanding the biomechanics of
the human spine, especially the analyses of spinal implants.
he human spine is composed of highly speciic tissues
and structures, which together provide an extensive range
of motion (ROM) and considerable load-carrying capacity.

FIG. 11.2 A motion segment in the lumbar spine.

Alteration of the form of these structures with increasing age,
injury, or any other reason can have a profound inluence
on the quality of life. Low back pain is generally associated
with degenerative changes occurring in the spine. Mechanical property changes resulting from degeneration are likely
contributors to lumbar spine instability that may lead to other
pathologies. his instability may be accelerated by injuries
or deformities.2 Vertebral body degeneration and ligament
degeneration are degenerative diseases that can occur with
age.3 he intervertebral disc and two facet joints form a threejoint complex and share the majority of the load on the spine.4
Due to this, degenerative changes of the spine can be initiated
as disc degeneration or facet joint osteoarthritis.5
In a spine segment (Fig. 11.2), the intervertebral disc
and facet joints are the main load-bearing structures in the
spine, and thus are most susceptible to mechanical wear and
tear. Back pain arising from degenerative disease could be

Chapter 11 Finite Element Analysis

here are some speciic considerations that should be taken
into account in FE modeling of the spine in order to make the
FE prediction reliable under a speciic loading or motion
condition. Following are some of these characteristics10:
• he geometry of speciic features should match the real
case, in which the shape of the construct afects the
biomechanical outputs; examples are geometry of discs
at diferent levels with the proper boundary proile in
the sagittal plane and the proper simulation of the
anterior/posterior disc height and the angle between
vertebral endplates at each segment.
• he correct simulation of the lordosis angle due to its
main role in the stability of the spine under loads and
load sharing across the segments.
• he geometry of the posterior bone and partitioning of
the bony elements into cancellous and cortical with
proper thickness of cortical bone across the vertebrae.
• Proper deinition of the element types for speciic features, such as ligaments, which can be deined either by
two-dimensional (2D) truss or beam elements connecting to nodes of the model with correct moment arm
with respect to the center of the segment. Ligaments can
be modeled either as a bundle with appropriate crosssection or as a combination of individual truss elements
with cross-section of unity.
• he geometry of the facet articulations with their gap
distance and likely asymmetry.
• Contact pattern between the articulating surfaces of
facets as a inite large-displacement contact problem
with proper sliding (with or without friction) and
normal (sot or hard) behavior.
• he disc should be modeled as a nonhomogeneous
composite structure, including an amorphous matrix
(protoglycan and water) reinforced by collagenous
ibers. Proper element types should be used for each
area of the disc, that is, the nucleus can be modeled
with noncompressible luid elements, while the anulus
can be modeled with solid elastic elements with ibers at
proper angles by considering the radial variation of the
collagenous ibers’ mechanical properties and volume
fracture.
• In case a nonstatic simulation—such as dynamic loading,
impact, long-term creep and wear—is being considered,
the time-dependent behavior of elements and materials
needs to be speciied.
• he deinition of loads and boundary conditions for
example, if the study of kinematics of L3–S1 spine is of
interest, S1 is ixed in all degrees of freedom and the
compressive loads and bending moments are applied at
L3 level.

Modeling of the Lumbar Spine
he irst intact FE model of the ligamentous lumbar spine that
was developed consisted of two motion segments (L3–L5).11
he geometric data for the L3–L4 motion segment were
acquired from 1.5-mm thick computed tomography (CT)
scans (transverse slices) of a cadaveric ligamentous spine
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discogenic or may be directly due to diseased facet joints. he
advanced stage of disc degeneration or facet degeneration may
call for replacement surgery to achieve spinal stability and
symptom relief. Disc arthroplasty and facet joint replacement
technologies aim to restore the normal kinematics of the spine
by acting as load-bearing devices.5 Surgery for these devices
is highly invasive. Replacing either the disc or the facet joint
would be considered a partial joint replacement. As loadbearing structures, there is also a possibility of wear of the
device, leading to osteolysis. here is a lack of literature on
the kinematic efect of these replacement technologies on the
remaining structures of motion segments.
Many cadaveric and experimental studies have been formulated to compare the biomechanical behavior of the intact
spine versus the injured or implanted spine. Motion across the
segments as well as disc pressure measurements and facet
loads have been quantiied. However, there are many factors
that come into play, such as specimen variability and errors
involved in experimental testing. In addition, prototyping of
many implants at once is not physically easy. Currently, mathematical models are being widely used to quantify forces and
moments acting on the lumbar spine during various activities
in life. hey can be used to quantify stresses at any area and
thus point to the area where a fracture might occur. Almost
all results seen in experimental testing can be quantiied by
mathematical modeling. Hence, the use of a mathematical
method such as the FE method is justiied for the study of the
lumbar spine.
Because of the diiculty in analyzing the spine as a whole,
it has been divided into a number of regions (e.g., cervical,
thoracic, lumbar), and each area has been analyzed separately
in diferent studies. For example, numerous studies of the
lumbar spine have applied the FE models of the entire ligamentous lumbosacral spine (LI–S1) or individual lumbar
functional spinal units (FSUs; each functional unit consists of
two adjacent vertebrae with connecting ligaments and intervertebral disc) to investigate the biomechanical behavior of
the spine.
Some of the previous FE models of the lumbar spine have
studied only the response of the motion segments, neglecting
posterior elements,6 while the others did the entire motion
segment with posterior elements7 or multimotion segments or
the whole ligamentous lumbosacral spine.8 It is crucial to bear
in mind that the simpliications made in the development of
the model—such as in geometry, material deinitions, load
and boundary conditions, and so on—will directly afect the
accuracy of predictions.9
Once the FE model is developed, it must be validated with
relevant in vivo and in vitro test data. he model to be validated should replicate the crucial features and characteristics
of the real specimen in order to be able to be compared to
experimental data that may help in ine-tuning the FE model.
For components such as ligaments, the experimental test data
are required to deine the true mechanical behavior as well as
failure modes and hysteresis characteristics of the corresponding element in the model. All these will enhance the precision
of the FE simulations and outputs and will make them comparable with real behavior of the spine.
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specimen. Radiographs and dual-energy x-ray absorptiometry
(DEXA) were used to ensure that no osseous abnormalities
existed with the specimen and that the bone quality was good.
Each region was then divided into several quadrilaterally
shaped elements. he four nodes characterizing a particular
element were digitized to obtain their X and Z coordinates
with respect to the global axes system. he Y coordinate
equaled the depth of the corresponding transverse slice on the
CT ilm. he transverse cross-sectional shape of an intact
normal specimen is symmetric about the midsagittal plane.
hus, only one-half of the model was digitized; the other half
was simulated as a relection of the irst half automatically by
the FE sotware. he coordinate data of elements from diferent cross-sections were then assembled to generate threedimensional meshes. he midtransverse plane of the L3–L4
disc was horizontal. A lordotic curve of approximately 9
degrees was simulated at the L4–L5 level of the FE model,
based on the anthropometric data. he model validation study
was undertaken by Kong.12
hen, the L5–S1 disc and the S1 vertebral body were added
to the existing L3–L5 model to construct an L3–S1 segment.
A total lordotic curve of approximately 27 degrees was simulated across the L3–S1 level with the mid-L3–L4 disc kept
horizontal. he concluding L3–S1 model has a total of 27,540
elements and 32,946 nodes (Fig. 11.3). he number of elements and the material properties of the intact L3–S1 model
are presented in Table 11.1.

vertebral bodies were modeled as a cancellous (porous) bone
core surrounded by a 0.5-mm thick cortical (dense) bone
shell. he appropriate isotropic material properties were
deined for the respective regions (see Table 11.1).

Intervertebral Disc
he intervertebral disc was modeled as the anulus ibrosus and
nucleus pulposus. he anulus ibrosus was modeled as a
composite solid ground substance, reinforced with embedded
ibers. he ground substance was made up of 3D solid hexagonal elements. he REBAR option (Abaqus) was used to deine
the ibers, which were oriented at alternating angles ±30
degrees to the horizontal. he “no compression” option was
used for the REBAR elements such that they could transmit

Vertebral Body and Posterior Bone
he vertebral body and posterior bony regions were deined
using three-dimensional solid continuum hexagonal elements
with eight nodes, each possessing six degrees of freedom. he

TABLE 11.1

FIG. 11.3 Finite element model of the ligamentous L3–S1 segment.

Element Types and Material Properties for the Intact L3–S1 Finite Element Spine Model

Element Set

Elements (n)

Element Type

Young’s Modulus (MPa)

Poisson’s Ratio

Cross-Sectional Area (mm2)

Bony Regions
Vertebral cortical bone
Vertebral cancellous
Posterior cortical bone
Posterior cancellous

3312
10,608
3632
1834

C3D8
C3D8
C3D8
C3D8

12,000
100
12,000
100

0.30
0.20
0.30
0.20

C3D8
REBAR
C3D8

1.2
357.5–550
1.0

0.45
0.30
0.4999

Intervertebral Disc
Anulus (ground)
Anulus ibers
Nucleus pulposus

5376
2685
1920

0.00601–0.00884

Joints
Apophyseal joints

216

GAPUNI

Softened, 12,000

216
144
30
21
21
9
84

T3D2
T3D2
T3D2
T3D2
T3D2
T3D2
T3D2

7.8 (<12%), 20.0 (>12%)
10.0 (<11%), 20.0 (>11%)
10.0 (<18%), 58.7 (>18%)
15.0 (<6.2%),19.5 (>6.2%)
9.8 (<14%), 12.0 (>14%)
8.8 (<20%), 15.0 (>20%)
8.48 (<25%), 32.9 (>25%)

Ligaments
Anterior longitudinal
Posterior longitudinal
Intertransverse
Ligamentum lavum
Interspinous
Supraspinous
Capsular

0.30
0.30
0.30
0.30
0.30
0.30
0.30

GAPUNI, two-node unidirectional gap element.
From Dooris A. Experimental and Theoretical Investigations Into the Efects of Artiicial Disc Implantation. Doctoral dissertation. Iowa City: University of Iowa; 2001.

74
14.4
1.8
40
40
30
34
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Apophyseal (Facet) Joint
Simulation of the facet joints is crucial for the spine model
since it drastically afects the outcome of the analysis. In this
model, the facet joints were simulated using 20 threedimensional gap elements (GAPUNI). he facets were oriented
at an inclination of 72 degrees from the horizontal plane. An
initial gap of 0.5 mm was speciied between these elements.
Force is transmitted by using the Abaqus “sotened contact,”
which exponentially adjusts the force transfer as the gap is
closed. At full closure, the joint assumes the same stifness as
the posterior bone (Fig. 11.4).

Ligaments
All seven major ligaments—interspinous, supraspinous, intertransverse, capsular, posterior longitudinal, anterior longitudinal, and ligamentum lavum—were simulated in the model.
he ligaments were modeled using three-dimensional twonode truss elements (T3D2). Hypoelastic material properties
were assigned to each of these ligaments, allowing a “neutral
zone” to be incorporated in which the ligament provided little
stability under minimally applied external loads. he hypoelastic material deinition was given by specifying varying
Young’s modulus and Poisson’s ratio along with the strain
invariants at the speciied strain rate. he material properties
of ligaments were taken from the literature, including our
own experimental data.13 he deining elements were aligned
along the respective ligament iber orientation. Although the
ligamentum lavum and the longitudinal ligaments experience
a prestress at rest, all ligaments were assumed to be unstressed
initially. Modeling the ligaments causes nonlinearity in kinematics of the spine model (see Fig. 11.3).

Medial
Lateral

he entire process of developing the FE models of the spine
has been simpliied due to the advances in technology.
he reconstruction of sot tissue and hard tissue geometry
from magnetic resonance imaging (MRI) and CT scans is
completed through the use of Mimics v15.0 (Materialise). MRI
is capable of imaging both hard and sot tissue (vertebrae and
intervertebral discs) through manual segmenting. CT scans
are capable of autosegmenting hard bone tissue but are diicult
to use for reconstruction of sot tissue. he segmented geometry is exported in the form of a standard triangle language
(STL) surface ile. hese iles (especially manually segmented
geometries) are not smooth and require further processing.
Surface processing of the reconstructed geometry is
conducted in Geomagic Studio 2014. his sotware is a
reverse-engineering sotware that provides surface geometry
modiications. Ater importing the geometry, there are various
functions that allow the surface to be precisely smoothed and
edited. he smoothing is utilized to be able to achieve uniform
meshes that are critical for achieving accurate and stable FE
solutions. he editing that is conducted is used to adjust the
overlapping surfaces to satisfy the requirements of the FE
analysis sotware.
he prepared surface geometry is then imported into
HyperMesh 14.0 (Altair) to create the three-dimensional
meshes. hese meshes are created such that they have optimal
Jacobian and aspect ratios. Multiple mesh densities are created
of each body to then perform mesh convergence. Mesh convergence is used to show that the solution of the FE problem
is independent of mesh density. his method allows us to
utilize accurate mesh with the lowest possible computational
expense.
he converged mesh is then imported into Abaqus 6.14
(Simulia), and constructed. he construction of the model
consists of assigning material properties to all geometries.
Abaqus has the capability of assigning a variety of material
types and constitutive models to accurately simulate the linear
elastic, plastic, and hyperelastic properties of bones, implants,
and sot tissue. Interactions are then generated to tie surfaces
together, such as the vertebral endplate to the intervertebral
disc. Interactions are also used to generate contact deinitions,
such as the articulation between a cage and endplate, to accurately simulate the contact force, contact area, stress, displacement, and so on. he appropriate one-dimensional elements
are then added to the model to represent the small sot-tissue
restraints that are not able to be reconstructed through MRI or
CT data. Loading and boundary conditions are then applied to
simulate various clinically relevant conditions. he outputs of
the model are ROM, stress, strain, force, and contact mechanics in all of the reconstructed and instrumented geometries.
Complex subroutines are available to simulate growth and
deformities of the spine. Last, both static and dynamic loading
scenarios are available to fully capture all studies of interest.

Validation of the Lumbar Model

FIG. 11.4 Facet joint in the inite element model of the L3–S1 spine.

Formulating an FE model for a biologic system oten involves
making justiiable assumptions. Validation of an FE model is
essential in order to indicate whether the model predictions
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only tension; also, the iber thickness and stifness increased
in the radial direction. An overall collagenous iber content of
16% of the annular volume was distributed in the anulus.
he nucleus pulposus was modeled with C3D8 hexagonal
elements. Isotropic material property with a stifness of 1 MPa
and near incompressibility simulated with a Poisson’s v =
0.4999 was assigned to the nucleus to simulate its hydrostatic
characteristics.
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are similar to the experimental predictions. Previous biomechanical studies using the intact two-segment FE model were
validated with experimental in vitro studies.12,14–17
Axial compressive preload acts as the major component
of the in vivo preload. he exact degree and magnitude of the
net preload relies on the degree of lumbar lordosis and the
posture of the individual during physiologic loading. Axial
compressive preload afects the load displacement characteristics of the joint.4 he model was subjected to an axial preload
of 400 N as a follower load since it is physiologic. In addition
to the axial preload, motion was predicted for all six degrees
of freedom with a moment of 10 Nm. Schultz et al.12 have
reported the load-displacement properties in all principal
directions with a compressive preload of 400 N. he compressive preload of 400 N was maintained while moments (4.7 Nm
and 10 Nm) about the three principal axes were applied
individually. Table 11.2 provides a comparison of the model
predictions in response to bending and torsional moments
compared to those reported by Schultz et al.12 he predicted
facet loads were compared with Yang and King,17a Shirazi-Adl
and Drouin,17b and Kim.15 Radial disc bulge predictions at
L4–L5, measured at the disc mid-height, were compared to
previous experimental and analytic results. In response to the
TABLE 11.2 Comparison of Intact L3–L5 and L3–S1 Finite Element
Predictions and Results From Schultz et al.12
L3/5 FE Model
Predictions

L3/S1 FE Model
Predictions

In Vitro
Results

Rotation (Degrees) From 4.7 Nm Moment + 400 N Compression
Flexion

L3–L4: 3.29
L4–L5: 3.36

Extension

L3–L4: 1.84
L4–L5: 1.62

Right lateral bending

L3–L4: 2.33
L4–L5: 2.31

Left lateral bending

L3–L4: 2.33
L4–L5: 2.31

Right axial rotation

L3–L4: 1.28
L4–L5: 1.25

L3–L4: 3.20
L4–L5: 3.32
L5–S1: 4.45
L3–L4: 1.67
L4–L5: 1.40
L5–S1: 0.59
L3–L4: 2.32
L4–L5: 2.13
L5–S1: 1.63
L3–L4: 2.32
L4–L5: 2.13
L5–S1: 1.63
L3–L4: 1.34
L4–L5: 1.20
L5–S1: 1.00

5.13 ± 1.86

2.12 ± 0.98

4.47 ± 1.63

compressive preload, the mean lateral disc bulge was 0.12 mm
for a 400 N load. Although these values are somewhat low, the
values were in the range reported by Dooris et al.7 Ligament
strains were predicted in response to an axial compressive load
of 400 N, coupled with bending moments of 5 and 10 Nm
about the three principal axes. he trends seen were close to
the in vitro work reported by Panjabi et al.17
he FE solutions are dependent on the mesh reinement.
Using a large number of elements is known to reduce error,
and the mesh should be reined until a stage is reached at
which the results from the current reinement iteration are
similar to the results obtained by the previous reinement
iterations. Such a mesh would be an optimized mesh, which
enables the model to predict correct results. Further reinement beyond this point can theoretically induce more errors.
hus, the mesh of the L3–L5 FE model was further reined and
the L5–S1 segment was added. he results between the L3–L5
model and L5–S1 model exhibited a strong correlation (see
Table 11.2).
To further validate the L3–S1 model, a cadaveric study was
undertaken recently. he study involved comparing experimentally predicted load-displacement behavior using the
Optotrak with FE model predictions.18 Five fresh ligamentous
lumbar L1–S1 spine specimens were used for the experimental
tests. Specimens were potted in a rigid base secured to the
sacrum and a loading frame likewise was secured to the L1
vertebral body. To determine the load-displacement behavior
of the specimen, a set of three light-emitting diodes (LEDs)
was attached to each vertebral body (Fig. 11.5). he Optotrak
motion measuring system (Northern Digital Inc.) was used to
track the spatial location of the LED markers secured rigidly
to the vertebral bodies, including the base, during the loaddisplacement evaluation. he specimen was loaded to a
maximum of 9 Nm in all six degrees of freedom. he intact
FE model was also subjected to similar loading of 9 Nm as the
cadaveric testing. he angular displacement data for the

4.32 ± 1.47

0.69 ± 0.33

Rotation (Degrees) From 10.6 Nm Moment + 400 N Compression
Flexion

L3–L4: 5.32
L4–L5: 5.08

Extension

L3–L4: 3.45
L4–L5: 3.35

Right lateral bending

L3–L4: 5.13
L4–L5: 5.18

Left lateral bending

L3–L4: 5.13
L4–L5: 5.18

Right axial rotation

L3–L4: 2.98
L4–L5: 2.75

L3–L4: 5.19
L4–L5: 5.00
L5–S1: 6.45
L3–L4: 3.83
L4–L5: 3.80
L5–S1: 3.72
L3–L4: 5.15
L4–L5: 4.91
L5–S1: 3.73
L3–L4: 5.15
L4–L5: 4.91
L5–S1: 3.73
L3–L4: 3.17
L4–L5: 2.97
L5–S1: 2.56

5.51 ± 1.00

2.99 ± 1.02

5.64 ± 1.22

4.90 ± 0.79

1.50 ± 0.67

Finite element model predictions fall within one standard deviation of in vitro results.

FIG. 11.5 The ligamentous L1–S1 segment with light-emitting diodes, used
to predict angular displacements.
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Finite Element Model of the Cervical Spine
A full cervical spine (C1–C7) computational model was
developed that involved the following steps.

Angular displacement (degrees)
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L4-L5
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Conversion of CT and MRI Scans to 3D Solid Model
To construct the geometry of the cervical spine, CT scan
images of a woman (25 years old) without any abnormalities
with 1-mm slice thickness were obtained from the radiography
department of University of Toledo Medical School. Mimics
13.1 sotware package (Materialise) was used to construct the
required 3D structures. For the CT images obtained, bone
contrasting and thresholding procedures were done to each
bone part, and related masks were developed. hen, by utilizing the region growing tool, the initial geometry was developed
(Fig. 11.7). Smoothing, wrapping, and iltering functions were
executed to obtain good-quality geometry. A similar procedure was followed to obtain 3D structures of ive intervertebral
discs (C23, C34, C45, C56, and C67) from MRI scans.
Meshing
Each individual 3D structure was imported into the Iowa FE
Mesh sotware for creating the mesh structure. A series of
building blocks was constructed around the 3D structure,
assigned a desired mesh density, and projected onto the
surface representation, creating a 3D FE model. Finally, the
mesh quality module in the sotware was used to evaluate, and
thus develop, the high-quality mesh for the model. Fig. 11.8
shows the meshing procedure for C3 vertebra.
Finite Element Analysis (Using Abaqus Version 6.11)
Abaqus sotware was used for the FEA. Meshed parts were
imported into this sotware for FEA. Ligament insertion points
and material properties of all of the sot and hard tissues
were extracted from literature.18a Finally, assembling all of
these parts and assigning their respective material properties
developed the three-dimensional nonlinear full cervical spine
FE model.
he intact model contained 217,366 nodes and 181,336
elements. he global coordinate system of the model (X, Y,
and Z) was oriented in such a way that the positive Y is from
anterior to posterior of the spine, positive X is from right to let
of the spine, and positive Z is from bottom to top of the spine.

Angular displacement (degrees)

CADAVERIC AND FE MODEL COMPARISON
10
8

Right rotation

6
4

Intact right rotation (cadaveric)
Intact right rotation (FE model)
Intact left rotation (cadaveric)
Intact left rotation (FE model)

2
0
–2
–4
–6

Left rotation

Vertebral Body and Posterior Bone
Similar to the lumbar model, the cervical vertebral body consists of a thin cortical shell (0.5 mm of thickness) surrounding
a soter cancellous core. he posterior region was assigned
attributes, which lay between those of the cortical and cancellous regions. hree-dimensional, isoparametric solid elements
(C3D8) were used to deine the osseous geometry.

–8
–10

L3-S1

C

L3-L4

L4-L5

L5-S1

Spinal segment

FIG. 11.6 (A) Comparison of the experimental and inite element (FE)
model results for lexion and extension in response to a 9-Nm pure
moment. (B) Experimental and FE model results are compared in left and
right bending in response to a 9-Nm pure moment. (C) Experimental and FE
model results are compared in left and right rotation in response to a 9 Nm
pure moment.

Facet Joints
A contact formulation was used to deine the contact pattern
between articulating surfaces in facet joints with an initial gap
of 0.5 mm based on CT imaging and dissection procedures.
he contact was deined with an exponentially increasing
modulus as the gap distance between the inferior and superior
facets decreased, simulating the presence of cartilage in the
facet region. he facets were oriented at approximately 45
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experimental testing and the FE model were compared across
L3–S1, L3–L4, L4–L5, and L5–S1 segments. It was found that
the FE model predicted angular displacements across the
segments falling within one standard deviation of the experimental data (Fig. 11.6).
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A

B

C

D

FIG. 11.7 Visualization module of Mimics version 13.1 (Materialise). (A–C) Frontal, axial, and sagittal scan views,
respectively, in which bone contrasting, thresholding, and masking were performed for the computed
tomographic slices. (D) Three-dimensional structures developed by performing the smoothing and iltering
options.

FIG. 11.8 Meshing procedure for the C3 vertebra. The left image depicts the three-dimensional C3 vertebra,
the center image shows the constructed building blocks, and the right image depicts the meshed vertebra,
respectively.

degrees from the horizontal plane, with some variation in the
sagittal plane alignment, according to CT geometry. he facets
were also of varying curvatures from right to let sides, indicating the possibility of varying contact during right or let
loading modalities from the right to let facets.

Luschka’s joints were modeled as well in the cervical discs.
hese were simulated around the area of the uncinate processes and the anulus horizontal layers around the uncinate
processes.

Ligaments
Intervertebral Disc and Luschka’s Joints
he anulus ibrosus was modeled as a composite coniguration
in which a series of ibers simulating the lamellae of the disc
were embedded in a ground substance surrounding a more
gelatinous nucleus region. Each layer of ground substance
contained two alternating layers of ibers arranged at ±65
degrees from the transverse plane, with an overall iber content
of 20% of the annular volume assumed. REBAR element type
with no-compression option was used to deine the ibers.
Brick elements were used to model ground substance and the
nucleus pulposis was deined as incompressible luid.

he ligaments of the lower cervical spine that were modeled
include the anterior longitudinal ligament (ALL), posterior
longitudinal ligament (PLL), interspinous ligament (ISL), ligamentum lavum (LF), and the capsular ligaments (CAPs). he
alar ligament (AL), transverse ligament (TL), anterior and
posterior atlantoaxial ligaments (AT-AX, PAT-AX) were
modeled for the upper cervical spine. he ligaments were
modeled using three-dimensional truss elements with hypoelastic material behavior.
Fig. 11.9 shows a 3D view of an FE model of the C1–C7
spine and all its components. Material properties and
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Young’s
Element Group Element Modulus
Name
Type
(MPa)

C2

Cortical bone
Transverse
process

Facet joint

C3

C4

Uncinate
process

Vertebral body
C5
Spinous
process
C6

C3D8

10,000

0.3

–

Cancellous bone C3D8

450

0.25

–

Posterior bone

C3D8

3500

0.25

–

Anulus ground
substance

C3D8

4.2

0.25

–

Anulus ibers

REBAR

–

0.45

–

Nucleus
pulposus

C3D8H

1

0.4999

–

ALL

T3D2

15 (<12%)
30 (>12%)

0.3

33.0

PLL

T3D2

10 (<12%)
20 (>12%)

0.3

33.0

LF

T3D2

7 (<12%)
30 (>12%)

0.3

50.1

ISL

T3D2

5(<25%)
10 (>25%)

0.3

13.0

CAP

T3D2

15 (20-40%)
30 (>40%)

0.3

46.6

TL

T3D2

20

0.3

18.0

AL

T3D2

3.0(<17%)
8.5(>17%)

0.3

22.0

AT-AX

T3D2

0.2(<17%)
1.25 (>17%)

0.3

5.0

PAT-AX

T3D2

6.0(<17%)
10.0 (>17%)

0.3

5.0

C7
FIG. 11.9 Finite element model of the ligamentous C1–C7 cervical spine.

cross-sectional areas used in deining the various entities in
the C1–C7 model are summarized in Table 11.3. hese were
chosen based on values published in the literature and were
assumed to be homogeneous and isotropic.7

Application of the Finite Element
Model of the Spine
One of the main advantages of FE modeling of the spine is its
extensive application in simulating the efects of various
trauma and spinal disorders on the biomechanics of the spine.
Numerous studies have simulated diferent spinal injuries and
compared various biomechanical parameters, such as angular
motion and stress distribution across degenerated and adjacent segments, between intact and injured spine models. he
outcomes of such analysis have well served engineers in
coming up with innovative ideas and solutions in the design
of suitable implants to address the pain and restore to normal
the biomechanics of the damaged segment. Implants are useful
in treatment of spinal injuries when conservative therapies fail
to reduce the pain and restore the patient to a normal daily
routine. Invasive surgeries aim to remove the pain-causing
structures, stabilize the segment, and correct bone failure due
to trauma or disease.
Once the FE model of the intact spine is created, it can be
easily modiied to simulate diferent injuries by various techniques, such as removing certain elements (e.g., facetectomy,
laminectomy), changing the material properties (e.g., laxity in
ligaments), or modifying the geometry (disc herniation and
degeneration).
For example, spinal stenosis is a progressive degenerative
condition that occurs when the articulating facet joints become
arthritic and no longer provide necessary stability to the
spine. he arthritic facets become inlamed and osteophytic

Poisson’s Cross-sectional
Ratio
Area (mm2)

AL, alar ligament; ALL, anterior longitudinal ligament; AT-AX, anterior atlantoaxial
ligament; CAP, capsular ligament; ISL, interspinous ligament; LF, ligamentum lavum;
PAT-AX, posterior atlantoaxial ligament; PLL, posterior longitudinal ligament;
TL, transverse ligament.

(produce bony spurs), resulting in irritation and impingement
of nearby nerves, leading to clinical symptoms. he current
nonconservative treatment for spinal stenosis is surgical
decompression and spinal fusion with instrumentation to
achieve spinal stability and symptom relief. Decompression
is a surgical procedure, which is performed to alleviate pain
caused by pinched nerves (neural impingement). he surgical
procedure for decompression includes removal of part of the
lamina (laminectomy), spinous process, facets (facetectomy),
ligaments, and/or sometimes part of the intervertebral disc
(microdiscectomy).
Although clinical studies have shown that decompression
surgery enhances neurologic recovery, pain relief, and mobility, signiicant destabilization of the spinal motion segment
is seen ater decompression, especially if the facet joint is
removed.
Addition of a posterior fusion system, including pedicle
screws interconnected with a rigid rod, is a common procedure to restore the stability of the afected segment.
hough fusion is able to restabilize the implanted segment,
it can result in accelerated degeneration of the adjacent motion
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TABLE 11.3 Element Types and Material Properties for Finite Element
Model of Intact C1–C7 Cervical Spine

C1

Intervertebral
disc
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segment and morbidity from muscle stripping. Fig. 11.8 shows
an L3–S1 model of the spine with a fusion system at the
L4–L5 level.

Clinical Application of the Finite
Element Models of the Spine
FE analysis has become a cost-efective and eicient means to
predict the biomechanics of the spine under physiologic and
pathologic conditions. While useful, the model is not without
limitations due to the constraints of a biologic system and its
associated properties being modeled by a digital representation. he material properties of the ligaments (supraspinous,
interspinous, ligamentum lavum, and so on) were obtained
from the literature, while the intervertebral disc was modeled
as a homogeneous composite ground substance. It can be
inferred that the data used to generate the models can be
thought of as an “average” of the normal population, just as
reference ranges are for determining the upper and lower
threshold of certain markers in routine bloodwork.
FE models are based on a number of assumptions, such as
the fact that the generated models should apply equally to all
members of a population. In clinical practice, this does not
oten hold true. Just as individual patients may have variations in their spine anatomy, the rate of degeneration and the
impact of degenerative processes may vary from patient to
patient, making generalizations about the “best” treatment for
a particular type of spinal pathology far from simple. Oten in
clinical practice, patients with a similar degree of degenerative
pathology may have widely diferent clinical manifestations or,
in some cases, may be completely asymptomatic. he challenge
in making decisions with patients in regard to their pathology
rests on the ability of the clinician to integrate biomechanical data derived from FE models, the radiographic data, and
the patient’s clinical symptoms. hus, it becomes important
to not use computational models alone to determine the
appropriate treatment for an individual patient. Additionally, the patients that are seen in practice oten are far down
the degenerative cascade, at which point surgery may only
temporarily alleviate their symptoms before their recurrence
due to scarring, nociceptor hypersensitivity, and/or further
degeneration.
Another limitation of an FE model is that the stability
of the ligamentous spine is less than a spine in vivo due to
absence of the muscles and ligaments. he load-bearing
qualities and structural support aforded by the muscles and
ligaments have been shown to vary greatly, and are inluenced
by the age and quality of bone, the rate of loading, as well as
other physiologic and hereditary characteristics that cannot
be modeled by current computational techniques. In addition,
there have been observations that cadaveric models may show
diferent biomechanical properties based on preparation, and
that the in vivo tissue failure properties may be lower than
that predicted by FE models.19 he importance of the musculature and ligaments and their contribution to spinal stability
is emphasized by the recent surge of interest in minimally
invasive techniques for arthrodesis that minimize muscle
dissection.

Currently, FE models are limited in their ability to evaluate
the spine as a whole, and are instead divided into regions (cervical, thoracic, lumbar) to facilitate analysis of their mechanical
properties. By isolating these segments and subjecting them
to biomechanical analysis, they do not address global spinal
parameters, such as sagittal and coronal balance, which have
become increasingly important in treating spinal pathology.
In addition, the spine’s relationship to the pelvis and pelvic
parameters—such as pelvic tilt, pelvic incidence, and sacral
slope—are currently not addressed by FE models but are used
increasingly by surgeons in making treatment decisions that
impact clinical outcomes and patient satisfaction.
Because FE models are typically based on a speciic subject
or an ideal average subject, there is concern regarding the
applicability of FEA to clinical practice. Many studies have
been conducted with the goal of accounting for intersubject
variability as a result of aging and anatomic deformities. For
example, patient-speciic FE models have been constructed to
investigate the risk of femoral neck fracture,20 account for
intersubject variability of biomechanical factors in animal
studies,21 and to support the interpretation of clinical results
in follow-up studies. Reggiani et al. reported a preliminary
validation of patient-speciic FE models with regard to predicting the subject-speciic primary stability of cementless
implants during preoperative planning.22
Although a need remains for a validated model that
accounts for injury, deformity, or disease, more recent studies
have demonstrated the usefulness of coupling FEA with
patient-speciic information from clinical CT scans to mechanistically simulate bone failure. his approach has been validated by numerous groups for the spine and hip, and clinically
has been shown to be signiicantly associated with incident
and prevalent fracture in multiple cohorts. A study conducted
by Kopperdahl et al. has further demonstrated clinical integration of FEA through its use of FEA-based vertebral strength
assessments and vertebral trabecular bone mineral density
(BMD) to predict incident vertebral fractures in women.23
he International Society for Clinical Densitometry (ISCD)
has recently developed new oicial positions for the clinical
use of quantitative CT (QCT)-based FEA of the spine and hip,
speciically with regard to the management of osteoporosis in
adults. According to the ISCD, QCT-based FEA can be used
to assess fracture risk, initiate pharmacologic treatment of low
vertebral and femoral strength, as well as monitor age- and
treatment-related changes to bone strength.24
Perhaps the most important application of FE models in the
spine is their utility in creating medical devices that are intended
to arrest the degenerative cascade. In current clinical practice, a
signiicant proportion of spine procedures are centered around
removing ofending pathology (laminectomy, facetectomy,
corpectomy, and so on) and fusing the levels of interest using
implants such as rods and pedicle screws. Over time, the inlammatory cascade that promotes healing fuses the operated levels
while placing stress on the adjacent motion segment. While, in
many cases, the patient’s preoperative symptoms may temporarily improve, symptom recurrence and/or exacerbation in the
future is not uncommon due to accelerating the degenerative
cascade in the adjacent level. he existence of conditions such as
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loads were compared between the intact and implanted model
(Fig. 11.10).
he intervertebral artiicial disc is another example of
spinal implants recently proposed as a treatment for the
degenerated disc. Unlike fusion systems, the total disc replacement (TDR) promises to address facet pain, mimic the motion
of the intact spine, and avoid degeneration at the adjacent
segment. here are various designs available for discs. Some
require an anterior surgical approach for replacement as
opposed to others that are placed from the posterior side of
the spine. Fig. 11.11 shows a posterior disc system (Disc
Motion Technologies), including a pair of cobalt-chrome
sliding parts. his disc is placed into the spine following the
surgical removal of the facets at the operative level. Since the
facets are removed, the spine is restabilized by the addition of
a PDS system as previously discussed. he combination of
PDS and disc is a 360-degree motion system that is able to
restore the motion of the operated segment back to normal.
To assess the biomechanics of the implanted spine, FEA was

FIG. 11.10 Fusion system at the L4–L5 level of the lumbar spine.

PDS system

ROM in flexion
Extensions fixed into
pedicle screws

ROM in extension

Ball & socket
joints
FIG. 11.11 The L3–S1 spine implanted with a posterior dynamic stabilizer system at L4–L5. ROM, range of
motion; PDS, posterior dynamic stabilizer.
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“failed back surgery syndrome” (FBSS) and patient dissatisfaction ater repeat fusion surgery suggest that the data used to
create implants and to perform spine surgery are limited in
their ability to truly predict the surgical solution that is ideal
for a particular patient. Importantly, the data used to generate
FE models is from cadaveric spine specimens that have not
undergone fusion surgery, making predictions about the rate of
degeneration or adjacent-level disease approximations at best.
hese developments highlight the advantages of FEA and
advance the goal of bringing FEA closer to clinical application.
As FE models evolve, the ability to evaluate the spine as a
whole, incorporation of global spinal alignment parameters,
and including elements such as spinal musculature and
ligaments may aid in increasingly accurate predictions of the
spine in vivo. It should also be noted that current FE models
are based on static imaging and do not incorporate dynamic
radiographs (lexion, extension, and lateral bending), which
also prove to be important in surgical decision making.
More recently, nonfusion-based spinal implants are being
used as an alternative to stabilizing the spine ater decompression. Unlike fusion, nonfusion stabilizing systems allow for
angular motion, shear stability, and adjusting to the instant
axis of rotation of the motion segment during movement. Fig.
11.9 shows the L3–S1 spine implanted with a posterior
dynamic stabilizer system (PDS; Disc Motion Technologies).
he implant was placed at L4–L5 following the surgical procedure of total facetectomy at L4–L5. he PDS consisted of a
pair of metallic (chrome-cobalt) sliding parts (male and
female) connected to the spine by titanium pedicle screws at
each side.
To simulate the physiologic loading condition on the spine,
once the implanted model was created, both implanted and
intact models were loaded with 400 N of compressive follower
preload plus 10 Nm of moment to simulate lexion, extension,
let/right bending, and let/right rotation. Various biomechanical parameters such as motions, intradiscal pressure, and facet
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used, and motion, intradiscal pressure, and facet loads across
segments were calculated and compared between intact and
implanted models (Figs. 11.10–11.12).

Conclusion
In addition to its most obvious and time-tested uses, such as
the evaluation of early-stage prototypes, FEA is a useful tool
in the evaluation of the biomechanical efect of various surgical interventions, including a range of implants—from those
that are designed for fusion to motion preservation devices.
FEA aids in predicting the behavior of such implants in the
long term by means of evaluating some crucial mechanical
factors, such as wear and fatigue.
Studies in biomechanics of the spine have shown that FEA
and in vitro cadaveric testing are complementary techniques,

Posterior
artificial disc

FIG. 11.12 The L3–S1 spine implanted with a posterior dynamic stabilizer
and artiicial disc at L4–L5.

FIG. 11.13 Motion, intradiscal pressure, and facet loads across segments for intact and implanted models.
Ext., extension; Flex., lexion; L.B., left bending; L.R., left rotation.
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and thus are well suited to characterize the complex biomechanical behavior of the spine and its anatomic structures,
including internal stresses/strains of the intervertebral disc,
facet joints, and any ligaments of interest. However, like
cadaver investigations, FE models have several limitations. For
example, they do not account for variations in the geometry
of the specimens, such as facet orientation and material properties that vary from specimen to specimen. But, for a given
model geometry, the predicted data are in reasonable agreement with the results from the in vitro investigations. hus,
the use of an experimentally validated FE model can provide
very useful information for many clinical questions being
raised by the use of spinal implants.
One of the most far-reaching and interesting questions for
which FEA may be able to provide some insight is in the nature
of adjacent-level degeneration. Because the FE method provides
the means for simulation of changes in motion and loads over
time along with the efects of surgical intervention and changes
in geometry and material properties due to degeneration, highly
advanced, dynamic models of the spine may be able to replicate
the progression of degeneration following surgical intervention
and compare it to the natural course of the disease. While
this will require considerable advancement in FE modeling
techniques, it is perhaps the most promising means of answering
the age-old question of whether adjacent-segment degeneration
is actually attributable to surgical intervention or solely the
manifestation of the underlying disease.
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Caring for patients with spine disorders can be extremely
challenging for clinicians because of the complexities of spinal
anatomy and pathophysiology as well as the multifactorial
nature of pain. Despite extensive advances in imaging of and
interventions for the spine, a massive medical and social
problem related to spinal pain and disability remains. To
address the needs of patients with spine disorders and to select
appropriate patients for whom speciic care may be beneicial,
clinicians need to identify the true nature of a patient’s
problem. Frequently, the patient’s problem may extend well
beyond any anatomic derangement that can be identiied on
imaging studies and involve numerous psychosocial factors in
the patient’s life. hrough the history and physical examination, clinicians are able to identify not only the physical manifestations of a spine disorder but also the root causes of a
patient’s distress, sufering, and disability, all of which ultimately need to be addressed if a successful outcome is to be
achieved.
A thorough history and physical examination of a patient
with a spine disorder has several aims. From a strictly medical
perspective, the examiner must be aware of the full medical
context of the patient’s complaints and how the complaints
may relate to the overall health of the patient. It is imperative
to ascertain the presence of an emergent medical problem
promptly and to identify patients who need more urgent (or
emergent) assessment and care. Clinicians must also identify
any secondary medical issues that may directly afect the care
of spine-related problems or may be associated with broader
health concerns. In a more focused sense, the history and
physical examination should allow an examiner to identify
relevant spine problems that have led to the issue for which
the patient is seeking care (e.g., the source of pain or neurologic loss, anatomic derangements). he history and physical
examination also allow the practitioner to understand the
level of function and impairment that is associated with the
patient’s presentation.
Moving beyond the strictly medical context, identiication
of the factors associated with the patient’s pain and disability
that pose the dominant barriers to optimal functional recovery
is an important goal of the history and physical examination.
To decide on the appropriate intervention for a patient, it is
imperative to understand what exactly is being treated. Despite

all the attention paid to pain, frequently the patient’s sense of
sufering is the real problem, particularly in patients with
chronic pain. he only way to identify the issues behind the
presentation of many patients is by asking the right questions.
his chapter addresses relevant issues in the history and
physical examination in patients with spine disorders, particularly as these issues relate to the assessment of patients seen
commonly in clinical practice, and provides information on
how to identify patients at risk for ongoing pain despite what
seems to be appropriate care for their structural problems.

Diferential Diagnosis
he diferential diagnosis of spinal pain or related symptoms
is enormous when considered in a general sense. Numerous
anatomic structures may be associated with pain, multiple
local or systemic disease processes can afect the spine, and
numerous non–spine-related structures or conditions can
result in back or neck pain or mimic syndromes related to
spine disorders.1–5 In addition, numerous psychosocial factors
can produce ongoing pain and disability. he ability to process
all of the available possibilities and to develop a relatively short
list of diagnostic options depends heavily on the ability to
obtain a thorough history and physical examination. It is
helpful to begin with an understanding of structures in the
spine that can be associated with pain and their patterns of
pain referral.
From an anatomic perspective, a structure must be innervated to cause pain. In the spine, the list of discrete anatomic
structures with sensory innervation (i.e., potential pain generators) includes muscles, tendons, ligaments, fascia, anulus of
the intervertebral discs, bone, zygapophyseal joints, dura
mater, nerve roots and dorsal root ganglia, and vascular elements.1,2 All structures of common embryologic segmental
origin tend to refer pain in very similar patterns, and the
pattern of pain is determined by the nerve supply to the
structure.1 he end result is that there is substantial overlap
between the referral patterns for anatomic structures of the
same spinal level, such as intervertebral discs and zygapophyseal joints, and dermatomal, myotomal, and sclerotomal
referral patterns at many spinal levels (Fig. 12.1). he location
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C6

C2–C3
C3–C4
C4–C5
C5–C6

Dermatomes
Anterior

C6–C7
Posterior

FIG. 12.2 Map of characteristic areas of pain referred from the cervical
zygapophyseal joints (C2–C3 to C6–C7). (From Dwyer A, Aprill C, Bogduk N.
Cervical zygapophyseal joint pain patterns I: a study in normal volunteers.
Spine. 1990;15:453–457.)

Anterior

Myotomes

Anterior

Posterior

Posterior
Sclerotomes

FIG. 12.1 Dermatome, myotome, and sclerotome of C6 level showing
substantial overlap in distribution. (From Bland JH. Disorders of the Cervical
Spine: Diagnosis and Medical Management. 2nd ed. Philadelphia: WB
Saunders; 1994.)

of pain or radiating symptoms can oten be a useful feature in
the identiication of an afected spinal level, although the location of pain alone does not indicate which particular anatomic
structure is the source of the speciic symptom.
he zygapophyseal joints are one of the best-studied structures in terms of pain referral patterns and relative prevalence
in patients with spinal pain. In the cervical spine, the pattern

of pain distribution from the stimulation of speciic zygapophyseal joints has been described (Fig. 12.2).6 hose results
were subsequently validated in a study of patients with cervical
complaints based on pain distribution and response to diagnostic blocks.7 Another study using a double-block protocol
on patients with persisting symptoms ater whiplash injury
found that the prevalence of C2–C3 zygapophyseal joint pain
in patients with headache was 50%; in patients without C2–C3
zygapophyseal joint pain, the prevalence of symptoms related
to the lower cervical zygapophyseal joints was 49%.8 Although
there is far less clinical information on pain associated with
thoracic zygapophyseal joints, a similar map of referral patterns has been identiied (Fig. 12.3).9
In the lumbar spine, there has also been a great deal of
attention directed to the zygapophyseal joints as potential
sources of pain, although the relative frequency with which
they seem to be primary pain generators is less than for cervical zygapophyseal joints causing pain in patients with chronic
whiplash. A more recent study noted a 15% overall prevalence
of zygapophyseal pain in a group of 176 patients with chronic
low back pain using a diagnostic double-block protocol.10
Although pain associated with lumbar zygapophyseal joints is
generally described as occurring with lumbar extension and
rotation, the authors of that study did not ind any consistent
clinical features that were associated with the presence of a
positive diagnostic response to injections.10 Stimulation of
lumbar zygapophyseal joints can result in either local axial or,
far less frequently, radiating pain, and pain referral patterns
have been documented.11
Multiple authors have addressed the distribution of pain
associated with intervertebral discs. Cloward12 irst described
cervical discography and noted that pain that seemed to be
emanating from irritation of the anulus resulted in radiating
pain into the thoracic or scapular regions in distinct patterns
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T3–T4
T4–T5
T5–T6
T6–T7
T7–T8
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L5

FIG. 12.3 Map of characteristic areas of pain referred from thoracic
zygapophyseal joints (T3–T4 to T10–T11). (From Dreyfuss P, Tibiletti C, Dreyer
S. Thoracic zygapophyseal joint pain patterns: a study in normal volunteers.
Spine. 1994;19:807–811.)

Other pain referral patterns that should be recognized by
all physicians treating patients with spine disorders include
patterns related to neurologic injury. hese patterns are discussed further later in the section on the neurologic examination, but identifying the dermatomal pattern of pain is central
to the assessment of individuals with potential nerve root
pathology (Fig. 12.5). Nerve root symptoms include paresthesias, burning, hyperalgesia, aching, analgesia, or pain. he
ability to identify a dermatomal pattern to the symptoms can
help localize the area of spine involvement.
he clinical utility of pain provocation is uncertain because
there are inherent problems with this approach owing to the
complex nature of pain perception.1,14–18 he identiication of
a “pain generator” in individuals with chronic spinal pain can
be diicult. In contrast to cutaneous sensation, nociceptive
signals from deep somatic structures—such as joint capsules,
fascia, and periosteum—are carried by relatively few primary
aferent ibers, resulting in only vague localization of pain.16
Additionally, there is the issue of convergence, in which a
single dorsal horn cell may receive synaptic input from aferent ibers that innervate many structures and can result in
multiple structures producing similar patterns of pain perception. his convergence makes it extremely diicult to validate
a single entity as the cause of an individual’s pain because the
stimulation of any one of numerous structures may result in
identical perceptions of pain.16 hese issues become even
more complex when additional potential neurologic and
psychological changes that can occur with chronic pain are
involved.

B-D
25

Biomedical Factors and the Medical History

B-D
20

A

C4
C6
C5

B
FIG. 12.4 Pain referral pattern from (A) posterolateral and (B) central discs.
(From Cloward RB. Cervical discography: a contribution to the etiology and
mechanism of neck, shoulder and arm pain. Ann Surg. 1959;150:1052–1064.)

(Fig. 12.4). Similar indings were more recently described by
others.13 As mentioned previously, pain referral patterns are
similar to patterns noted for cervical zygapophyseal joints,
with the level of spine pathology, rather than the actual structure involved, afecting the pain referral pattern.

It is essential to obtain a thorough and appropriate medical
history from patients presenting with spine disorders or
related complaints. he identiication of potentially serious
problems is one of the most important functions of obtaining
a good medical history. Ideally, the medical history also should
help the clinician establish a reasonable diferential diagnosis
that can direct further diagnostic or therapeutic steps. Given
the scope and complexities of spine disorders, it can be useful
to break down some aspects of the clinical presentation into
broad categories. his categorization may allow clinicians to
focus their thought process and subsequent eforts more
efectively. Useful categories to consider relate to the presence
or absence of radiating pain and speciic demographic factors.
he following categories can help in obtaining a concise
medical history.

Red Flags: What Not to Miss
It is essential to identify all conditions that pose a substantial,
imminent risk for further harm to the patient. Many authors
have identiied speciic red lags in the history of patients with
low back complaints that indicate the presence of such a
condition; these include infection, tumor, fracture, cauda
equina injury, and progressive neurologic injury, such as
motor loss or myelopathy (Table 12.1).19–22 Red lags for the
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FIG. 12.5 Dermatomal distribution and key sensory points. (From American Spinal Injury Association.
International Standards for Neurological Classiication of Spinal Cord Injury [reprint]. Chicago: American Spinal
Injury Association; 2008.)

possibility of cancer include age older than 50 years, previous
cancer history, unexplained weight loss, pain not relieved by
bed rest, duration of pain for more than 1 month, and failure
of conservative therapy ater 1 month.22 Although widely used
clinically, systematic reviews have found limited data to
support the use of any individual red lags in the identiication
of patients with malignancy, with a Cochrane review noting
particularly high false-positive rates for factors such as insidious onset of pain, persistence of pain for greater than 1 month,
and age greater than 50 years.23,24 A history of malignancy
seems to exhibit the strongest posttest probability for detecting spinal malignancy.24
Spine infections—including discitis, osteomyelitis, and epidural abscess—are usually blood-borne from other regions.22
Important risk factors for infection include the use of illicit

intravenous drugs, active or recent infection elsewhere (e.g.,
urinary tract, pulmonary, skin, dental), and immunosuppression (owing to either medications or illness afecting
the immune system).19,22 Additional risk factors for infection
include diabetes and history of tuberculosis or exposure to a
region endemic for tuberculosis.
he risk of fracture is elevated in patients older than 50
years, particularly patients older than 70 years.22 Patients
with a history of corticosteroid use or known osteopenia or
osteoporosis are also at increased risk for fracture. A study
of 669 patients greater than 55 years of age presenting to
their primary physician identiied four patients (1%) with
malignancy and 33 (5%) with a fracture, 30 of which were
associated with osteoporosis.25 Trauma, osteoporosis, pain
greater than 7 out of 10, and thoracic pain were all associated
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Symptom or Finding

Possible
Signiicance

History of cancer

Cancer

Unexplained weight loss
Age >50 y
Failure to respond to >1 mo of conservative care
Duration of pain >1 mo
No pain relief with bed rest
Night pain
History of smoking
Known osteopenia or osteoporosis

Historical Features of the Presenting Complaint
Specifying the exact nature of the patient’s chief complaint and
provocative and palliative factors is an extremely important
part of the diagnostic assessment. he examiner must identify
the nature, onset, duration, and course of the primary complaint; history of previous injury; character and distribution
of symptoms; prior diagnostic testing and treatment; other
circumstances surrounding an injury (e.g., perceived fault, the
presence of workers’ compensation or litigation status); and
the degree of pain and disability perceived by the patient. All
of these factors are important in establishing an appropriate
diferential diagnosis and identifying some of the potential
barriers to recovery.

Fracture

History of corticosteroid use

Axial Versus Radicular Pain

Age >50 y

he distinction between axial and radicular pain is fundamental in assessing a patient with a potentially neurogenic problem.
Axial pain in the cervical, thoracic, or lumbar region suggests
a diferent etiology, evaluation, diagnosis, and potentially
treatment than radicular pain. For all levels of the spine,
pathology involving the musculotendinous and ligamentous
structures, zygapophyseal joints, vertebrae, and anulus of the
intervertebral discs tends to cause axial pain. Other structures
in the cervical and thoracic regions that can result in axial pain
include sot tissue structures in the neck; vascular structures
(e.g., aorta or carotid arteries); portions of the brachial plexus,
such as the long thoracic or suprascapular nerves; the proximal
portion of the ribs; costovertebral or costotransverse articulations; various structures within the shoulder; and various
visceral structures, including the pancreas, gallbladder, lung
and pleura, and stomach or duodenum (Fig. 12.6).
Radicular pain radiating into the upper extremities generally has a diferent etiology. If related to spine pathology,
radicular pain implies neural compression from many potential causes, including disc herniation, spinal canal or neuroforaminal stenosis, or intrinsic disease of the spinal cord or
nerve roots (e.g., herpes zoster). Radicular pain in the thoracic
region can result in a bandlike distribution on one or both
sides of the chest wall or abdominal region. Additional structures that can result in radiating upper extremity pain include
peripheral nerves, such as the median nerve (e.g., carpal
tunnel syndrome); ulnar nerve; portions of the brachial plexus
(e.g., lower trunk plexopathies related to true neurogenic
thoracic outlet syndrome or a Pancoast tumor); vascular
structures; the shoulder; the heart; and musculotendinous,
ligamentous, or bony structures in the upper extremities.
For the lumbar spine, the hip and pelvic structures must be
considered as potential sources of low back, buttocks, or
posterolateral hip pain. Particular sources of low back or
buttock pain related to the bony pelvis include the sacroiliac
joints, the sacrum (e.g., stress fractures), the ilia, and the hip
joints. Other structures and processes that can result in low
back pain include the kidneys and ureters; the pancreas;
gastric ulcers; vascular abnormalities (e.g., aortic aneurysm);
and retroperitoneal processes such as hematoma, endometriosis, or lymphadenopathy associated with malignancy.27

DISH or ankylosing spondylitis
Trauma (major in younger individual, minor in
older individual)
Fever

Infection

Illicit use of intravenous or percutaneously
injected drugs
Recent or known infection
Immunosuppressive illness
Use of immunosuppressive medications
Tuberculosis exposure
Progressive weakness in limbs

Cauda equina
or spinal cord
injury

Progressive balance deicit or loss of coordination
Bowel or bladder dysfunction or urinary retention
Sexual dysfunction
Numbness or paresthesias in perineum or saddle
anesthesia
Signiicant weakness of major muscle group or
progressive motor loss in limb

Severe or
progressive
radiculopathy

DISH, difuse idiopathic skeletal hyperostosis.

with the identiication of a fracture, with a history of trauma
having the strongest predictive value.25 Trauma and fracture
risk are discussed further elsewhere in this book.
Signiicant neurologic injuries include cauda equina
syndrome, progressive radiculopathy, or myelopathy. Cauda
equina syndrome should be considered in a patient with
saddle anesthesia; bowel, bladder, or sexual dysfunction; or
signiicant lower extremity pain and weakness, particularly
if bilateral.19,22 Progressive neurologic loss from nerve root
compression is an indication for urgent surgical intervention,
thus needs to be identiied promptly. Myelopathy can present
in various ways, including hand paresthesias or decreased ine
motor control; lower extremity weakness or gait instability;
sensory alterations in the trunk or extremities; or changes in
bowel, bladder, or sexual function.26
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Cystic duct stone

Temporomandibular
joint

Pancreatic disease

Gallbladder:
common duct stone

Esophageal hernia
Gastric ulcer
Gallbladder disease
Hiatal hernia
Duodenal ulcer with
or without perforation
Gastric ulcer
Tail of pancreas
Gallbladder

Lesions of mediastinum
and lung
Perforated peptic ulcer
involving pancreas
Duodenal ulcer
Head of pancreas
Gallbladder
Pancreas

FIG. 12.6 Posterior referral sites from distant visceral or somatic structures. (From Nakano KK. Neck pain. In:
Kelley WN, Harris ED Jr., Ruddy S, et al, eds. Textbook of Rheumatology. 4th ed. Philadelphia: WB Saunders; 1993.)

As with upper extremity pain, lower extremity radicular
pain oten has diferent etiologies and generally implies
involvement of the lumbosacral nerve roots, the conus medullaris, or the spinal cord. he lumbar zygapophyseal joints and
the sacroiliac joints also may occasionally be associated with
radicular leg pain.11,28 Distal lower extremity symptoms also
may arise from intraarticular hip pathology; greater trochanteric bursitis; vascular pathology (e.g., vascular claudication);
peripheral nerve injuries; compartment syndrome; local
musculotendinous, ligamentous, or bony structures; and
pelvic causes, such as endometriosis. Whatever the cause, the
presence of leg pain with low back pain appears to increase
the overall severity of the clinical state. Compared with those
who have axial lumbar pain alone, patients with associated
radicular pain experience a lower quality of life, require more
resources, and have higher levels of pain and disability.29 Given
this, eforts to identify and appropriately treat the cause of leg
symptoms have particular importance.

Patient Demographics
Demographic characteristics—such as age, gender, educational
background, occupation, and cultural milieu—are important
factors that must be considered in the history of a patient with
a spine problem. Age is a primary determinant in establishing
a diferential diagnosis. Diferent spine problems appear at
diferent frequencies at diferent ages. he social and psychological issues of individuals can also be quite distinct at diferent ages.
Growth and development have a profound impact on the
approach to various processes, such as spondylolisthesis,
scoliosis, and Scheuermann kyphosis. In contrast to the adult
spine, the developing bony spine is relatively more prone to
injury than some sot tissue structures. In a study by Micheli
and Wood,30 47% of adolescents presenting to a pediatric
sports medicine clinic were diagnosed with spondylolysis and
only 11% had disc abnormalities compared with 48% of adults
presenting to a low back pain clinic who were thought to have
disc pathology. Generally, symptomatic isthmic spondylolysis
is almost entirely seen in older children, adolescents, or young

adults, and the rate of pars defects identiied in the general
population does not change substantially between the ages of
20 and 80 years.31,32 Although 50% or more of children may
be afected by low back pain by age 15 years,33,34 signiicant
spinal pain in children is uncommon and should raise concern
for the presence of serious medical pathology.35,36 Infection,
neoplasm, rheumatologic conditions such as ankylosing
spondylitis and juvenile rheumatoid arthritis, and other nonspine sources of pain may be more common in children and
adolescents than in adults.35,36
In adults, the frequency of certain spine conditions varies
by age group. Disc herniations are most frequent during the
4th and 5th decades, although they can afect individuals in
their 50s and 60s or children and young adults.37 Degenerative
spinal stenosis and degenerative spondylolisthesis tend to
present later in life. As mentioned previously, some medical
conditions, including ankylosing spondylitis, spondylitis
associated with inlammatory bowel disease, and tumors such
as osteoid osteoma and osteoblastoma, tend to manifest in
younger adults (20s and 30s). Other conditions—such as
osteoporosis, polymyalgia rheumatica, metastatic cancer, or
multiple myeloma—tend to occur in older adults (40s and 50s
or older; Fig. 12.7).3,38
Gender is a factor in many spine pathologies. Osteoporosis
is more common in women than in men, and osteoporotic
fractures are more common in women. Neck pain also has
been noted to be more prevalent in women than in men.39,40
Rheumatoid arthritis, polymyalgia rheumatica, and endocrine
disorders also tend to occur more frequently in women.38
Spondyloarthropathies, infections, and various spine tumors—
such as multiple myeloma, lymphoma, osteoblastoma, and
eosinophilic granuloma—occur more frequently in men.
Demographic factors—such as race, ethnicity, and cultural
milieu—may also play a role in the prevalence of some spine
disorders, but are less well studied. Whites tend to have higher
rates of osteoporosis than some other races, and metabolic
conditions such as Gaucher disease can be associated with
certain ethnic groups.3 Whites have a higher rate of spondylolysis than African Americans.31 he prevalence of low
back pain also varies in diferent parts of the world, with
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Ankylosing spondylitis
Aneurysmal bone cyst
Inflammatory bowel disease
Herpes zoster
Lymphoma
Osteoid osteoma
Sickle cell anemia
Vertebral sarcoidosis
Genetic disorders
Reiter syndrome
Osteoblastoma
Giant cell tumor
Eosinophilic granuloma
Osteochondroma
Rheumatoid arthritis
Lyme disease

II

Herniated nucleus pulposus
Muscle strain
Subacute bacterial endocarditis
Pituitary disease
Fibromyalgia
Intraspinal neoplasms
Ochronosis
Psoriatic spondylitis
Hemangioma
Microcrystalline disease
Osteoarthritis
DISH
Paget disease
Osteomyelitis
Chondrosarcoma
Chordoma
Osteoporosis
Metastases
Polymyalgia rheumatica
Spinal stenosis
Cervical angina
Neuropathy (Charcot's joint)
Multiple myeloma
Parathyroid disease
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FIG. 12.7 Age at peak incidence of neck pain associated with various disorders. DISH, difuse idiopathic
skeletal hyperostosis. (From Borenstein DG, Wiesel SW, Boden SD. Neck Pain: Medical Diagnosis and
Comprehensive Management. Philadelphia, WB Saunders; 1996.)

industrialized regions reporting a higher prevalence of low
back complaints than rural, low-income areas.41 Pain perception, disability, and other efects of pain on individuals vary
widely and depend on many cultural and social factors.

Past Medical History
In addition to identifying prior surgical procedures, it is
important to identify all past and current medical conditions
because many medical problems can be associated with spine

issues and can afect care of a patient with a spine disorder.
As noted previously, a history of cancer, recent infection, or
disease processes that afect the immune system or may require
immunosuppressive medications can be associated with signiicant spine problems. Other medical conditions—such as
osteoporosis, ankylosing spondylitis, and difuse idiopathic
skeletal hyperostosis—may place patients at increased risk for
spine fracture.42 Some congenital or genetic syndromes, such
as Marfan syndrome and Down syndrome, can be associated
with spine anomalies that must be identiied. Vascular disease,
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such as vascular claudication or aortic aneurysm, can produce
symptoms that mimic spine pathology. Other disorders—
including cardiac or pulmonary disease, renal disorders, skin
conditions, gastric ulcers, diabetes, and hepatic disorder—
may have an impact on potential treatment options and may
preclude certain therapies. Clinicians need to be aware of all
facets of a patient’s medical history and the potential inluence
that medical issues may have on the care of the patient.
An additional aspect that must be considered in a patient
with a spine disorder is a history of prior injury. Previous spine
problems, trauma, and surgery may have important implications for the care of the patient. Details about the type and
severity of injury and the type of treatment (including surgery),
as well as the patient’s response to it, are important historical
features. Whenever possible, prior operative reports should be
obtained. Short-term and long-term problems potentially can
develop ater surgery, and it is important to understand the
nature of any prior surgery. Such adverse events include
adjacent-segment degeneration or instability ater a fusion,
epidural ibrosis, infection, hardware-related problems, such
as loosening, and recurrent disc herniation. A history of
multiple or prolonged periods of pain or disability ater prior
treatments should raise concerns about the chances for success
with future treatments.

Family History
he family history is a necessary component of a complete
medical history. Although back pain and many other spinal
conditions are common in the general population, data
suggest possible genetic risk factors for lumbar degenerative
disc disease.43 A family history of rheumatologic diseases,
particularly conditions associated with HLA B-27 (such as
ankylosing spondylitis, Reiter syndrome, and inlammatory bowel disease) can suggest a tendency for, or risk of,
developing a similar process.3,44 Other inheritable diseases,
including certain neuromuscular diseases, may be associated
with progressive spinal deformity, and patients with a genetic
predisposition for certain medical conditions (e.g., vascular
disease, speciic cancers) may also present additional diagnostic considerations.
Obtaining a thorough family history may also allow a clinician to understand potentially complicated or delicate psychosocial aspects of a patient’s life. Identifying signiicant disability
in a family member or altered family dynamics from a spine
issue may provide useful insight into a patient’s expectations,
fears, or other psychological features that could have a strong
bearing on outcome. By asking about family members and
parents, one can begin to understand the nature of family
dynamics that may be inluencing the presentation of a patient
with spinal pain. A history of abuse, the presence of a disruptive home environment, and a history of poor parenting or
alcoholism in the family may have a signiicant future impact
on the psychological makeup of an individual. Anger, unmet
dependency needs, and problems with trust in authority
igures are some of the issues that could result in chronic pain
issues. Probing these issues in taking a family history may
provide valuable insight into potential barriers to recovery.

Yellow Flags: Predictors of Poor
Outcome in the Patient’s History
Numerous factors in a patient’s history have been identiied as
potential predictors of poor outcome in the treatment of
spinal pain. hese factors are known as yellow lags (Box
12.1).45 he presence of more than one of these factors in a
patient is a strong predictor of poor outcome and chronic pain
and disability.45 hese yellow lags include issues related to the
nature of the patient’s injury and general medical health,
occupational and social issues, and psychological factors. It is
imperative to identify these factors, if present, early in the
course of evaluation and treatment of patients with spinal pain
because they have been shown to be more powerful predictors
of outcome than other biomedical issues.44–48
Patients who report more widespread symptoms of neck
or back pain, who have more severe pain or disability at the
onset of their injury, or who have higher rates of concurrent comorbidities tend to have a higher risk of developing
protracted pain complaints or disability.47–50 For low back
pain speciically, dominant medical factors associated with
the development of protracted pain or disability seem to be
the presence of severe leg pain and a history of prior episodes
of low back pain.47,49,51 In the setting of whiplash, more severe
pain or disability, the immediate onset of neck pain, low
back pain or headache, and a history of neck pain all predict
more protracted problems ater the injury, as do less strictly
event-related factors, such as a high level of catastrophizing
BOX 12.1 Yellow Flags: Potential Predictors of Poor Outcomes or
Persisting Pain and Disability, Particularly When More Than One Is
Present
Biomedical Factors
Widespread pain
High levels of comorbidity
Prior episodes of spinal pain (particularly if associated with disability)
Severe radiating limb pain
Poor sleep
Occupational Factors
Poor job satisfaction
Perceived poor-quality work environment
Absence of light-duty alternatives
Short time at current position
Low level of education
Physically demanding work
Extensive time of from work
Psychosocial or Cognitive Factors
Fear-avoidance beliefs
Catastrophizing
Passive coping style
Depression
Anxiety
Somatization
Psychological distress
History of abuse
Self-perceived poor health
Social withdrawal
History of substance abuse
From Gaunt AM. Caring for patients who have acute and subacute low back pain.
CME Bull. 2008;7:1–7.
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Obtaining a Psychosocial History
Obtaining information necessary for successful decisions
about care requires the spine specialist to evaluate a patient
with chronic pain diferently from a patient with an acute

injury. It is particularly true in treating the patient with chronic
pain that the foundation for good decision making is having
a good knowledge of the person with a back disorder; the spine
itself is less important. In other words, it is more important to
know about the patient who has the disease than to know
about the disease the patient has. his is well borne out in the
data presented earlier on prognostic and predictive factors,
which generally have much more to do with the psychological
state or approach of the afected individual than they do with
the actual injury.
It is dangerous to assume that a patient’s presenting
symptoms are solely the result of the injury that led to the
consultation. Patients in whom disability greatly exceeds that
expected on the basis of objective indings have been shown
to be much more likely to have encountered childhood abuse
and conlict, parental job stress, or a diicult divorce. Pain is
an experience that is inluenced by everything that is currently
occurring in the life of the patient. Equally or sometimes more
important is everything that has gone on in the patient’s life
in the past. In a study of more than 25,000 subjects in 14
countries, the World Health Organization found that physical
disability is more closely associated with psychological factors
than with medical diagnosis.67 Regardless of the presence
of anatomic pathology, it is important to understand that a
family member, a stressful circumstance, regular use of opioid
analgesics, money issues related to compensation or litigation, and other factors can contribute to a patient’s ongoing
pain and disability. his comment should not be construed as
indicating that the pain is “all in the patient’s head,” and it is
not intended to suggest that the patient is malingering or that
the patient’s pain is invalid or trivial. Pain and the disability it
may produce are complex and multidimensional.
It has been estimated that approximately 50% of patients
with chronic pain in rehabilitation and family practice settings have a personality disorder, as documented through
structured interviews and psychological testing.68 horough
evaluation of patients with back pain needs to include some
form of psychological testing because psychological factors
play a critical role in patient recovery from illness or injury
and the response to surgery or other medical interventions.
Ignoring either the physical or the psychological components
of pain in diagnosis and treatment is a prescription for failure,
disappointment, and dissatisfaction. Several psychological test
instruments are available for this purpose.

Additional Assessment Tools
Although there is no substitute for a concise, yet thorough,
history, there are some tools that can improve eiciency.
Preprinted questionnaires can be used to obtain details of a
patient’s history. Including some questions about the psychological issues noted previously can facilitate the eicient
acquisition of a large pool of information. Other vehicles—
such as pain drawings, pain scales, and functional outcome
measures—can also be used.
Pain drawings have been used since the 1940s, and research
into their signiicance has provided mixed results.69 Although
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and a low educational level (less than a secondary education).
Interestingly, accident-related details, including a rear-end
mechanism and accident severity, are not predictive of worse
outcomes.52 Some distinct occupational factors that have
been shown to be related to the development of chronic pain
include heavy physical workload, unavailability of light duties
on return to work, perceived poor working environment or
job dissatisfaction, a low level of education, and a short time of
employment on the job.47–49,51,53 he amount of time of work
from an injury also has a negative correlation with return to
work rates.54,55
As noted previously, psychological factors seem to play a
substantial role in the development of chronic spinal pain. In
a review on this topic, Linton46 noted that psychological
variables are clearly linked to the transition from acute to
chronic pain and generally have a stronger impact on chronicity than medical or biomechanical factors. Pertinent emotional
factors cited include depression, anxiety, distress, and selfperceived poor health. Cognitive and behavioral factors also
apparently play a key role in the development of a chronic pain
state; these include a passive coping style, catastrophizing, and
fear-avoidance beliefs (beliefs that certain activities should be
avoided owing to fear of injury). A history of sexual or physical
abuse also may be related to chronic pain and disability.46 A
systematic review of psychosocial factors found that psychological distress, depressed mood, and somatization were
associated with the transition to chronic low back pain.56
Despite the high prevalence of psychopathology in patients
with chronic pain, there does not seem to be a premorbid “painprone” personality; the depressive features of chronic spinal
pain generally seem to arise more as a consequence, rather than
a cause, of the pain state.46,57,58 One study did identify premorbid
depression, however, as an independent, robust risk factor for
the onset of an episode of troublesome neck or low back pain.59
From a strictly surgical perspective, the outcomes of lumbar
surgical procedures are inluenced by numerous factors completely unrelated to the anatomy or pathophysiology of the
spine. he results of lumbar discography are inluenced by
psychosocial variables to such a large degree that there are
concerns about the validity of the procedure.15 Factors identiied as predictors of poor outcome from surgical intervention
in the lumbar spine include low level of education, low income
at the time of injury, the presence of pending litigation, the
presence of an industrial injury, anxiety, neuroticism, and
depression.60–65 Surgical outcomes have also been found to be
worse in geographic regions with higher rates of surgical
intervention.66 From a clinical standpoint, it is important to
identify predictors of poor outcome or chronicity to provide
appropriate care to address these issues and to avoid invasive
care that is highly unlikely to be helpful and could contribute
to the perpetuation of chronic pain and disability.
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there are data supporting an association between psychological distress and widespread, nonanatomic markings on the
pain drawing, there is contradictory evidence in other studies.
Data are also contradictory on the usefulness of pain drawings
in predicting surgical outcomes.69 Pain drawings have been
assessed using various means and have been shown to have
relatively high repeatability.69,70 Although the presence of
widespread or nonanatomic patterns of pain on these drawings may be of some use in identifying pain intensity and the
presence of depression or psychological distress, one systematic review did not ind evidence to support their use as a
formal psychological assessment tool (Fig. 12.8).69,71,72
A variety of pain scales may be used in patient assessment.
Various visual analog scales have been reported. he Million
Visual Analog Scale has been shown to have good reliability,
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validity, and responsiveness.73 he McGill Pain Questionnaire
has also been widely used and is well validated. his questionnaire provides a quantitative assessment using numerous
descriptors of pain over three separate domains that are
identiied by the test taker and scored.73 Other scales identifying the “bothersomeness” of pain and the bodily pain item in
the Medical Outcomes Study 36-item Short Form Health
Survey (SF-36) have also been applied in the assessment of
patients with spine disorders.74
Numerous functional scales exist, including the Oswestry
Low Back Pain Disability Questionnaire, the modiied Roland
scale, the Neck Disability Index, the Sickness Impact Proile
and the related Disability Questionnaire, and the SF-36.73–77
he Oswestry questionnaire, which uses self-rated functional
impairment in numerous activities of daily living, has been
shown to be valid and responsive, and is generally easy to
administer and score.73,75 he modiied Roland scale, which
consists of 24 “yes” or “no” questions regarding the functional
impact of back pain, was originally derived from the Sickness
Impact Proile, has been well validated, has a high responsiveness, and is very easy to score.73,74
Several brief psychological scales are also useful. he
presence of fear-avoidance beliefs and catastrophizing are
particularly important in the development and maintenance
of chronic pain and disability. he Fear-Avoidance Beliefs
Questionnaire78 and the Pain Catastrophizing Scale79 are
validated assessment tools that can be used to quantify these
factors.
he Battery for Health Improvement-2 is a self-report
multiple-choice instrument designed for assessment of
medical patients. It is intended to provide one source of
clinical hypotheses that professionals can use to explore
the interrelationships between a patient’s psychological and
medical conditions. he information can be particularly
useful in helping to determine factors that may be inluencing
an inexplicable delay in recovery of an injured patient. he
Opioid Risk Tool is clinically relevant and easily employed
during the interview.80
he Patient-Reported Outcomes Measurement Instrumentation System (PROMIS) is a set of publicly available measures
to evaluate patient-reported outcomes through the assessment
of physical, social, and emotional health. here is a wide range
of measures that have been developed and validated, including
a number for pain, emotional distress, alcohol use, and other
issues that may be related to chronic spinal pain. here are
several composite scales available, including the PROMIS-29,
which covers the domains of anxiety, depression, fatigue, pain
interference, physical function, sleep, and social functioning.81
he PROMIS measures have been studied in a vast array of
medical conditions, and are likely to play an important role in
research and clinical care in the chronic pain population.

Physical Examination
B
FIG. 12.8 Pain drawings by patients. (A) The patient had radiating pain in
an L3 pattern related to intraforaminal disc herniation at L3–L4. (B) The
patient had long-standing, widespread pain in nonanatomic distribution.

Ater obtaining a complete history, a focused examination can
be performed to establish a baseline functional and neurologic
assessment, identify pertinent positive and negative indings
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Observation
he physical examination starts with observation, which
begins when the physician irst sees the patient. Movement
patterns, preferred postures, inconsistencies, and gait abnormalities should be noted by the clinician and staf members
throughout the patient’s visit. his observation needs to be
done casually during oice or facility interactions and during
the medical history, then in a more formal manner during the
examination. Formal observation should include an examination from the feet to the head. Trunk and appendicular alignment should be noted, paying particular attention to hip and
knee alignment. he spine should be assessed for alterations
from normal alignment or resting curvature, including scoliosis, kyphosis, alterations in lumbar or cervical lordosis, a
lumbar shit, and head and neck alignment with the trunk.
Symmetry of shoulder height and scapular positioning should
also be noted.
Gait assessment can be done ater initial observation,
looking speciically for gait patterns suggestive of neurologic
deicits, such as a steppage gait associated with footdrop or a
wide-based gait suggestive of proprioceptive, cerebellar, or
myelopathic pathology. Gait can be tested further by tandem
gait testing (heel-to-toe walking). Balance can be assessed by
simple observation and performing a single-leg stance with
various postural challenges (e.g., crouching on one leg). If a
patient has an antalgic gait (i.e., shortened stance phase of the
gait cycle), consideration should be given to a musculoskeletal
problem involving the hips, knees, or foot and ankle. Generally, patients with a lumbar radiculopathy do not exhibit an
antalgic gait pattern.
Spine range of motion (ROM) should be assessed for all
relevant spine segments. here is debate as to what constitutes
“normal” range of spine motion and the signiicance of any
perceived restriction of motion. In the lumbar spine, ROM has
been variably reported by using inclinometry, measuring the
distance from the ingertips to the loor, assessing segmental
motion, measuring dynamic motion, measuring motion with
the pelvis restrained, radiographic measurement, and using
variations of the Schober test (measuring the change in distance between a mark over the S1 spinous process and one
made 10 cm above this in standing that occurs between standing and lexion).82–85
he value of ROM measurements is questionable, however,
because some data do indicate that there is no consistent relationship between ROM and physical or functional impairment

in subjects with chronic low back pain.83 ROM generally seems
to decline with age, further complicating attempts at establishing normative data.82 Gross lumbar motions generally include
motion from the hips and lower extremities, and any lateral
lexion or rotation involves coupled motion at multiple levels,
making it diicult to assess these reliably. It is important to
examine hip motion, however, because painful and restricted
hip motion, particularly in lexion with internal rotation, that
mimics the patient’s usual pain would generally implicate the
hip as a source of pain.
Despite these substantial limitations, it is still important to
assess active spine motion in lexion, extension, rotation, and
lateral lexion. Along with absolute degrees of movement, the
examiner can assess symmetry of motion, preferred movement patterns, pain or symptom reproduction associated with
motion, the relative contributions of associated body segments
to motion (e.g., hips), motor control, and inconsistencies
between movement noted on formal examination and that
seen during casual observation or while the patient is otherwise distracted. Generally, patient motion should be assessed
actively within the patient’s range of comfort. here is little or
no role for passive ROM because this adds little to the clinical
assessment and may place the patient at risk for further
injury.38
For cervical and thoracic complaints, it is also important
to assess shoulder and scapular motion. Shoulder ROM can
be assessed actively by lexion and abduction along with
passive motion of the glenohumeral joint. Scapular position
at rest and with various arm positions can reveal abnormal
movement patterns and may indicate problems with scapulothoracic function, other shoulder joint complex disorders, or
neurologic injury afecting the parascapular musculature (e.g.,
a long thoracic or spinal accessory nerve injury). Scapulothoracic dysfunction of various kinds may also be a source of pain
in patients with thoracic complaints.86 Reproduction of a
patient’s shoulder region pain by passive shoulder motion,
particularly if it is restricted, would generally implicate the
shoulder rather than the neck as the source of pain. Patients
with a cervical radiculopathy obtain relief with ipsilateral
shoulder abduction (the shoulder abduction relief maneuver);
patients with intrinsic shoulder pathology oten have reproduction of pain with shoulder abduction.
Observation should also include looking for atrophy,
edema, vasomotor changes, skin lesions, limb or joint deformity, contracture, and other signs that may have an impact on
a patient’s care.

Palpation
he relevant areas of the patient’s spine and related structures
should be palpated with the patient standing or, when appropriate, in side-lying or prone position. Palpation may aid in the
localization of the patient’s symptoms, the identiication of an
injured structure, or the identiication of associated sot tissue
or bony abnormalities. It should be noted whether tenderness
is elicited in the midline or to either side of the midline,
potentially diferentiating between spinal pain and pain from
an adjacent sot tissue source.38 Localized tenderness should
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that can help narrow the diferential diagnosis, and deine
further issues that may need to be addressed through additional testing. Although a thorough discussion is beyond the
scope of this chapter, appropriate portions of a general medical
examination need to be included in the assessment of a spinal
patient depending on the nature of the presenting issues.
Neurologic and orthopaedic examinations of varying degree
and complexity are also necessary. his chapter follows a more
focused approach to the examination of the spine with a discussion of basic neurologic assessment and relevant provocative maneuvers appropriate to a patient’s presenting problem.
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be distinguished from difuse tenderness, the latter being less
consistent with a focal injury.
In the cervical spine, palpation should include the occipital
region; the anterior neck; the clavicular, supraclavicular, and
scapular regions; and the areas of the associated cervicothoracic musculature.38 In the thoracic region, palpation should
also extend across the posterior ribs to identify focal bony
tenderness that may suggest rib pathology rather than spine
pathology. Pain with palpation or percussion of the costovertebral angle may suggest renal pathology.87 Spondylolisthesis
can frequently be appreciated by a palpable step-of of the
spinous processes in the lumbar spine. In the lumbar region,
palpation should include not only the lumbar spine but also
the iliac crests, sacrum, sacroiliac joints, ischial tuberosities,
proximal hamstring, and greater trochanteric areas, as indicated, to assess for the possibility of contributing problems
from these regions. Trochanteric pain may mimic pain from
a spine etiology.
Clinicians need to recognize that the ability to accurately
identify a spinal level by palpation is quite limited. Multiple
studies have conirmed high rates of inaccuracy with manual
palpation, which raises concerns for the manual identiication
of structural problems and for the precise placement of
medical instruments for spinal interventions.88,89

Neurologic Examination
As with the general medical examination, the neurologic
examination may cover a wide range of factors, depending on
the particular presenting problem. he most common neurologic manifestations of spine pathology generally involve the
spinal nerve roots or the spinal cord, resulting in radicular or
myelopathic indings on examination. he symptoms resulting from spine pathology may frequently overlap, however,
with symptoms of various peripheral nerve processes, central
nervous system disease, or anterior horn cell disease. An
examiner needs to be aware of the clinical presentations and
neurologic indings associated with these disorders. A full
discussion of all relevant examination techniques and neurologic pathology is beyond the scope of this chapter, but can be
found in general neurology texts. his section focuses on
indings more directly related to spine pathology.
A thorough understanding of dermatomal patterns is
essential for all clinicians examining spine patients. As a reference, the key sensory points identiied by the American Spinal
Injury Association90 can be helpful in assessing or screening
patients with spine pathology (see Fig. 12.5). Sot-touch and
pin-prick sensation can be assessed well in most patients; the
examiner should distinguish between a dermatomal distribution suggesting nerve root pathology, a stocking or stockingand-glove distribution suggesting peripheral polyneuropathy,
multiple nerve distribution suggesting alternative peripheral
nerve pathology, or a nonorganic distribution. Proprioception,
vibration, position sense, and temperature sensation may also
be tested, particularly when there is concern for a spinal cord
or central nervous system process or a peripheral neuropathy.
Motor examination consists of several parts, including
strength, tone, coordination, muscle bulk, and involuntary

movements.87 Strength is the modality most generally assessed
by clinicians, but all portions of the motor examination may
be important in some patients with spine disorders. Involuntary movements may be noted in patients with cervical dystonia or in various neurologic diseases that may afect function,
such as Parkinson disease. he presence or absence of focal
muscle atrophy should be noted in all patients. he mere presence of focal atrophy implies neurologic injury or disease, and
the distribution of atrophic muscles can be helpful in deining
the type of pathology present. Fasciculations associated with
atrophic muscles imply the presence of lower motor neuron
injury. Muscle tone can be afected by many neurologic processes. Reduced tone suggests lower motor neuron involvement, whereas increased tone or spasticity is seen with upper
motor neuron disease. Coordination may be disrupted by
numerous pathways, generally involving the cerebellum or its
pathways, but weakness, proprioceptive loss, and cognitive
disturbance may also afect motor performance on tests of
coordination. Clinical methods to assess coordination include
rapid alternating hand and foot movements and inger-tonose testing.87
Strength testing is generally done isometrically, but sometimes weakness can be better appreciated through dynamic or
repetitive movements that address endurance (e.g., multiple
single-leg toe raises to assess plantar lexor strength). It is
essential to be aware of key muscle groups by myotome and
the peripheral nerve origin of those muscles. Important
muscle groups and motions associated with cervical and
lumbar myotomes are as follows:
C5—elbow lexors, shoulder abductors and external rotators
C6—elbow lexors, wrist extensors and pronators, shoulder
external rotators
C7—elbow extensors, wrist pronators
C8—extension of index inger, inger abduction and lexion,
abduction of thumb
T1—inger abduction
L2—hip lexion
L3—hip lexion, hip adduction, knee extension
L4—knee extension, ankle dorsilexion
L5—ankle dorsilexion, great toe extension, ankle eversion,
hip abduction and internal rotation
S1—ankle plantar lexion, toe lexion
Strength is generally graded on a scale of 0 to 5 as follows:87
5—active movement against full resistance (normal strength)
4—active movement against gravity and some resistance
3—active movement against gravity
2—active movement with gravity eliminated
1—trace movement or barely detectable contraction
0—no muscular contraction identiied
Active movement is generally meant to imply joint motion
through the full available ROM. For some muscle groups,
patients can oten have signiicant loss of strength that is not
detectable by providing manual resistance with the examiner’s
arms; thus, other test maneuvers may be necessary to identify
more subtle weakness. Examples of such maneuvers would be
having the patient do a partial squat or arise from sitting
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Biceps relex—C5, C6
Brachioradialis relex—C5, C6
Triceps relex—C6, C7
Patellar tendon relex—L2, L3, L4
Medial hamstring relex—L5, S1
Ankle jerk relex (Achilles tendon)—S1
For the most part, the sensitivity and speciicity of isolated
tests for sensation, strength, and relexes are relatively limited
in the assessment of spine conditions, particularly when any
one single test is considered.22,85,92 here may be more utility
in combining a variety of indings across multiple modalities,
especially when the indings are consistently reproducible. he
degree of consistency between examination indings, history,
imaging results, and self-reported levels of pain and disability
for afected patients should always be considered when clinical
decisions on care are made.

Special Tests and Provocative Maneuvers
In addition to the standard examination techniques described
earlier, various provocative maneuvers and other tests have
been used to aid in the diagnosis of patients with spine conditions. he sensitivity and speciicity of many of these tests are
either unclear or suboptimal, but a working knowledge of
their applicability is useful in the diagnosis and management
of patients with spine conditions.
he Lhermitte sign, although more technically a symptom,
is the presence of an electric shock–type sensation radiating

into the limbs with cervical lexion. Although irst described
in a patient with multiple sclerosis, this sign is associated with
various spinal cord lesions.26,38 If elicited with neck lexion,
this sign should raise concern for the presence of a cervical
cord lesion. If elicited with trunk lexion, this may indicate a
thoracic cord lesion.26
he Spurling maneuver is a test for cervical nerve root
compression or irritation. A positive test is elicited by extending, rotating, and laterally bending the head to one side with
reproduction of radicular pain into the afected ipsilateral
extremity.26,38 One study comparing the Spurling maneuver
with the results of electrodiagnostic testing found that the
maneuver had poor sensitivity (30%) but good speciicity
(93%) in the diagnosis of electrodiagnostically conirmed
cervical radiculopathy.93
he Valsalva maneuver is performed by having a patient
hold his or her breath and bear down. A reproduction of the
patient’s radicular symptoms or spinal pain with this maneuver
is believed to indicate a space-occupying lesion, such as a disc
herniation, in the spinal canal.26,38
Dural tension signs are frequently used to assess lumbar
spine pathology. Many diferent maneuvers have been
described. A supine straight-leg raise is performed by elevating
the leg with knee extended and assessing for the reproduction
of pain into the leg. he test is considered positive if pain
occurs between 30 degrees and 70 degrees of elevation because
no true change in tension on the nerve roots is believed to
occur outside of this range.3,85 Variations on this test include
the Lasègue sign or Bragard sign, which involves raising the leg
to the point of symptom reproduction and then lowering the
leg slightly and dorsilexing the foot passively; a positive test
results in reproduction of the patient’s radiating leg pain.3,94
Other variants include internally rotating the leg to increase
“dural tension,” raising the leg with knee lexed and then
slowly extending the knee to the point of reproduction of leg
pain (also sometimes referred to as the Lasègue sign), and
either relieving pain by lexing the already extended knee at
the point of symptom reproduction or eliciting pain by pressing on the popliteal fossa of the elevated leg with the knee
partially lexed (both varyingly called the bowstring sign).3,85,92,94
Additional tests include the crossed straight-leg raise, in
which symptoms are reproduced in the symptomatic leg by
performing a supine straight-leg raise on the contralateral leg,
and the femoral nerve stretch test or reverse straight-leg raise,
in which the patient is prone and the knee is passively lexed,
with a positive test reproducing pain into the anterior thigh.
A positive straight-leg raise test and its variations indicates
tension on the lower lumbar roots and upper sacral root (L4,
L5, and S1 nerve roots). A positive femoral nerve stretch test
is the equivalent tension sign for the upper lumbar (L2–L4)
nerve roots.3,85,92
Numerous studies have looked at the sensitivity and
speciicity of some of these maneuvers. As might be surmised
by the varying descriptions and terminology, there are some
diiculties with consistency in the literature. Overall, the
ipsilateral straight-leg raise test has a good sensitivity of
72% to 97% but a poorer speciicity of 11% to 66%.92 he
crossed straight-leg raise test is less sensitive (23–42%) but
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without using the upper extremities to assess for weakness in
the knee extensors. he Beevor sign (in which the umbilicus
moves craniad during contraction of the abdominal muscles
with supine neck lexion) indicates weakness of the lower
abdominal muscles.26
Relex testing can further aid in the localization of neurologic injury and help distinguish upper motor neuron from
lower motor neuron disease. In lower motor neuron injuries,
deep tendon relexes of afected regions are generally reduced,
whereas they are brisk in upper motor neuron injuries. he
Babinski response to appropriate plantar stimulation, Hofman
sign in the hand, and clonus all can indicate the presence of
upper motor neuron injury. As with other physical examination indings, the sensitivity and speciicity of these indings are
limited for any particular condition. In a study assessing the
prevalence of physical examination indings in cervical myelopathy treated surgically, it was noted that 21% of the patients had
no myelopathic indings on examination. Of the indings just
mentioned, the Hofman sign was the most sensitive (59%),
whereas the Babinski response had very low sensitivity (13%)
but was highly speciic.91 Various other relexes—including
abdominal, cremasteric, and palmomental—can also be used
as part of the neurologic examination when appropriate.
Although a neurologic injury oten manifests as either an
upper or a lower motor neuron lesion, it can also manifest
with a mixed pattern of upper and lower motor neuron features, as can be seen with amyotrophic lateral sclerosis. he
segmental distribution of commonly tested deep tendon
relexes is as follows87:
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more speciic (85–100%) than the ipsilateral straight-leg
raise.85,92
Tests proposed for assessing the sacroiliac joint include the
Gillet, Patrick, and Gaenslen tests. Although the sacroiliac joint
can be a source of pain, the diagnosis of “sacroiliac joint
dysfunction” is debated as a true pathologic entity. Dreyfuss
and colleagues28 studied numerous supposedly diagnostic
tests for this condition, including the Gillet, Patrick, and
Gaenslen tests, and compared the responses on these test
maneuvers with the results of luoroscopically guided sacroiliac joint blocks. hey found that no historical feature, none
of the diagnostic tests performed, and no combination of these
tests showed any signiicant and reliable diagnostic value.

Nonorganic Signs
Chronic pain behavior is oten believed to display common
physical examination indings suggesting symptom magniication and psychological distress, possibly an expression of
sufering.95,96 Waddell and colleagues95 deined and studied a
group of ive indings on physical examination, commonly
known as Waddell signs. hese indings consist of a supericial
or nonanatomic distribution of tenderness; a nonanatomic
motor or sensory impairment (regional disturbance); excessive verbalization of pain or gesturing (overreaction); production of pain complaints by tests that simulate only a speciic
movement, such as low back pain that occurs with axial
loading on the crown of the head (simulation); and inconsistent reports of pain when the same movement is performed
in diferent positions, such as a straight-leg raise in a seated
versus supine position (distraction).95
he presence of three or more of these signs indicates a
nonorganic component to an individual’s pain complaints.
he presence of Waddell signs does not mean, however, that
there is no signiicant organic pathology present or that the
patient is malingering; objective clinical signs may be present
as well. Although some studies have found these maneuvers
to be reproducible, an evidence-based review by Fishbain and
colleagues97 noted that these indings do not correlate with
psychological distress or secondary gain, and they do not
discriminate nonorganic from organic problems. hey are
associated with poorer treatment outcomes and higher pain
levels. Although these maneuvers may be useful, the clinician
should be wary of placing too much emphasis on any one part
of the physical examination.

Additional Orthopaedic Assessment
Depending on the area of the spine involved, it is frequently
important to cover additional areas of the orthopaedic
examination. As was previously mentioned, examination of
the shoulder complex is oten necessary in evaluating the
cervical and thoracic spine. Following the concept of the
kinetic chain, it is also oten helpful to assess multiple other
joint structures and movement patterns from the feet up
through the trunk to the neck, depending on the individual
patient’s situation.98 For the lumbar spine, examination of the
hip is also generally important, although examination of more

distal lower extremity structures and more cranial regions of
the spine and upper extremities may be necessary as well.
Because other conditions—such as carpal tunnel syndrome,
ulnar neuropathy, brachial plexopathy, peroneal neuropathy,
and femoral nerve injury (among others)—can masquerade
as radiculopathies, examination for these entities is also oten
indicated. As noted previously, an appropriate history can
help greatly in deining the scope of examination necessary
to evaluate a particular patient.
here is a large body of literature on manual orthopaedic examination.99,100 hese techniques generally are poorly
validated and of uncertain correlation to some of the more
“objective” indings noted earlier. A systematic review of the
literature on the reliability of palpatory examination maneuvers found that most procedures have moderate or strong evidence for low reliability.101 he authors noted that “a consistent
inding from work in this ield is the generally low reliability
of palpation-based assessment.”101 hese techniques may be
helpful in certain treatment paradigms, however, and they
may be more useful when symptom response with repeated
movements is considered.101 Another systematic review
assessed the literature on chiropractic tests of the lumbar spine
and found insuicient evidence on the reliability and validity
of these tests to support their clinical role.102

Risk Stratiication
Distinct from the idea of the evaluation of an individual patient
is the concept of risk stratiication within a population. Within
the clinical array of patients with spinal disorders, there are
clearly those who will require more extensive care and/or be at
risk for particularly poor outcomes. here is increasing interest in applying screening mechanisms across a population to
help identify those patients with a poor prognosis for recovery
or in need of more intensive or multidisciplinary care. his
type of assessment may be incorporated into a patient’s initial
evaluation. An example of such a screening approach is the
STarT Back tool.103 Consistent with the data noted earlier
on prognostic factors for those with spinal pain, the STarT
Back questionnaire consists of nine questions addressing the
bothersomeness of pain, the presence of leg pain or concurrent neck symptoms, and the presence of fear avoidance or
other generally detrimental belief systems regarding pain.104
he intent is to separate patients with more limited symptom
complexes and better coping skills who will likely do well
with standard treatments from those who may require more
advanced or complex interventions in order to improve
outcomes. In the primary study of the STarT Back tool, the
researchers developed and implemented a psychologically
driven physical therapy program for the more at-risk population, inding improvements in outcomes for those treated
based on risk stratiication from those managed without any
such tool. hey also found that primary care providers did a
relatively poor job of appropriately identifying the physical
therapy needs of patients without using the questionnaire.103
he broader applicability of this tool is currently under study,
but this type of work highlights the potential beneits of stratifying patients for treatment. his may become an important
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Summary
he history and physical examination of a spine patient is a
complex undertaking. he nature of the patient’s presenting
complaints and relevant aspects of the history have a strong
bearing on the nature and extent of assessment required.
Clinicians caring for patients with spine disorders need to be
aware of all of the issues that may afect the presentation of a
patient and how these issues can afect the delivery of care. As
noted previously, it is of paramount importance to realize that
the person presenting with the spine problem is the primary
concern, and the spine problem is only secondary. Only by
speaking with and directly examining a patient can clinicians
truly understand the nature of the problem that they are being
asked to address.

KEY POINTS
1. A thorough and appropriate history and physical examination
are essential in the assessment of patients with spine disorders
to identify the physical manifestations of a spine disorder and
the root causes of the patient’s distress, sufering, and disability.
2. It is crucial to identify red lags and yellow lags in a patient’s
clinical presentation. Red lags are factors suggestive of the
presence of an urgent or emergent medical issue (e.g., infection,
tumor, fracture, cauda equina injury, progressive neurologic
loss). Yellow lags are factors associated with poor outcomes and
persisting pain and disability.
3. The medical history can be used to narrow down the diferential
diagnosis and direct further diagnostic eforts through physical
examination and other tools.
4. The value of isolated indings on physical examination is limited,
although physical examination indings become much more
signiicant in the context of correlating history and imaging.
5. Despite the importance of a thorough medical history, clinicians
need to realize that psychosocial factors are a more important
predictor of outcome in patients with spinal pain than
biomedical factors.
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Spine Imaging

C H A P T E R

Todd M. Emch
Jefrey S. Ross
Gordon R. Bell

Multiple imaging methods with tremendous technologic
complexity and sophistication can be used to evaluate spinal
pathology. Magnetic resonance imaging (MRI) quickly
emerged as the study of choice for many disorders of the
spine, with computed tomography (CT) continuing to play
a key role, bolstered by newer innovations such as helical
scanning and multidetector arrays allowing isotropic voxels
and multiplanar reformatting without loss of resolution. his
chapter reviews the basic imaging approaches to the spine
and their usefulness, both in speciic disease states, and in
the context of the anatomic categories of spine pathology
(extradural, intradural extramedullary, and intramedullary).

Modalities
Radiographs
Routine plain ilms are universally available and inexpensive,
but are limited by an inability to directly visualize neural
structures and nerve root or cord compression. Ionizing radiation is used to obtain the radiographic image, which despite
the relatively fast time of acquisition, can still be susceptible to
motion.1 Radiographs can be used for evaluation of alignment,
status of hardware in the postoperative patient, intraoperative
localization, and motion with lexion-extension views.
Radiographs can visualize osseous structures and surrounding sot tissues (i.e., extradural pathology). A routine
examination of the spine includes frontal or anteroposterior
and lateral views, with additional views such as oblique or
lexion-extension also available.2
Orthogonal conventional radiography is the irst line of
evaluation in an instrumented postoperative patient, and
plain radiographs are usually obtained at 6 weeks and 3, 6,
and 12 months postoperatively.3 Regardless of which fusion
approach is taken, the presence or absence of demonstrable
motion or evidence of hardware failure or loosening is a
key factor in the evaluation. In the case of posterolateral
fusion, arthrodesis is deemed successful if follow-up radiographs show continuity in the fusion mass between the
cephalad and the caudal transverse processes. Instrumented

interbody fusion is considered fused if any of the following is
present:
1. Increased or maintained bony density within the cage
implant because of the presence of mature bony trabeculae
bridging the interbody space
2. Absence of a halo or a periprosthetic lucency around the
implant
3. A sclerotic line between the cage and the vertebral bone
because of bone remodeling and new bone formation
4. Resorption of anterior vertebral traction spurs or the presence of bone grat anterior to an intervertebral implant
(sentinel sign)
5. Lack of motion on lexion-extension views
Pseudarthrosis or failure of fusion is indicated by progressive loss of disc height, vertebral displacement, broken or loose
hardware, and loss of position of the implant or resorption of
the bone grat. Flexion and extension views are useful for
assessing stability or functional fusion, but the central x-ray
beam should pass through the same area in both views.4

Myelography
Myelography involves instillation of the contrast agent through
either lumbar puncture (midline or oblique approaches) or
lateral C1–C2 puncture with subsequent radiographic and CT
imaging of the region of interest. he diagnosis of extradural
neural compression by myelography is inferred indirectly by
changes in the contour of normal contrast agent–illed thecal sac
and root sleeves rather than by direct visualization of the lesion.5
Expansion of the spinal cord (Fig. 13.1) can be visualized as
well as intradural extramedullary lesions; however nonexpansile
cord pathology cannot be detected with myelography.6
he major disadvantage of myelography is its invasive
nature and lack of diagnostic speciicity.7 he use of less
toxic second-generation, water-soluble nonionic agents has
obviated the need for overnight hospitalization ater the
procedure. Routine postprocedural monitoring of 2 to 4
hours is usually suicient. Multiple water-soluble agents are
available that provide excellent contrast and lower rates of side
efects, such as iohexol (Omnipaque) and iopamidol (Isovue).
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FIG. 13.1 Computed tomographic myelogram demonstrating an intramedullary mass lesion. (A) Axial image
demonstrates normal diameter of the thoracic spinal cord. (B) Axial and (C) sagittal images demonstrate
fusiform expansion of the mid-thoracic spinal cord in this patient with an ependymoma.

Current water-soluble agents are associated with less toxicity,
and their absorption through the theca and arachnoid villi
makes their removal unnecessary.8 Newer nonionic watersoluble agents generally produce mild side efects, although
signiicant adverse reactions can still rarely occur, such as
hallucinations, confusion, or seizures. Considerations before
myelography include obtaining screening laboratory tests
such as platelets, prothrombin time/international normalized
ratio, and partial thromboplastin time; medication history of
the patients, especially metformin; psychiatric medications,
which can lower seizure threshold; and anticoagulants.9,10

Computed Tomography
CT permits direct visualization of potential neural compressing structures and provides better visualization of lateral
pathology, such as foraminal stenosis.11-13 An important beneit
from a surgical perspective is the ability of CT to distinguish
neural compression due to sot tissue from compression from
bone pathology.12,14-16
Disadvantages of CT include radiation exposure, the efects
of partial volume averaging, streak artifacts in the cervical
spine caused by the dense bone of the shoulder girdle, and
changes in coniguration of the spine that occur between

successive motion segments.17 Many of the limitations can be
obviated by obtaining multiple thin sections (1.5 to 3 mm)
with the gantry tilted to permit imaging parallel to the plane
of the disc. Further accuracy is obtained by routinely imaging
the spine by CT ater the introduction of water-soluble contrast agents (intrathecal contrast medium–enhanced CT).
Reported accuracy rates for CT range from 72% to 91%.7,12,14,15
Agreement rates between contrast medium–enhanced CT and
myelography have been reported to range from 75% to 96%.12,14
When a discrepancy exists between myelographic and CT indings, postcontrast CT is invariably the more accurate study (Fig.
13.2). Current multirow detector technology is now available
that allows for extremely rapid thin-slice acquisitions over long
body segments. With this technology, contiguous 3-mm slices
can be obtained from L1 to S1 in less than 30 seconds. he
acquisition of isotropic voxels allows for multiplanar reformation
of the CT data with no loss in spatial resolution. Changes in
the windowing and leveling of the images can change the focus
onto either osseous structures or sot tissues.1

Magnetic Resonance Imaging
MRI can readily evaluate the extradural, intradural extramedullary, and intramedullary spaces and is also the only modality
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FIG. 13.2 Foraminal stenosis. (A) Axial computed tomographic (CT) scan after myelography shows severe right
bony foraminal stenosis with no evidence of central stenosis or herniations (arrow). (B) Sagittal reformat of CT
data also shows severe foraminal narrowing, in contrast to more normal superior foramen.

that can directly image bone marrow. Since the beginning of
its clinical use in the early 1980s, MRI technology has progressed with improved quality and decreased examination
times.18-21

Routine Magnetic Resonance Imaging
Pulse sequences that constitute a routine spine MR exam
include axial gradient recalled echo or T2, T1, and sagittal T2,
T1, and short-tau inversion recovery (STIR). Depending on
the imaging indication T1-weighted images can also be
obtained with gadolinium contrast agents, especially when
there is a concern of infection or when there has been a history
of spine surgery.22-30 STIR has shown a high sensitivity for
musculoskeletal pathology (Fig. 13.3).31-33 STIR has been
favorably compared with T1-weighted and T2-weighted fast
spin-echo (FSE), conventional spin-echo, and fat-saturated
FSE in the detection of vertebral metastatic disease.34-36 STIR
may also be used for intramedullary cord lesions. Each examination also includes a scout image that, depending on the type
of image, can include much of the abdomen or chest in the
ield of view (Fig. 13.4).

Dynamic Magnetic Resonance Imaging
CT and MRI are typically obtained with the patient positioned
supine. Radiographs can be more readily obtained with the
patient standing or in lexion or extension. he rationale for
MRI with patients in a sitting position, in lexion or extension,
or with axial loading is that these positions are believed to be
the positions in which the patient is the most symptomatic. In
extension the lumbar spinal canal decreases, as does the cervical spinal canal (Fig. 13.5).37-40 Axial loading has been shown
to decrease the diameter of the lumbar spine.41 In a study of
200 patients with symptoms of spinal stenosis who underwent
MRI with axial loading, 20 showed a decreased diameter of

A

B

FIG. 13.3 Multiple osteoporotic compression fractures. (A) Sagittal
T1-weighted magnetic resonance image through thoracic spine shows
multiple collapsed bodies with central low signal relecting prior
vertebroplasties (small arrows). The marrow adjacent to methacrylate shows
normal fatty signal intensity. (B) T12 body (large arrow) shows low signal on
T1-weighted image and increased signal on sagittal short-tau inversion
recovery image consistent with acute age.

the canal with axial loading. Of those 20 patients, the plan of
care was changed in ive patients because of the added information of axial loading images.42

Magnetic Resonance Myelography
MR myelography can be obtained for evaluation for cerebrospinal luid (CSF) leak in conditions such as intracranial

204

DIAGNOSIS

hypotension. Radionuclide cisternography and conventional
CT myelography both use ionizing radiation and are invasive.
he technique of MR myelography involves the use of heavy
T2-weighted sequences43 and can readily identify paravertebral
luid collections or spinal diverticuli. Sensitivities for radionuclide cisternography, CT myelography, and MR myelography
have been reported to be 55%, 67%, and 86%, respectively.44-46
Additionally, there has been use of intrathecal gadolinium,
although of-label and not approved by the US Food and Drug
Administration (FDA), with subsequent MRI that has been
shown to be advantageous by multiple authors.47,48

Magnetic Resonance Neurography
For evaluation of the peripheral nerves, MRI using
T1-weighted images and fat-saturated T2 or STIR images can
be used to evaluate for neoplasm (Fig. 13.6), entrapment, or
nerve injury.49 Severity of nerve injury can be evaluated from
mild injury (neurapraxia) where there is mild nerve enlargement and T2 hyperintensity to complete nerve transection
where the separation of the nerve can be visualized.49 MR
neurography is also useful for evaluation of difuse peripheral
nerve lesions such as neuroibromatosis or the inlammatory
or hereditary neuropathies.50
FIG. 13.4 Half-Fourier acquisition single-shot turbo spin-echo scout image
obtained during a routine lumbar spine examination demonstrates an
unsuspected right upper lobe lung mass (arrow), a possible malignancy.

A

B

C

FIG. 13.5 Sagittal T2-weighted images of the cervical spine demonstrate developmental fusion of C2 and C3
vertebral bodies. Images are obtained in (A) lexion, (B) neutral, and (C) extension. There is ligamentous
buckling with extension resulting in more profound canal compromise (arrow) compared with neutral and
lexion positioning.
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FIG. 13.6 (A) Axial fat-saturated contrast-enhanced T1-weighted images demonstrate asymmetric enlargement
and enhancement of the right sciatic nerve (arrow), representing neoplastic iniltration in this patient with
leukemia. (B) Normal sciatic nerve for comparison (arrow).

Difusion-Weighted Imaging
Difusion-weighted imaging (DWI) is routinely used for brain
imaging. However, its use for spine imaging is not routine
secondary to multiple technical limitations, including motion
artifact and the relatively small size of the spinal cord.51 Similar
caveats apply to difusion tensor imaging (DTI), in which the
difusivity of water molecules can imply the course of white
matter tracts.52
DWI of the spine can be applied to the vertebral bodies as
well as the spinal cord. Multiple studies have been performed
looking at the ability to discriminate benign versus pathologic
compression fractures based on DWI; however, the results
have been conlicting.53-57 Evaluation of spinal cord neoplasm
or ischemia using DWI has also been described.58
DTI of the spine is also fraught with technical diiculties.
Applications in regard to suspected neoplasm include both
lesion characterization and evaluation of the lesion’s margins
for surgical planning purposes.59,60 In cases of cord compression
DTI has demonstrated cord injury that is not accompanied by
T2-weighted signal abnormalities.61 In addition, DTI has been
shown to be more sensitive than T2-weighted imaging for
evaluation of spinal cord inlammation.62

Cerebrospinal Fluid Flow Imaging
CSF imaging demonstrates biphasic pulsatile CSF low with
caudal systolic and cranial diastolic low. Applications include
Chiari malformations or evaluation of spinal cord syrinx cavities or tethered cord.63-66

Magnetic Resonance Spectroscopy
1

H-MR spectroscopy (MRS) uses a conventional MR machine
to evaluate metabolites in an area of interest and has been
extensively used with brain imaging. MRS for spinal imaging
is met with extensive technical challenges, including motion,
small size of the spinal cord, distance of the spinal cord from
surface coils, and the inherent composition of the immediately
surrounding sot tissues and osseous structures, which can

result in distortion of the magnetic ield.67 Clinical applications include demyelination68 and neoplasm.69

Magnetic Resonance Imaging Safety and
Patient Issues
he speciic and important aspects of MRI safety (including
patient exposure to the magnetic ield and gadolinium-based
contrast media) are widely available on multiple websites, and
the interested reader is referred to them for detailed answers
(e.g., www.MRIsafety.com). Certain implants or metallic
foreign bodies can increase in temperature or move, potentially leading to patient harm—hence the need for all patients
to ill out a safety screening form before placement in the MRI
machine.70 Recently MRI-compatible pacemakers, although
with some stipulations, have been developed.71
Bleicher and colleagues72 found a serious complication rate
of approximately 0.03% of gadolinium contrast agents when
reviewing records of more than 23,000 patients, attesting to
the overall favorable safety proile of gadolinium contrast
agents. However, there are two important issues: gadolinium
deposition in patients with normal renal function and nephrogenic systemic ibrosis (NSF).
In 2014 Kanda and colleagues73 correlated a dose-dependent
T1 hyperintensity in certain structures intracranially in
patients with a history of gadolinium administration. McDonald and coworkers74 conirmed the presence of gadolinium in
the globus pallidus, pons, dentate nucleus, and thalamus in
autopsy specimens of 13 patients with normal renal function
who all underwent a minimum of four gadolinium contrastenhanced examinations. Whether the intracranial accumulation of gadolinium is harmful is not clear at this point.75
NSF, previously called nephrogenic ibrosing dermopathy,
is a systemic disorder of widespread ibrosis that has been tied
to prior administration of gadolinium-based contrast agents
in the setting of renal disease. he incidence of NSF in the
setting of severe renal dysfunction is approximately 1% to
7% ater exposure to gadolinium-based contrast material. he
FDA has asked manufacturers to include a new boxed warning
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on the product labeling of all gadolinium-based contrast
agents used to enhance the quality of MRI. he warning states
that patients with severe kidney insuiciency who receive
gadolinium-based agents are at risk for developing NSF, a
debilitating and potentially fatal disease.76,77 Also, patients
just before or just ater liver transplantation and patients with
chronic liver disease are at risk for developing NSF if they are
experiencing kidney insuiciency of any severity. he risk of
a patient developing NSF may be minimized by the following
steps76,78-81:
1. Identify patients with a glomerular iltration rate less than
30 mL/min/1.73 m2 as at risk.
2. Administer contrast medium to a patient at risk for developing NSF only when the expected beneit clearly outweighs
the risk of administration.
3. Perform unenhanced MRI irst with proper monitoring
so that unnecessary contrast medium administration is
avoided.
4. Use the lowest dose of gadolinium-based contrast medium
that is feasible for the examination.

Spinal Angiography
Spinal angiography is extremely useful for spinal vascular
malformations for the delineation of the vascular supply
and for therapeutic treatment.82,83 Spinal angiography is also
used in the pretherapeutic workup of suspected vascular
neoplasms involving the vertebral bodies, posterior elements,
and spinal canal and is coupled with preoperative or palliative
embolization. Spinal angiography should address three areas
for the surgeon or interventionalist: (1) the exact location
and coniguration of the lesion, (2) vascularity of the lesion,
including feeding and draining vessels, and (3) regional vascular anatomy.84
Spinal vascular malformations are a very heterogeneous
group of lesions that have had a wide variety of classiication
schemes applied to them. One common classiication system
is from Anson and Spetzler,85 who classiied them as types
1 to 4:
Type 1: spinal dural arteriovenous istula between the dural
branch of the spinal ramus of the radicular artery and
intradural medullary vein
Type 2: spinal cord arteriovenous malformation with shunting
across an interposed vascular nidus (intramedullary
glomus malformation)
Type 3: complex spinal arteriovenous malformation with
metameric extension (juvenile malformation)
Type 4: direct arteriovenous istula (intradural perimedullary
istula)
he most common spinal vascular lesion is a dural
arteriovenous istula (Fig. 13.7). hese lesions are thought to
be acquired and are particularly present in the thoracic and
lower lumbar spine. Spinal dural arteriovenous istulas are
more common in men. here is oten a delay from symptom
onset to time of diagnosis, averaging 27 months. Clinical indings include weakness (55%), a progressive clinical course
(100%), and myelopathy on examination (84%). In the spine,

nidus of the istula is most oten located between T6 and T12
or in the sacrum. In 1977, Kendall and Logue86 deinitively
identiied the site of the arteriovenous shunting within the
root sleeve. he symptoms are a result of intramedullary
edema and ischemia secondary to increased venous backpressure within the varicose coronal veins. Gilbertson and colleagues87 and Masaryk and colleagues88 identiied increased
signal intensity on T2-weighted images within the cord as the
most sensitive imaging inding in spinal dural istula.
Although imaging, in particular MRI, has become a
mainstay for the evaluation of vascular malformations,
spinal angiography remains a crucial technique for precise
deinition of the type of lesion, the overall morphology, the
low characteristics, and the identiication of speciic feeding
vessels.89 Arterial and delayed venous imaging may be necessary to appreciate fully the venous drainage of the vascular
pathology, particularly in arteriovenous malformations and
dural istulas. Arterial ilms allow examination of abnormal
blush or arteriovenous shunting. he normal vascular supply
to the cord, in particular the artery of Adamkiewicz, should
be deined. In addition to the usual general complications of
angiography, embolization to the anterior spinal artery could
occur ater angiography, which may lead to an ascending
paralysis. In general complications are rare, given the small
catheters used, nonionic contrast medium, and an improved
speed of the examination with digital subtraction angiography.
Technologic advances have allowed high-resolution, highcontrast discrimination MR or CT imaging for evaluation of
the spinal arteries, with the goal of minimizing the need for
conventional catheter angiography for identiication of spinal
vascular disease.90-92 he size of the anterior spinal artery
(0.2 to 0.8 mm) and the close approximation of the spinal
veins necessitate a sophisticated MRI sequence with bolus
gadolinium–based intravenous contrast medium administration. Although various techniques may be used, the three main
requirements are a large ield of view, high spatial resolution,
and high temporal resolution.
In a series of 34 patients, Mull and colleagues92 showed that
contrast-enhanced spinal MR angiography (MRA) could reliably
detect or exclude spinal cord arteriovenous abnormalities with
a 100% predictive value. he main arterial feeder can be reliably
deined by MRA, but small secondary feeders may be missed.
he main reasons for obtaining MRA would be for primary
identiication of a vascular abnormality and to pinpoint the
likely site of a feeder for conventional catheter angiography.
CT angiography can also deine normal and abnormal spinal
vasculature.93,94 he technique requires a multidetector row CT
scanner (generally 16) and 1-mm section thickness.

Discography
Discography was originally conceived as a morphologic study
of disc herniation but then morphed into a useful but limited
test relying on pain provocation through disc pressurization.95,96
Although discography can accurately deine disc degeneration,
this procedure is now seen as a physiologic evaluation of the
disc consisting of volumetric, manometric, radiographic, and
pain provocative challenge.97,98 his procedure remains quite
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FIG. 13.7 Dural istula. (A) Sagittal T2-weighted
magnetic resonance (MR) image shows difuse
abnormal increased signal from the central aspect of
thoracic cord, sparing a small rind of peripheral cord.
There are faint serpentine areas of low void along the
dorsal aspect of the thoracic cord (arrows). (B) Single
slice from a three-dimensional gradient-echo dynamic
enhanced MR angiogram shows multiple dilated
intradural vessels primarily along the dorsal surface of
the cord (arrows). (C) Coronal reformat of MR
angiogram shows dorsal enlarged vessels and small
nidus of vessels on the left at T9 (arrow). (D)
Anteroposterior view of a spinal angiogram at the left
T9 intercostal level shows a istula at the foraminal
level (arrow), with shunting to intraspinal dilated veins
(large arrow).

D

controversial; it has enthusiastic supporters and detractors
and has generated a voluminous literature. Some authors see
discography as helpful in identifying internal disc disruption
and in verifying painful disc levels before surgery (particularly
fusion), whereas others see it as unproven and of questionable
beneit.99-106
Discography is an invasive procedure and is not performed
as a screening technique. Discography is most accurate when

the diagnosis of discogenic pain is probable based on appropriate history, physical examination, and imaging.96 his test
is always limited in sensitivity and speciicity owing to the
subjective report of pain type and location by the patient.
According to Tehranzadeh and others,107-109 indications for
discography include the following:
1. Negative MRI, CT, or myelography indings with equivocal
indings for disc disease
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2. Cases with positive MRI, CT, or myelography indings with
disc disease at multiple levels
3. Presence of equivocal MRI, CT, or myelography indings
4. Recurrent back pain in postsurgical patients with diiculty
in evaluating scar versus disc
5. Cases of failed back surgery to evaluate painful pseudarthrosis or symptomatic disc
6. Evaluation of spinal fusion disc above or below the fusion
level
7. herapeutic injection of corticosteroid or anesthetic into
the disc itself

Nuclear Medicine Examinations
Nuclear medicine examinations commonly performed for
spine imaging include bone scintigraphy using technetium
99m (99mTc) and 18F-luorodeoxyglucose positron emission
tomography (PET) imaging. Other radiotracers are also available, including somatostatin analogs, that are useful with
neuroendocrine tumors and meningiomas.110
For evaluation of metastatic disease, bone scans image
osteoblastic activity and are less useful for aggressive lytic
metastases. Sensitivity and speciicity range from 62% to 100%
and 78% to 100%, respectively. Bone scans require a 5% to 10%
change for abnormalities to be detected. Trauma, degenerative
changes, infection, and other conditions can also show uptake
on bone scans.111,112 PET imaging measures metabolic uptake
and is more sensitive for lytic rather than sclerotic metastatic
disease.111,113,114 Similar to bone scans, PET imaging can show
uptake in nonneoplastic conditions such as inlammation,
infection, or degenerative change.115
Radionuclides most commonly used for detecting inlammatory changes of the spine are 99mTc phosphate complexes,
gallium (67Ga) citrate, and indium-111 (111In)–labeled white
blood cells. Although scintigraphy with 99mTc and 67Ga compounds is sensitive to infection, it is also nonspeciic. Healing
fractures, degenerative arthritis, sterile inlammatory reactions,
tumors, and loosened prosthetic devices can show increased
uptake.116-118 111In has several advantages compared with other
radionuclides, including higher target-to-background ratios,
better image quality (compared with 67Ga), and more intense
uptake by abscesses. Its main disadvantage is its accumulation
within any inlammatory lesion, whether infectious or not.119
he radionuclide study also takes hours to days to perform.

Imaging Artifacts
Artifacts invariably occur during spine imaging and can either
obscure or simulate pathology. Stainless steel implants are
known to generate substantial metal artifact with MRI and CT.
On CT, metal causes severe x-ray attenuation (missing data)
in selected planes. hese missing data or hollow projections
cause classic “starburst” or streak artifacts during image
reconstruction. he resulting distortions oten render these
studies useless. Materials with lower x-ray attenuation coeicients (plastic, titanium, tantalum, stainless steel, cobalt
chrome) produce fewer distortions. Metal composition, mass,
orientation, and position of the implant in the body all are

FIG. 13.8 Metal artifact. This sagittal T1-weighted magnetic resonance
image is severely degraded by ixation hardware (four-level pedicle screws)
that does not allow adequate evaluation of the neural foramen.

important factors that determine the magnitude of image
artifact. Titanium wires exhibit the least artifact on CT and
MRI compared with cobalt chrome or stainless steel.
MRI studies may be severely compromised in the presence
of spinal instrumentation, and there can be potential safety
and biologic considerations (Fig. 13.8). Many strategies can
reduce susceptibility artifacts on MRI, including the use of
spin-echo techniques, especially FSE variants over gradient
echo; larger ields of view; higher readout bandwidths; smaller
voxel sizes; and appropriate geometric orientation of the
frequency-encoded direction in relationship to metallic objects
(Fig. 13.9).120,121 Additional MR artifacts can be present, such
as motion artifact (Fig. 13.10), low-related artifact, chemical
shit, Gibb’s artifact, and aliasing or wrap-around artifact.122

Pathology
When interpreting a radiographic examination of the spine,
the irst step is to identify the abnormality and then arrive at
a diagnosis or reasonable diferential diagnosis. One of the
most critical pieces of imaging information regarding spinal
pathology used in forming a diferential diagnosis involves
determination of whether the lesion is intramedullary, intradural extramedullary, or extradural.

Degenerative Disc Disease
he morphologic indings of degenerative disc are well documented and demonstrated, especially with MRI. here are,
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FIG. 13.9 (A) Extensive artifact from posterior instrumentation in this T1-weighted image obscures evaluation
of the spinal canal. (B) T1-weighted image with contrast and metal reduction technique demonstrates
improved evaluation of the canal with epidural extension of disease (asterisk).

FIG. 13.10 Sagittal contrast-enhanced T1-weighted image of the cervical
spine demonstrates apparent signal abnormality/enhancement of the cord
at level of C3 (arrow). However, this is motion artifact from swallowing/
epiglottis movement with a similar morphologic abnormality tracking
outside the cervical spinal cord (arrowheads) conforming to the shape of
the epiglottis.

however, many factors to consider before imaging patients
who present with uncomplicated low back pain, including that
the indings of degenerative disc disease are common in
asymptomatic individuals, degenerative disc disease has a
favorable natural history, and there is a potential impact on
clinical decision making.123
he presence of degenerative changes within the cervical
and lumbar spine has been shown to be age related and equally
present in asymptomatic and symptomatic individuals.124,125
By the ith decade of life, 25% of asymptomatic patients have
degenerative changes in the intervertebral disc spaces. By the

seventh decade, 75% have degenerative changes.126 Myelograms performed in patients without symptoms revealed
abnormalities in 24% of the exams,124 and MR exams in
patients without symptoms demonstrated normal exams in
only 36% of cases.127
Overall, the natural history of low back pain is favorable,
with most patients experiencing improvement within 4 weeks
regardless of whether they are imaged.128,129 Over time, disc
herniations can improve or decrease in size and new extrusions can occur ater the onset of original symptoms.130-132
Multiple studies have shown that imaging in cases of
uncomplicated low back pain does not positively afect patient
management and that imaging can actually be harmful.
Studies of radiographic evaluations have shown that there
is little efect on patient management.133,134 Treatment and
diagnosis were not diferent in patients who were not imaged
as opposed to patients who underwent advanced imaging.135
When comparing patients with low back pain receiving either
radiographs or an abbreviated MR imaging protocol, there was
no advantage to the MR imaging group.136 Gillan et al. found
no treatment diference between imaging versus no imaging
in patients with low back pain.135 Imaging for low back pain
can be associated with potential harm, including radiation
exposure if CT imaging is used,137 potential for increased rates
of spine surgery,138-140 and the potential for patients to have a
lesser sense of well-being.141
Multiple authors suggest that an imaging study is indicated
in the evaluation of a patient with sciatica when (1) true
radicular symptoms are present, (2) there is objective evidence
of nerve root irritation on physical examination (i.e., positive
straight-leg raise test), and (3) the patient has not responded
to “conservative management” of 4 to 6 weeks’ duration.142-144
Earlier imaging is considered appropriate if clinical features
raise concern regarding malignant or infectious causes or if
neurologic indings worsen during observation. hese recommendations are based on several studies of successful nonoperative treatment of sciatica.145-150 Imaging is recommended
only for the remaining minority of patients with persistent
signs and symptoms who are believed to be surgical candidates
or in whom diagnostic uncertainty remains. In the 2009
American College of Radiology appropriateness criteria for
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imaging patients with low back pain, imaging patients was
noted to be inappropriate if the following were absent: trauma
in patients older than 50 years of age, unexplained fever or
weight loss, immunosuppression, history of cancer or intravenous drug use, steroid use, age greater than 70 years, progressive neurologic symptoms or loss of function, or symptoms
being present for longer than 6 weeks.151

Intervertebral Disc
Because of its inherent contrast sensitivity, MRI reveals morphologic abnormalities well and also provides insight into the
biochemical changes of the degenerating disc. With aging and
degeneration, there is gradual narrowing of the disc space and
loss of the normal high intradiscal signal intensity on
T2-weighted images. he latter is believed to be secondary to
changes in proteoglycan composition within the disc rather
than to absolute changes in water content.152 As degeneration
progresses, small luid-illed issures or cracks may develop
that manifest as intradiscal areas of linear high signal on
T2-weighted images.153-155 Gas and calciication can also
develop within a degenerating disc.
Fissures (tears) of the anulus ibrosus can also be visualized with MRI. hey appear as small areas of increased
signal on T2-weighted images and can enhance ater contrast
agent administration, presumably secondary to the ingrowth
of granulation tissue into the issure as a consequence of
healing.156 hree types of anular issures have been described,
depending on their orientation relative to the concentric
anular ibers.157 he high frequency of anular issures seen in
association with large disc bulges challenges the concept that
the anulus ibrosus is intact in bulging discs but ruptured in
herniated discs. he clinical signiicance of anular issures is
unknown. In patients without nerve root compression, back
pain may be secondary to irritation of the nerve endings in
the peripheral anulus either from scar tissue within an anular
issure or from a disc herniation; this is referred to as discogenic
pain. Although this concept is oten used to ascribe clinical
signiicance to these lesions, many asymptomatic patients
harbor anular issures.
here is no universally accepted classiication system
describing degenerative disc disease. A multispecialty task
force released recommendations for disc nomenclature spanning the orthopedic, neurosurgical, and radiologic communities.158 his group has deined a protrusion as a herniation that
maintains contact with the disc of origin by a bridge as wide
as, or wider than, any diameter of the displaced material (Fig.
13.11). An extruded disc is a larger herniation in which the
diameter of the disc material beyond the interspace is wider
than the bridge, if any, that connects it to the disc of origin
(Fig. 13.12). A sequestered (free) disc fragment is an extrusion
that is no longer contiguous with the parent disc. It may reside
either anterior or posterior to the posterior longitudinal ligament or rarely may be intradural (Figs. 13.13 and 13.14). A
free fragment may be located at the disc level or may migrate
superiorly or inferiorly, oten lateralized by the thin, sagittally
oriented midline septum seen in the lower anterior epidural
space.

FIG. 13.11 Lateral disc herniation. Axial T1-weighted magnetic resonance
image shows well-deined right lateral herniation with no thecal sac
compromise (arrow).

FIG. 13.12 Cervical disc extrusion. Sagittal T2-weighted magnetic
resonance image shows large disc extrusion at C6–C7 severely efacing the
anterior thecal sac and cord. Signal intensity of the cord is normal.

Degenerative Endplate Changes
In addition to these observed changes within the degenerating
disc, vertebral marrow signal abnormalities adjacent to the
degenerating disc are common.159 Type 1 endplate change
manifests as decreased marrow signal paralleling the endplates
on T1-weighted images and increased signal on T2-weighted
images. hese changes relect replacement of normal fatty
marrow with ibrovascular marrow, which has greater water

Chapter 13 Spine Imaging

211

S E C T I O N

II

A

B

C

D

FIG. 13.13 Disc extrusion with free fragment. (A) Sagittal and (B) axial T1-weighted magnetic resonance
images show a large central extrusion at L5–S1 extending dorsally and inferiorly, suggesting a free fragment.
There is severe efacement of caudal thecal sac. (C) Sagittal and (D) axial T2-weighted images show extrusion as
intermediate signal and conirm mass efect on sac.

content. Type 2 endplate changes are slightly more common
than type 1 changes, showing increased signal on T1-weighted
images and isointense to slightly increased signal on
T2-weighted images. Histologically, these changes correlate
with fatty marrow replacement. hese changes may be preceded by type 1 changes, and oten these changes exist in
combination at the same level or diferent levels. Type 3 endplate changes show decreased marrow signal on T1-weighted
and T2-weighted images, a inding that correlates with endplate sclerosis seen radiographically.159
Recent researchers have suggested that type 1 endplate
changes can be secondary to a low-grade infection,160,161 with
one study showing that patients with type 1 endplate changes
treated with antibiotics showed improvement over the placebo
group.162

Lumbar Stenosis
As an anatomic entity, spinal stenosis refers to narrowing of
the central spinal canal, neural foramina, or lateral recesses.
Most commonly, it is acquired secondary to degenerative
disease of the intervertebral disc or facets or both, although
developmentally shortened pedicles are an important component of symptomatic spinal stenosis in patients with otherwise
mild degenerative changes (Figs. 13.15 and 13.16).163 Before
the development of MRI, plain ilms and CT were used to
diagnose spinal stenosis by measuring the dimensions of the
bony canal. At present, such measurements are not commonly
performed. hese measurements do not take into account the
normal anatomic variation between patients or the role of the
disc and ligamentum lavum in spinal stenosis and are inaccurate predictors of clinical symptoms. MRI accurately depicts
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FIG. 13.14 Cervical disc herniation. (A) Axial computed tomographic scan and (B) sagittal reformat after
myelography show well-deined extradural lesion at C4–C5 efacing the anterior thecal sac and touching the
cord. A small osteophyte is present at C5–C6 with no cord compromise.

and lateral recess stenosis and provides important information
for presurgical planning.164

Facet Disease

FIG. 13.15 Lumbar canal stenosis. Axial computed tomographic scan at
L4–L5 shows marked bony central canal stenosis with mild anterior
osteophyte and marked facet hypertrophic degenerative change. The disc is
degenerated with vacuum phenomenon.

the degree and cause of thecal sac narrowing in patients with
central canal stenosis. Such narrowing is most commonly due
to bony and ligamentous hypertrophy.
In addition to central canal stenosis, stenosis of the lateral
recess is an important cause of lower extremity pain and
paresthesias. he lateral recess is bordered anteriorly by the
posterior aspect of the vertebral body and disc, laterally by
the pedicle, and posteriorly by the superior articular facet.
he root sleeve within the lateral recess is oten compressed by
bony hypertrophy of the superior facet, oten in combination
with disc bulging and osteophyte along the anterior border of
the lateral recess. Lateral recess pathology can clinically mimic
disc herniation. MRI allows diferentiation between central

Degenerative disease of the facet joints typically occurs in
combination with degenerative disc disease, although facet
disease alone may be responsible for symptoms of back pain
and radiculopathy. As with any synovial-lined joint, facet
joints are susceptible to the development of joint space loss,
subchondral sclerosis and cyst formation, osteophytosis, and
subluxation. Because of the richly innervated synovium and
joint capsule, these changes alone can be a source of pain, or
alternatively they can contribute to nerve root impingement
by causing spinal stenosis or foraminal compromise. On MRI,
degenerated facets appear hypertrophied, sclerotic, and irregular. Enlarged ligamentum lavum is commonly present. Facet
degeneration can lead to the formation of synovial cysts that
can compress the thecal sac and roots from a posterior direction. Synovial cysts are best depicted on axial images and
appear as posterolateral epidural masses adjacent to a degenerated facet, most commonly at the L4–L5 level. Synovial cysts
have variable signal characteristics secondary to varying cyst
luid composition and associated hemorrhage, calciication, or
gas within the cyst (Fig. 13.17).165 A peripheral hypointense
rim on T2-weighted images related to calciication may be
seen. Intravenous contrast medium is useful in suspected
cases to deine better the lesion and its relationship to the
adjacent facet joint and thecal sac.

Instability
he most frequently seen alignment abnormality is spondylolisthesis, which is deined as ventral slippage of a vertebra relative to the vertebrae below. he two most common causes of
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FIG. 13.16 Lumbar canal stenosis. (A) Sagittal and (B) axial T2-weighted magnetic resonance images show
severe central canal stenosis at L3–L4 and L4–L5 with marked compression of the thecal sac owing to anterior
bulge of the anulus ibrosus and facet hypertrophic degenerative change. There are small bilateral facet
efusions (arrows).

spondylolisthesis are bilateral defects in the pars interarticularis (isthmic spondylolisthesis) and facet disease (degenerative spondylolisthesis). he degenerative variety is the most
common in older adults.
Because of its ability to obtain direct sagittal images free of
overlapping structures and patient rotation, MRI is an accurate
method of diagnosing spondylolisthesis. MRI is nearly always
performed with the patient supine, however. In that position,
a vertebra with subluxation can be normally aligned. A more
accurate method of detecting listhesis is by weight-bearing
lateral lumbar radiographs. he detection of spondylolysis
(pars interarticularis defect without ventral slippage) by MRI
can be problematic, and it is generally agreed that plain ilms
and CT are more reliable for its diagnosis. Because MRI is
being increasingly used as the irst and only imaging modality
in evaluating patients with low back pain and radicular symptoms, many cases of spondylolysis are imaged without the
beneit of correlative plain ilms or CT studies.166 Using MRI,
sagittal T1-weighted images are best for showing the pars
interarticularis owing to their higher signal-to-noise ratio, the
depiction of the pars marrow as hyperintense, and the minimal
obliquity of the pars in this imaging plane (Fig. 13.18). If the
pars appears normal (i.e., contiguous normal marrow signal),
one can be certain that it is intact.167

Cervical Radiculopathy and Myelopathy
Various studies have shown that canal size is reduced in
patients with cervical spondylotic myelopathy. he normal
diameter of the canal from C3 to C7 is approximately 17 mm
and can be decreased to 12 mm or less in cervical spondylotic
myelopathy. he size that is associated with myelopathy has
ranged, however, from less than 10 mm up to 14 mm.

Additionally, myelopathic symptoms tend to occur when the
canal cross-sectional area is less than 60 mm2. he ratio of the
anteroposterior canal diameter to the vertebral body diameter
has been used to assess cervical stenosis. his Pavlov ratio
(sometimes referred to as the Torg ratio) is normal if it is 1 or
greater.168 A ratio of 0.8 or less is considered abnormal. As a
ratio, however, it can be abnormal not only because of an
abnormally small canal diameter (small numerator), but also
because of an abnormally large vertebral body (large denominator). his ratio method also does not take into account the
size of the spinal cord itself. As an isolated tool, this method
is of historical interest only and is useless in evaluating cervical
spinal cord compression.
Takahashi and colleagues and others have described areas
of increased signal intensity on T2-weighted images within the
cervical cord owing to extradural compression, which variously relects myelomalacia, gliosis, and demyelination and
edema (Fig. 13.19).169 Patients who show areas of abnormal
signal within the cord tend to have a worse clinical condition
than patients with normal cord signal intensity. hese abnormal signal changes can disappear or diminish ater surgery to
relieve the cord compression.

Postoperative Imaging
Causes of early and delayed failure of surgery are listed in
Boxes 13.1 and 13.2. Caution must be used in interpretation
of CT, CT myelography, and MRI within the irst 6 weeks ater
surgery owing to the large amount of tissue disruption and
edema that may be present producing mass efect on the anterior thecal sac, even in the absence of any clinical symptoms.
MRI may be used in the immediate postoperative period for a
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FIG. 13.17 Synovial cyst. (A) Sagittal and (B) axial T1-weighted magnetic resonance images show mass with
central low signal centered on the right anterior facet that efaces the right dorsal aspect of the thecal sac. (C)
Sagittal and (D) axial T2-weighted images show central high signal of luid consistent with synovial cyst.

BOX 13.1 Technical Causes of Early Spine Surgery Failure
Hematoma
Infection
Inadequate decompression of bony foraminal or central stenosis
Insuicient removal of herniation
Neural trauma
Unrecognized free disc fragment
Wrong level surgery

more gross view of the thecal sac and epidural space, to exclude
signiicant postoperative hemorrhage, pseudomeningocele, or
disc space infection at the laminectomy site. CT myelography
is also a direct way to deine a pseudomeningocele and to
image the spine when hardware is present (Fig. 13.20).
Small luid collections are commonly seen in the posterior
tissues ater laminectomy. he signal intensities can vary
depending on whether the collections are serous (follow CSF

BOX 13.2 Technical Causes of Delayed Recurrence of Low Back Pain
or Radiculopathy
Arachnoiditis
Epidural ibrosis
Facet arthropathy with foraminal stenosis
Instability
New or recurrent herniation
Pseudomeningocele
Central canal stenosis
Infection

signal intensity) or serosanguineous (increased signal on
T1-weighted images owing to hemoglobin breakdown products). he distinction between small postoperative luid collections and infected collections cannot be made by MRI
morphology or signal intensity. Acute hemorrhage typically
shows isointense to increased signal in the epidural space on
T1-weighted images and should show diminished signal on
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some with ramiications when imaging.170 Bone morphogenic
protein (BMP) can produce imaging indings that can be
misinterpreted as infection, including prevertebral sot tissue
swelling and vertebral body endplate resorption, although
these indings typically resolve by 6 months.171-173

Epidural Fibrosis and Disc Herniations

FIG. 13.18 Spondylolysis. Sagittal T1-weighted magnetic resonance image
shows disruption of cortical margin of pars interarticularis (arrow) at L5–S1
consistent with spondylolysis. There is severe foraminal stenosis at L5–S1.

A

B

he use of contrast medium–enhanced MRI in the evaluation
of scar versus disc has been examined by several authors, with
reported accuracy rates of 96% to 100% for distinguishing scar
from disc.174 Lumbar epidural ibrosis (scar) is a replacement
of the normal epidural fat with postoperative ibrotic tissue,
which is capable of binding the dura and nerve roots to the
surrounding structures anteriorly and posteriorly. Epidural
ibrosis is seen to enhance consistently immediately ater
injection of contrast material (Fig. 13.22). his enhancement
occurs regardless of the time since surgery. Disc material does
not enhance on the early postinjection images owing to its lack
of vascularity (Fig. 13.23). In cases with a mixture of scar and
disc material, scar enhances but the disc material does not
enhance on early postinjection images.
Selective fat suppression on T1-weighted images has been
used in the evaluation of postoperative patients. Georgy et al.175
examined 25 patients with recurrent pain ater lumbar disc
surgery with MRI to evaluate the usefulness of gadoliniumenhanced fat suppression imaging in patients with failed back
surgery. he addition of fat suppression to enhanced T1-weighted
images improved the visualization of enhancing scar in all
cases, helped distinguish scar from recurrent herniated disc,
and showed more clearly the relationship of scar to the nerve

C

FIG. 13.19 Cervical spondylosis. (A) Sagittal T1- and (B) T2-weighted magnetic resonance images show solid
fusion at C6–C7 level with a small osteophyte. There is severe central stenosis of the disc and osteophyte
complex and posterior ligamentous hypertrophy at C4–C5, C5–C6, and T1–T2 levels. There is myelomalacia
within the cord seen as high signal intensity on the T2-weighted image at C4–C5 (arrow). (C) Axial gradientecho image at C4–C5 conirms severity of central stenosis owing to broad-based disc and osteophyte.

S E C T I O N

gradient-echo or T2-weighted images. Very acute blood collections may be isointense, however, on T1-weighted and
T2-weighted images (Fig. 13.21).
Aside from the various options for instrumentation that are
available, diferent types of bone grat materials are available,
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roots and thecal sac. Overall there are conlicting data as to
whether epidural scar is associated or causative of symptoms
following back surgery. he presence of scar did not correlate
with symptoms in a study of 40 patients.176 When epidural scar
is present in symptomatic patients undergoing reoperation,

it is associated with a poor outcome.177 Others suggest that
psychosocial factors rather than the presence of epidural scar
correlate better with symptoms.178

Stenosis
Bony stenosis has been implicated as a cause of failed back
surgery in 60% of cases. Various mechanisms can lead to
stenotic changes in the canal or foramina. heir signiicance
may vary, and many of these stenoses are not symptomatic.
Examples of mechanisms are as follows:
1. Bony overgrowth ater facetectomy may compromise a
lateral recess.
2. Ater posterior fusion, there may be late overgrowth of
bone into the posterior or lateral canals.
3. Ater anterior fusion, bone may extend into the canal or
foramen.
4. he narrowing of the interspace ater discectomy may allow
suicient facet overriding to produce a decreased size of
the lateral recesses or foramina.
5. Postoperative spondylolisthesis can produce focal stenosis.

Arachnoiditis
FIG. 13.20 Pseudomeningocele. Axial computed tomographic scan after
myelography shows metal artifact from prior pedicle screw ixation. There is
pooling of contrast medium around and dorsal to the hardware owing to a
large pseudomeningocele (arrows).

A

B

Spinal MRI can identify the various characteristics of lumbar
arachnoiditis, as can CT and myelography.179-181 hese may be
classiied into three categories or patterns, which can be
applied to MRI, CT, or myelography, although a mixture of
patterns can occur in any one patient.182

C

FIG. 13.21 Recurrent herniation mimicking blood. This patient underwent multilevel laminectomy and L3–L4
discectomy 3 weeks before examination. (A) Sagittal T1-weighted magnetic resonance image shows vague
anterior epidural mass at L3 and extensive postoperative changes in dorsal epidural soft tissues. (B) Sagittal
T2-weighted image shows L3 epidural mass to be of low signal, with efacement of anterior thecal sac. (C) After
contrast administration, sagittal T1-weighted image shows slight peripheral enhancement. Diferential diagnosis
included acute blood (deoxyhemoglobin) and large recurrent herniation. Because of homogeneity of low signal
and contiguity with disc space at L3–L4, recurrent herniation was favored. A large herniation was found at
reoperation.
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FIG. 13.22 Postoperative epidural scar. Axial T1-weighted magnetic resonance images (A) before and (B) after
contrast administration show difuse enhancement of tissue surrounding the right lateral aspect of the thecal
sac (large arrow) and exiting the right S1 root (small arrow).
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FIG. 13.23 Recurrent herniation. (A) Sagittal T1-weighted magnetic resonance image shows large anterior
epidural mass extending dorsal to L4 body from L4–L5 disc space. The patient previously underwent L4
laminectomy and discectomy. (B) Sagittal T2-weighted image shows a large disc extrusion migrating superiorly
from the disc space level, relecting free fragment. (C) After contrast medium administration, sagittal
T1-weighted image shows typical peripheral enhancement of large herniation. Axial T1-weighted images (D)
before and (E) after contrast administration show peripheral enhancement of the disc component at mid-L4
level (arrow).
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he irst pattern is central adhesion of the nerve roots
within the thecal sac into a central clump of sot tissue signal.
Instead of showing their normal feathery pattern, the nerve
roots are clumped into one or more cords. his pattern is most
easily identiied on axial CT myelography or T1-weighted
MRI. he second pattern is adhesion of the nerve roots to the
meninges, giving rise to an “empty thecal sac” sign. On MRI,
only the homogeneous signal of the CSF is present within the
thecal sac, and the nerve roots are peripherally attached to the
meninges. On CT myelography, only the high-attenuation
contrast agent within the thecal sac is visualized, without the
nerve roots. In the third pattern, which can be viewed as an
end stage of the inlammatory response, the arachnoid
becomes an inlammatory mass that ills the thecal sac. On
myelography, this type of arachnoiditis gives rise to a block,
with an irregular “candle dripping” appearance. MRI shows a
nonspeciic sot tissue mass, as does CT myelography.
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D
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Infection
Infection should be considered in the diferential diagnosis for
back pain even though it is an uncommon disorder (1% of all
cases of osteomyelitis). When infection is considered, accurate
imaging is a necessary prelude for microbiologic diagnosis or
surgical drainage. Because abnormalities that appear on plain
radiographs usually take days to weeks to become apparent,
radionuclide studies and MRI have been the primary imaging
modalities for diagnosis of vertebral osteomyelitis.
CT has played a minor diagnostic role in cases with bony
or sot tissue components and is not considered a mainstay for
the diagnosis of disc space infection.183,184 MRI is more sensitive than either plain ilms or CT for detecting vertebral
osteomyelitis, and it approaches or equals the sensitivity of
radionuclide studies (Figs. 13.24 and 13.25).185,186

C

FIG. 13.24 Pyogenic disc space infection. (A) Sagittal T1-weighted
magnetic resonance image shows typical pattern of disc space infection
with low signal from adjacent L3 and L4 bodies and abnormal
morphology to the disc itself. There is kyphotic angulation at that level,
with increased anterior epidural soft tissue. (B) Sagittal T2-weighted
image shows abnormal increased signal from L3 and L4, with irregular
margins to the disc space. There is severe thecal sac compromise
(arrow). (C) Sagittal T1-weighted image after contrast administration
shows marked enhancement of vertebral bodies, disc space, and
epidural phlegmon. (D) Degree of thecal sac compromise (large arrow)
and difuse paravertebral extension of inlammatory process (small
arrows) are shown on axial T1-weighted image.
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FIG. 13.25 Early disc space infection. (A) Sagittal T1-weighted magnetic resonance image shows loss of disc
space height at L2–L3 through L4–L5 but no overt marrow signal abnormality. (B) Sagittal T2-weighted
image shows abnormal increased signal in L4–L5 disc space but no marrow signal abnormality. (C) Sagittal
T1-weighted image after contrast administration shows mild patchy L4–L5 disc enhancement and mild
endplate enhancement. Diferential diagnosis at this time is severe degenerative disc disease versus early
disc space infection. (D) Grossly abnormal signal involving L4 and L5 bodies with loss of disc margin was
visible 5 weeks later on T1-weighted image. (E) L4–L5 disc now shows more marked increased signal on
T2-weighted image.

It is imperative to obtain both T1- and T2-weighted images
in the sagittal plane for optimal sensitivity to detect disease.
he T1-weighted spin-echo image allows detection of the
increased water content or marrow luid seen with inlammatory exudate or edema. Similar to most pathologic processes,
disc space infection or vertebral osteomyelitis results in
increased signal intensity on T2-weighted images. he diagnostic speciicity of MRI is provided by the signal intensity
changes on T1- and T2-weighted images and by the anatomic
pattern of disease involvement and the appropriate clinical
situation.
On T2-weighted images, the normal intervertebral disc
usually shows increased signal intensity within its central
portion that is bisected by a thin horizontal line of decreased

signal, termed the intranuclear clet. Ater the age of 30 years,
the clet is almost a constant feature of normal intervertebral
discs. Disc space infections on MRI typically produce conluent
decreased signal intensity of the adjacent vertebral bodies and
the involved intervertebral disc space on T1-weighted images
compared with the normal vertebral body marrow. A poorly
deined endplate margin exists between the disc and adjacent
vertebral bodies. T2-weighted images show increased signal
intensity of the vertebral bodies adjacent to the involved disc
and an abnormal morphology and increased signal intensity
from the disc itself, with absence of the normal intranuclear
clet. hese MRI indings are much more typical of pyogenic
than of tuberculous osteomyelitis.187 In a comparative study
of patients with suspected vertebral osteomyelitis, MRI had a
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sensitivity of 96%, a speciicity of 92%, and an overall accuracy
of 94%.185 Scintigraphy with 67Ga and 99mTc bone scintigraphy
had a sensitivity of 90%, speciicity of 100%, and accuracy
of 94% when combined. In this study, MRI was as accurate
and sensitive as radionuclide scanning for the detection of
osteomyelitis.
Dagirmanjian and colleagues188 investigated the sensitivity
of MRI indings for vertebral osteomyelitis. hey considered
the “classic” MRI changes of vertebral osteomyelitis to include
decreased signal of disc and adjacent vertebral bodies on
T1-weighted images, increased nonanatomic signal of the disc
on T2-weighted images, increased signal of the adjacent vertebral bodies on T2-weighted images, and enhancement of the
disc and adjacent vertebral bodies. hese investigators found
95% of disc space infection levels had typical T1-weighted
vertebral body changes, and 90% had increased nonanatomic
signal of the disc on T2-weighted images. Only 54% of the
abnormal levels showed increased signal of the vertebral
bodies on T2-weighted images, however. Although 84% of
patients showed the typical T1-weighted vertebral body and
T1- and T2-weighted disc changes, only 49% of cases showed
the typical T1- and T2-weighted vertebral body and disc indings as originally described. T1-weighted vertebral body, disc,
and endplate changes and T2-weighted disc changes are the
most reliable indings of disc space infection and vertebral
osteomyelitis. In the initial stages of vertebral osteomyelitis,
when the disc space is not yet involved, it may be diicult to
exclude neoplastic disease or compression fracture from the
diferential diagnosis using only MRI. Follow-up studies are
usually necessary to deine the nature of the lesion further.
Boden and colleagues189 suggested that in the postoperative spine the triad of intervertebral disc space enhancement,
anular enhancement, and vertebral body enhancement leads
to the diagnosis of disc space infection, with the appropriate
laboratory indings, such as an elevated sedimentation rate. A
group of normal postoperative patients, however, has anulus
enhancement (at the surgical site), intervertebral disc enhancement, and vertebral endplate enhancement without evidence
of disc space infection. In these cases, the intervertebral disc
enhancement is typically seen as thin bands paralleling the
adjacent endplates, and the vertebral body enhancement
is associated with type 1 degenerative endplate changes.
his pattern should be distinguished from the amorphous
enhancement seen within the intervertebral disc with disc
space infection.
Staphylococcus aureus is the organism most commonly
associated with vertebral osteomyelitis and epidural abscess,
accounting for approximately 60% of the cases (Fig. 13.26). S.
aureus is ubiquitous, tends to form abscesses, and can infect
compromised and normal hosts. Other gram-positive cocci
account for approximately 13% of cases, and gram-negative
organisms account for approximately 15%. Clinical acute
symptoms classically include back pain, fever, obtundation in
severe cases, and neurologic deicits. Chronic cases may have
less pain and no elevated temperature. Rankin and Flothow190
described the classic clinical course of epidural abscess in
four stages: spinal ache, root pain, weakness, and paralysis.
Acute deterioration from spinal epidural abscess remains

unpredictable, however. Patients may present with abrupt
paraplegia and anesthesia. he cause for this precipitous
course is unknown, but it is thought to be related to a vascular
mechanism (e.g., epidural thrombosis and thrombophlebitis,
venous infarction).191,192
he primary diagnostic modality in the evaluation of epidural abscess is MRI. MRI is as sensitive as CT myelography
for diagnosing epidural infection, but it also allows the exclusion of other entities, such as herniation, syrinx, tumor, and
cord infarction.193,194 MRI of epidural abscess shows a sot
tissue mass in the epidural space with tapered edges and an
associated mass efect on the thecal sac and cord. he epidural
masses are usually isointense to the cord on T1-weighted
images and of increased signal on T2-weighted images. Post
and colleagues195,196 recommended that in ambiguous cases
either CT myelography or contrast medium–enhanced MRI is
necessary for full elucidation of the abscess (Fig. 13.27).
he patterns of MRI contrast medium enhancement of
epidural abscess include (1) difuse and homogeneous, (2)
heterogeneous, and (3) thin peripheral. Post and colleagues196
found that enhancement was a very useful adjunct for identifying the extent of a lesion when the plain MR image was
equivocal, for showing activity of an infection, and for directing needle biopsy and follow-up treatment. Successful therapy
should cause a progressive decrease in enhancement of the
paraspinal sot tissues, disc, and vertebral bodies.197

Intramedullary Lesions
Diagnostic considerations of pathology involving the intramedullary space include neoplasm, vascular malformation, syrinx,
granulomatous disease, inlammation, or demyelination.198-200
Radiographs without intrathecal contrast have no value for
nonexpansile cord pathology, with late indings of cord neoplasm
only inferred by canal expansion or osseous destruction. MR
imaging can directly visualize the cord and can characterize
nonexpansile cord abnormalities.
he imaging indings of spinal cord neoplasm most commonly include cord expansion, syrinx formation, and
enhancement. For low-grade nonenhancing neoplasms there
is typically cord expansion.201,202 When faced with a nonexpansile T2 or STIR hyperintense spinal cord, distribution of
signal abnormalities, enhancement, blood degradation
byproducts, and its behavior over time (if available) are all
useful factors to consider when arriving at an appropriate
diferential diagnosis. Transverse myelitis tends to involve
longer segments of the cord as opposed to multiple sclerosis,
which tends to be patchy and involves the dorsal or lateral
aspects of the cord. Enhancement should typically resolve by
2 months when present with multiple sclerosis (Fig. 13.28).
Spinal cord infarct can involve the ventral gray matter centrally
within the spinal cord; subacute combined degeneration has
a more posterior distribution.200

Neoplasms
he most common intramedullary neoplasms are gliomas,
principally astrocytomas and ependymomas. Ependymomas
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are cited as the most frequent intramedullary tumors in adults
(Fig. 13.29). Although ependymomas may involve any portion
of the cord, they most commonly involve the conus medullaris
and ilum terminale and are the most common primary tumor
of the lower spinal cord. Patients with these tumors present in
the fourth to ith decades of life, oten with back pain.203,204 A
typical appearance is an intradural extramedullary mass
involving the ilum terminale and cauda equina, although it
can appear as fusiform enlargement of the cord itself.205 Cervical intramedullary tumors may be seen in patients with
neuroibromatosis type 2 (Fig. 13.30). hese tumors typically
enhance and may have intratumoral cysts. he myxopapillary
subtype is particularly common in the lumbosacral region,
typically appearing as a large, intensely enhancing mass spanning several vertebral levels. In most cases, the tumors appear
as intradural extramedullary lesions because of their bulky
exophytic growth, which ills the spinal canal. Overall signal
intensities are nonspeciic, but because of their highly vascular

C

FIG. 13.26 Disc space infection with epidural abscess. (A) Sagittal
T1-weighted magnetic resonance image shows slight decreased
signal of L4 and L5 marrow adjacent to disc space and poor deinition
of distal thecal sac. (B) Sagittal T2-weighted image shows abnormal
increased signal from L4–L5 disc space (large arrow) and linear low
signal dorsal to L4 and L5 bodies outlining anterior epidural abscess
(small arrows). (C) Sagittal T1-weighted image after contrast
administration better deines margins of epidural abscess (arrows) by
enhancing margin extending inferiorly toward S1 level. Slight
abnormal enhancement is present within the disc itself. (D) Axial
T2-weighted image shows loculated abscess as foci of high signal,
displacing caudal thecal sac dorsally (arrow).

nature, ependymomas oten show areas of T2-weighted shortening secondary to the presence of hemosiderin and ferritin,
which is strongly suggestive of the diagnosis.206 hey also may
manifest as subarachnoid hemorrhage.207
Intramedullary astrocytomas constitute 6% to 8% of primary
spine tumors, with a peak incidence in the third to fourth
decades of life. Astrocytomas produce focal enlargement and
occasionally exophytic growth involving the cord. Of these
tumors, 75% to 92% are relatively benign, such as grades 1 and
2. Imaging shows fusiform enlargement of the cord over
several segments, whereas T2-weighted MRI shows increased
signal intensity relecting tumor and edematous cord. Cysts
are oten associated with these intramedullary tumors. hese
cysts may be benign, syringomyelic type of cavities, or actual
cysts associated with the tumor.
Hemangioblastomas are unusual cord tumors and
typically manifest in the third to fourth decades of life. hey
are frequently multiple and seen in association with von
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FIG. 13.27 Tuberculosis. (A) Sagittal T1-weighted magnetic
resonance image shows large mass involving L5–S2 bodies
with epidural extension. L5–S1 disc space is normal. (B)
T2-weighted image shows mass as heterogeneous high
signal. (C) After contrast administration, T1-weighted image
better deines epidural abscess with peripheral enhancement
(arrows).

Hippel–Lindau disease.208-213 hese lesions most oten manifest as dorsal intramedullary masses containing a nodule that
enhances, although these vary by the amount of cyst component and solid component. here may be extensive widening
of the cord, showing increased signal intensity on T2-weighted
images related to cord edema and extending several segments
away from the nidus itself.
Occasionally, metastatic disease may manifest as an
intramedullary enhancing mass. Carcinoma of the lung and
breast is the most common, with melanoma, lymphoma,
and renal cell carcinoma also reported.214,215 Spread of intracranial neoplasms such as ependymoma and glioma may also
seed the leptomeninges and produce direct involvement of
the cord.216-218
Benign intramedullary tumors are uncommon, but cavernous angiomas (cavernous malformations) can occur in the
cord with typical signal characteristics of speckled increased

and decreased signal on T1-weighted images and evidence of
hemosiderin deposition on T2-weighted images (Fig. 13.31).

Inlammation
he various causes of inlammatory myelopathies include
multiple sclerosis, postviral demyelinating disease, viral
infection, pyogenic infection, and granulomatous disease.
he archetypal inlammatory lesion is multiple sclerosis (Fig.
13.32). he spinal cord is the site of much clinical involvement
in patients with multiple sclerosis; however, imaging of the
spinal cord has always been subordinate to brain imaging
in radiologic investigations of multiple sclerosis. Because
some of the clinical disease activity in multiple sclerosis is
related to the spinal cord, it is important to correlate cord
disease with clinical activity to gain further insights into the
nature of disability in these patients and to correlate objective
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FIG. 13.28 Follow-up imaging is valuable when evaluating lesion behavior over time. (A) Sagittal T2-weighted
magnetic resonance image and (B) sagittal T1-weighted contrast-enhanced image demonstrate cord signal
abnormality and enhancement (arrow). Follow-up imaging obtained 1 year later demonstrates (C) progression
of T2 signal abnormality (arrow) and (D) resolution of the enhancement. Findings are consistent with
demyelination.
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FIG. 13.29 Ependymoma. (A) Sagittal T1-weighted magnetic resonance image shows large cystic and solid
intramedullary mass within the cervical cord. A tumor-associated cyst extends to the medulla. (B) Sagittal
T2-weighted image shows central solid component (arrow) with cephalad and caudad cystic components. (C)
Sagittal T1-weighted image after contrast administration shows large enhancing solid component extending
down to C5–C6 (black arrows).
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improvements in brain and cord lesion burden with changes
in clinical disability scoring. Most focal plaques are less than
two vertebral body lengths in size, occupy less than half the
cross-sectional diameter of the cord, and are characteristically peripherally located with respect to a transverse, crosssectional reference. Of spinal cord multiple sclerosis lesions,
60% to 75% are present in the cervical region, and more than

FIG. 13.30 Ependymoma in a patient with neuroibromatosis type 2.
Sagittal T1-weighted magnetic resonance image after contrast
administration shows multiple intradural extramedullary enhancing masses
(schwannomas or meningiomas), combined with a less intensely enhancing
mass within the conus (ependymoma).

A

B

half of multiple sclerosis patients with cord plaques have
multiple plaques. Of patients with cord plaques, 90% have
intracranial multiple sclerosis plaques.200,219,220

Intradural Extramedullary Lesions
Intradural extramedullary neoplasms constitute the largest
single group of primary spine neoplasms, accounting for
approximately 55% of all primary spine tumors. Most of these
tumors are benign, with nerve sheath tumors and meningiomas
representing the most common lesions.218 Nerve sheath tumors
are the most common intraspinal tumors and are divided
histologically into two types: schwannomas (i.e., neuromas,
neurinomas, and neurilemmomas) and neuroibromas (Fig.
13.33). Solitary schwannomas constitute most intraspinal
nerve sheath tumors, whereas neuroibromas are almost
always associated with neuroibromatosis type 1. Patients with
neuroibromatosis type 2 more commonly have multiple
schwannomas rather than neuroibromas, however.221 Isolated
nerve sheath tumors can arise anywhere in the spine.222
Nerve sheath tumors are easily recognized on MRI as typically isolated, well-circumscribed, solid masses of sot tissue
signal intensity on T1-weighted images surrounded by low
signal CSF. On T2-weighted images, they are of variable signal
intensity. Schwannomas are more vascular and include cystic
degeneration, necrosis, and hemorrhage more commonly
than neuroibromas. Various local osseous changes, consisting
mainly of smooth bony remodeling or foraminal enlargement,
are common. Enhancement is almost always present, but the
pattern is variable.
Meningiomas most commonly occur in the thoracic
spine.223 As is the case intracranially, there is a female sex
predilection, and these lesions occur in a slightly older age
group than nerve sheath tumors. Most are entirely intradural
and typically are isointense to the neural elements on T1- and

C

FIG. 13.31 Cavernous angioma. (A) Sagittal T1-weighted magnetic resonance image shows linear focus of
high signal relecting hemorrhage within the cord at C2 level. (B) Axial gradient-echo image conirms blood as
focal low signal within substance of cord. (C) Axial gradient-echo image through the brain shows multiple areas
of low signal (dark spots) relecting hemosiderin deposition owing to multiple cavernous angiomas.
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FIG. 13.32 Short-tau inversion recovery imaging for intramedullary inlammatory disease. (A) Sagittal and (B)
axial images show multiple foci of abnormal increased signal throughout the cervical cord without expansion,
relecting demyelinating disease (arrows).
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FIG. 13.33 Schwannoma. (A) Sagittal T1-weighted, (B) T2-weighted, and (C) T1-weighted enhanced magnetic
resonance images show a round, intensely enhancing intradural mass at the L4 level, displacing the adjacent
cauda equina.

T2-weighted images. Meningiomas enhance intensely ater
gadolinium–diethylenetetramine-pentaacetic acid (DTPA)
administration, which may allow demonstration of the typical
broad dural base.224,225
he last category of intradural extramedullary lesions is
the so-called leptomeningeal pattern, which includes leptomeningeal metastatic disease, inlammation, and benign
granulomatous processes such as sarcoid and tuberculosis
(Fig. 13.34).226 he list of tumors that may seed the CSF is
long, but the most common types are cranial ependymomas,

glioblastomas, and medulloblastomas (especially in pediatric
patients). Additional malignancies that can spread less commonly are ependymoma, pineoblastoma, germinoma, and
retinoblastoma. Lesions outside the central nervous system
that are capable of spreading along the leptomeninges include
carcinoma of the lung and breast, lymphoma, leukemia,
and melanoma. Administration of contrast material with
T1-weighted images is mandatory and shows a linear and
nodular enhancement pattern along the leptomeninges. he
overall sensitivity of MRI examinations is low in patients with
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FIG. 13.34 Leptomeningeal enhancement. Sagittal T1-weighted magnetic
resonance images (A) before and (B) after contrast administration show
extensive leptomeningeal enhancement of cauda equina and distal cord
surface in a patient with Staphylococcus aureus meningitis.

proven histologic evidence of neoplastic seeding, so examination of the CSF remains the gold standard.

Extradural Lesions
Pathology that can involve the extradural space can include
degenerative disc disease, epidural hematoma or abscess, or
neoplasm extending from adjacent osseous structures.227

Bone Marrow Imaging
MR imaging is the preferred modality for imaging the bone
marrow when compared with radiographs or CT imaging,
although CT imaging can demonstrate osseous destruction or
abnormal increased attenuation. Pathologic or abnormal
marrow on MR imaging is typically manifested as low T1
signal intensity and T2 or STIR hyperintensity. Distribution
of the marrow abnormalities is helpful, as abnormal marrow
centered about a joint or articulating surface can be degenerative or inlammatory in nature rather than neoplastic (Fig.
13.35). Complete marrow replacement by low T1 signal
intensity can be seen with both metastatic disease and red
marrow replacement in patients with anemia.228 CT imaging
can demonstrate the matrix of a lesion (increased attenuation
when osteogenic, ground glass for ibrous lesions, or anular
calciications in cartilaginous lesions). Lesions with sclerotic
borders tend to be less aggressive compared with lesions with
ill-deined or poor margins.229
Primary and secondary tumors to the extradural space are
well evaluated by MRI and CT (Fig. 13.36). Metastatic disease

B

FIG. 13.35 In general, most pathologic marrow (neoplastic, degenerative,
or infectious) demonstrates water signal intensity. However, distribution of
the signal abnormality can be helpful in arriving at a diferential diagnosis.
(A) Sagittal T1-weighted image and (B) sagittal short-tau inversion recovery
(STIR) image demonstrates abnormal low T1 signal intensity and STIR
hyperintensity centered about the C2–C3 facet joint (arrow), which is
degenerative or inlammatory in nature rather than neoplastic.

to the spine is the most common type of extradural tumor.
Because of its high contrast sensitivity and spatial resolution,
MRI is the examination of choice in the detection of osseous
metastases (Figs. 13.37 and 13.38).230,231 Because many metastatic tumors enhance, the routine use of contrast medium–
enhanced studies alone is not recommended because the
distinction between metastases and normal marrow fat is
diminished, occasionally to the point of masking even large
lesions (Fig. 13.39). Although difuse osseous metastases can
appear as homogeneous, difuse, low marrow signal on
T1-weighted images, this appearance is not speciic.

Ossiication of Posterior Longitudinal Ligament
Ossiication of the posterior longitudinal ligament (OPLL)
begins with calciication followed by frank ossiication of the
posterior longitudinal ligament in the upper cervical spine
(C3–C4 or C4–C5). It may progress inferiorly to the upper
thoracic spine (Figs. 13.40 and 13.41).232 Patients tend to
present in the sixth decade of life, are generally older than
typical patients with disc disease, and are younger than
patients with cervical spondylosis. Presenting complaints
include neck pain, dysesthesias, and upper and lower extremity weakness. CT indings oten show the bony pathology
better than MRI. Hirabayashi and Satomi233 divided OPLL
into four types based on CT: (1) continuous OPLL extends
between vertebral bodies and crosses multiple disc spaces
(27% of cases), (2) segmental OPLL is limited to the posterior
vertebral body margins (39% of cases), (3) mixed OPLL is
continuous and segmental (29% of cases), and (4) the remaining 5% of OPLL is restricted to the disc space level.
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FIG. 13.36 Chondroblastic osteosarcoma. (A) Sagittal T2-weighted magnetic resonance image shows large
paraspinal mass with well-deined margins and heterogeneous internal signal typical of cartilaginous lesions,
including chordoma. (B) Axial T1-weighted image after contrast administration shows a large, irregularly
enhancing mass involving the left lateral aspect of the thoracic body with extension into the paravertebral
region. There is left lateral epidural extension of tumor with mild mass efect on the cord.

Spinal Cysts
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FIG. 13.37 Multiple myeloma. (A) Sagittal T1-weighted magnetic resonance
image shows markedly diminished signal from all the visualized marrow of
thoracolumbar spine. There is severe compression deformity at L1. (B)
Sagittal T2-weighted image shows typical “salt and pepper” pattern of
multiple myeloma. No epidural tumor is identiied.

Circumferential compression of the cord may result from
combined OPLL and ossiication of the ligamentum lavum.
In continuous OPLL, MRI shows a thick band of decreased
signal on T1- and T2-weighted images. he segmental type is
more diicult to discern on MRI and shows a thin area of
decreased signal intensity, without signal from within the
ossiication region.

Various investigators,234-236 including Nabors and colleagues,235
have clariied the confusing array of terms for spinal meningeal cysts. Spinal meningeal cysts are congenital diverticula of
the dural sac, root sheaths, or arachnoid that may be classiied
into three major groups. he irst group includes extradural
cysts without spinal nerve roots (type I), the second includes
extradural cysts with spinal nerve roots (type II), and the third
includes intradural cysts (type III) (Fig. 13.42). Type I are
diverticula that maintain contact with the thecal sac by a
narrow ostium. Type I cysts include extradural cysts, pouches,
and diverticula and the so-called occult intrasacral meningoceles. Sacral type I cysts are found in adults and are connected
to the tip of the caudal thecal sac by a pedicle. Type II meningeal cysts with contained nerve roots are extradural lesions
previously called Tarlov cysts, perineural cysts, or nerve root
diverticula. hese are generally seen as multiple incidental
lesions but are occasionally associated with radiculopathy or
incontinence. Type III meningeal cysts are intradural lesions
most commonly found on the posterior subarachnoid space
and have been called arachnoid diverticula or arachnoid cysts.
hese are lined by a single layer of normal arachnoid cells and
illed with CSF.

Trauma
Studies have shown that if strict criteria are followed, patients
who arrive at the emergency department with a collar in
place can be clinically evaluated as to whether plain ilms are
required.237,238 Patients with cervical fractures typically have
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FIG. 13.38 Metastatic disease. (A) Lateral radiograph of the cervical spine demonstrates subtle cortical
irregularity (arrow), which is much more apparent on (B) computed tomographic and (C) magnetic resonance
imaging (arrows).
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FIG. 13.39 Difuse metastatic disease. (A) Sagittal T1-weighted magnetic resonance image shows difuse
abnormal decreased marrow signal from L4 through L1 bodies. There is residual fatty marrow replacement
involving L5 and the sacrum from prior radiation therapy. There is mild anterior epidural extension of tumor at
L4. (B) T2-weighted image shows mass efect of epidural tumor but tends to minimize marrow signal
abnormality. (C) After contrast material is administered, T1-weighted image shows less marrow abnormality
owing to enhancing tumor mimicking fatty marrow signal.
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at least one of the following: intoxication, neck tenderness,
altered level of consciousness, or a painful injury elsewhere.
Indications for CT in evaluation of the cervical spine include
further evaluation of known or questionable fracture on
plain ilms and evaluation of areas inadequately seen on plain
ilms.239,240 Techniques vary from institution to institution, but
slice thickness is generally 1.5 to 2 mm, sagittal and coronal
reformats, sot tissue and bone windows, with no intravenous
contrast material. he sensitivity of CT to detect fracture is 78%
to 100%.241,242 CT is particularly useful in diagnosing posterior
element (laminar) fractures. he use of spiral thin-section
techniques (1 to 1.5 mm) with multiplanar reformats should
enable sensitivity approaching 100%. Most institutions use
CT as the primary screening study in patients with multiple
areas of trauma, bypassing plain ilms.243,244 When imaging the
cervical spine with radiographs, the average time to complete
the examination approaches 22 minutes as opposed to an
average time of 12 minutes with CT imaging.245,246 Plain ilms

C

FIG. 13.40 Ossiication of posterior longitudinal ligament. (A) Sagittal
T1-weighted magnetic resonance image shows band of abnormal
mixed signal intensity spanning epidural space from C3–T1 (arrows),
with dorsal displacement of cord. (B) Mass efect is conirmed on
sagittal T2-weighted image, with lowing anterior epidural mass
primarily showing low signal. Axial (C) gradient-echo and (D)
T1-weighted images show mass severely efacing cord.

with lexion and extension can be of use in deining instability
in patients with persistent pain or sot tissue swelling without
a deinite fracture on the initial plain ilm evaluation.
MRI allows direct visualization of cord abnormalities, which
cannot be identiied by any other imaging modality. MRI can
deine intramedullary hematoma, intramedullary edema and
contusion, disc herniations, ligamentous injury, and epidural
hemorrhage (Fig. 13.43).247-250 Hemorrhage within the irst
week is seen as low signal on T2-weighted images related to
deoxyhemoglobin. Contusion without hemorrhage is identiied as high signal on T2-weighted images and as isointense or
decreased signal on T1-weighted images. Ligamentous disruption is seen as loss of the usual low signal from the anterior
and posterior longitudinal ligaments, with increased signal on
T2-weighted images in the adjacent tissues.251,252
he most common area of traumatic involvement in the
lumbar spine is the thoracolumbar junction, which acts as a
fulcrum for spine motion and is susceptible to unstable
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FIG. 13.41 Thoracic ossiication of posterior longitudinal ligament. (A) Axial computed tomographic (CT) scan
and (B) sagittal reformat show large lowing bony mass encompassing the anterior epidural space throughout
the mid-thoracic spine. Sagittal (C) T1-weighted and (D) T2-weighted magnetic resonance (MR) images are
more diicult to interpret without CT guidance because the heterogeneous anterior epidural signal could
relect blood or fatty marrow (arrows). MR images do show the degree of mass efect on the thecal sac and
cord. (E) On axial gradient-echo image, the cord is atrophic and there is difuse hemosiderosis of the cord
surface seen as linear low signal (long arrow), with ossiication of the posterior longitudinal ligament mass of
very low signal within anterior epidural space (short arrows). There are small bilateral pleural efusions.
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FIG. 13.42 Arachnoid cyst and syrinx. (A) Sagittal T1-weighted magnetic resonance image through the
thoracic spine shows a ventrally displaced cord with abruptly expanding dorsal margin at T4 level (arrow), with
a small syrinx seen as linear low signal within the cord. (B) Sagittal T2-weighted image shows a thin line of low
signal at the cephalad margin of the dorsally expanded cerebrospinal luid (CSF) space (arrow) with a
“windsock” pattern relecting an arachnoid cyst margin. (C) Single sagittal image from a cine CSF low series is
encoded to show upward motion as dark areas. This technique outlines the abrupt change in CSF low pattern
at the top of the cyst (arrow).
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FIG. 13.43 Flexion dislocation fracture. (A) Sagittal and
(B) axial computed tomographic images of a patient
after motor vehicle trauma show C5 burst fracture with
posterior dislocation. There is a large sagittal fracture
component (short arrow) and bilateral facet fractures
and lamina fractures (long arrows). (C) Sagittal and (D)
axial T2-weighted magnetic resonance images show
severe cord compression by C5 retropulsed body
(arrow) with extensive prevertebral edema. (E) Sagittal
T2-weighted image after corpectomy and fusion shows
site of cord transection by C5 body (arrow) and
extensive cord edema.
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FIG. 13.44 Subdural hemorrhage. (A) Sagittal and (B) axial T1-weighted magnetic resonance images show
high signal blood along dural margin from L3 to S1 (arrows). Axial image shows that the exterior margin of
blood is delimited by dura, so it must be either subarachnoid or subdural in location. Loculation on the axial
view is typical for a subdural location.

traumatic injury. he thick, sagittally oriented lumbar facets
minimize rotational injury, but lexion and axial loading
injuries oten occur. he forces may combine to produce
lexion-compression injuries or the so-called burst fracture.
Burst fractures are notable for instability and a predisposition
for displacing fracture fragments posteriorly and causing
spinal cord compression.253,254 CT remains the method of
choice for the detection of retropulsed bony fragments and for
the demonstration of fractures of the posterior elements.255 In
trauma patients when CT imaging of the chest, abdomen, and
pelvis is obtained, the existing image data set can be processed
to evaluate the spine, negating the need for additional image
acquisition and resultant radiation exposure.256
A hyperlexion injury occurring in the lumbar spine is the
seat belt or Chance fracture, which is associated with rapid
deceleration motor vehicle accidents. his type of trauma
produces a horizontal fracture through anterior and posterior
elements.257,258 he anterior component may be through the
vertebral body or through the disc itself. Although CT is more
sensitive than MRI for detecting bony abnormalities, MRI is
oten superior for evaluating sot tissue structures. In particular, the spinal ligaments show focal discontinuity on
T1-weighted images and areas of increased signal intensity on
T2-weighted images.

hematomas may result from spinal taps, spinal anesthesia,
trauma, pregnancy, bleeding diathesis, anticoagulant therapy,
spinal hemangiomas, vascular malformations, hypertension,
and neoplasms. he history can oten be revealing, yet these
tumors commonly occur merely from an episode of sneezing, bending, voiding, turning in bed, or other mild trauma.
Epidural spinal hematomas can be localized or can spread
anywhere along the spinal column. Blood more commonly
accumulates posterolaterally.
Subdural hemorrhage is capable of producing severe and
irreversible neurologic deicits, and acute surgical intervention may be needed. Spinal subdural hematomas can have a
typical coniguration (Fig. 13.44A).262,263 As opposed to epidural hematomas, which tend to be capped by fat, subdural
hematomas are located within the thecal sac and are separate
from the adjacent extradural fat, the vertebral bodies, and the
posterior elements. Axial images are useful in deining the
epidural fat surrounding the thecal sac as well as the blood
relating to the interior of the sac with subdural hematomas.
hese may be loculated anteriorly and posteriorly within the
thecal sac. he loculation can take the form of a “Mercedes
Benz sign,” showing a trefoil coniguration (Fig. 13.44B).

KEY POINTS

Hemorrhage
Epidural spinal hematomas occur most frequently in elderly
adults but can occur at any age.259-261 Epidural spinal hematomas are broadly classiied into two groups: nonspontaneous and spontaneous. Nonspontaneous epidural spinal

1. Metal artifact on MRI can be reduced with use of FSE, larger
ields of view, higher readout bandwidths, smaller voxel sizes,
and appropriate geometric orientation of the
frequency-encoded direction in relationship to the metal.
2. The most common spinal vascular lesion is the dural istula,
and the most sensitive MRI inding is increased signal on
T2-weighted images within the cord.
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C H A P T E R

Electrodiagnostic Examination
Jinny Tavee

he electrodiagnostic examination is comprised of two parts:
the nerve conduction studies (NCSs) and the needle electrode
examination (NEE). Together, they assess the peripheral
sensory and motor nervous system. Sensory NCSs assess the
integrity of dorsal root ganglion (DRG) cells (usually residing
within the intervertebral foramina), their axonal projections
within mixed sensory and motor nerve trunks, and arborizations into individual nerve ibers innervating sensory organs
subserving primarily vibration and proprioception. Motor
NCSs assess the integrity of anterior horn cells (in the anterior
region of the spinal cord), their axonal projections within pure
motor or mixed nerve trunks, arborizations into individual
motor nerve ibers, the neuromuscular junctions, and attached
muscle ibers.
he electrodiagnostic examination is best conceptualized
as an extension of the neurologic examination of the peripheral nervous system. In the setting of abnormalities identiied
in the neurologic history and examination, the electrodiagnostic examination can be valuable in (1) conirming the
clinical impression, (2) investigating the presence of other
conditions in the diferential diagnosis, and (3) localizing the
precise site of a focal nerve trunk lesion not clearly deined on
clinical examination.
he electrodiagnostic examination can discriminate
between the two main types of pathologic responses that
can afect nerve ibers: axon loss (neurotmesis and axonotmesis) and demyelinating conduction block (neurapraxia).
In cases of axon loss, the electrodiagnostic examination has
the potential of discriminating acute, subacute, and chronic
nerve lesions. It can identify early evidence of reinnervation
and can quantitatively track the reinnervation process over
weeks to months. In the setting of difuse signs and symptoms,
the electrodiagnostic examination can discriminate among
generalized sensory and motor polyneuropathy, myopathy,
and difuse motor axon loss processes, such as motor neuron
disease.
A well-executed electrodiagnostic examination can conirm
or refute the presumptive diagnosis and can provide a screening assessment for other peripheral nerve and muscle conditions that could reasonably be the cause of the patient’s
symptoms. In that way, the electrodiagnostic examination
should be thought of as an electrodiagnostic consultation and
not solely a test to rule in a speciic diagnosis. Qualiied

electrodiagnostic consultants usually are board certiied in
electrodiagnosis, clinical neurophysiology, or neuromuscular
medicine, having completed an approved training program
and having shown competence by examination. he electrodiagnostic examination must be interpreted by the individual
performing the study, because there is no single machinegenerated tracing (as would be the case for an electrocardiogram or electroencephalogram) that can be interpreted simply
by reviewing data collected elsewhere.

Pathophysiology
he clinical practice of electrodiagnosis is based on numerous
precepts that are derived from the pathophysiology of nerve
and muscle function. hese provide the basic principles that
deine the clinical utility and limits of this procedure.
Regardless of etiology, most focal nerve lesions—including
lesions at the root level—result in either axon loss or demyelination. Axon loss produces nerve transmission failure along the
afected ibers; focal demyelination causes either conduction
block or conduction slowing at the lesion site, depending on
its severity. One fundamental diference between these two
types of lesions is that focal demyelination remains localized
and does not materially afect the segments of the axon proximal or distal to the lesion. In contrast, an axon-loss lesion
results in wallerian degeneration, which eventually involves
the entire course of the nerve afected.
Because axon loss and demyelinating conduction block
stop nerve impulse transmission across the lesion site rather
than merely slowing it, both can result in clinical weakness
and sensory abnormalities whenever they afect a suicient
number of motor and sensory axons. However, demyelinating
conduction slowing does not afect muscle strength. his is
because all of the nerve impulses ultimately reach their destination, although slightly later in time than they normally
would.1
he electrodiagnostic examination assesses the integrity of
large sensory and motor nerve ibers, but not small ibers, as
the electrical ields that they generate are too small to reach
the recording electrodes in routine studies. For this reason,
pain alone cannot be assessed because that sensory modality
is mediated through small C-type nerve ibers. When pain is
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associated with large nerve iber dysfunction, such as weakness, electrodiagnostic testing is more valuable.

TYPES OF NCS
R
S1

Motor

S2

General Concepts of Electrodiagnostic
Examination
Nerve Conduction Studies
X

NCSs are the irst component of the electrodiagnostic examination. During the NCS, a peripheral nerve is stimulated,
resulting in an electrical response generated directly by the
nerve itself (as with a sensory response) or the muscle that it
innervates (as with a motor response). he duration and
intensity of the stimulus are gradually increased until a
maximal response is generated. hese responses are recorded
using surface electrodes placed over the skin and then analyzed. During each study, valuable information is produced
regarding the number of functioning nerve ibers, the speed
of conduction along those ibers, and their relative rates of
conduction.
hree basic types of NCS are available: motor, sensory, and
mixed (Fig. 14.1). Motor and sensory NCSs are generally
performed on every patient. Mixed NCSs are typically used in
the evaluation of speciic disorders, such as carpal tunnel
syndrome, and are of limited value in the evaluation of spinerelated nerve pathology. NCS protocols vary depending on the
diagnosis in question, and can be tailored to help exclude
other diagnoses in the diferential. Most electrodiagnostic
laboratories have a routine protocol for a general study of the
upper extremity (Table 14.1) and lower extremity (Table 14.2).

Motor Nerve Conduction Studies
For motor NCSs, the recording electrode is placed over the
muscle belly, and the reference electrode is aixed over
the tendon. he nerve supplying that muscle is stimulated;
the resulting motor nerve response is a compound muscle
action potential (CMAP), a biphasic waveform that represents
summated muscle iber action potentials (Fig. 14.2). In routine

TABLE 14.1

Nerve Conduction Studies in the Upper Limb

Motor

Sensory

Standard
Median: thenar (C8, T1)
Ulnar: hypothenar (C8, T1)

Median: index (C6, C7)
Ulnar: ifth (C8)

Nonstandard
Ulnar: irst dorsal interosseous (C8, T1)
Radial: extensor indicis proprius (C8)
Radial: brachioradialis (C5, C6)
Musculocutaneous: biceps (C5, C6)
Axillary: deltoid (C5, C6)

X
mV

R
Sensory
S1

X

mV

R
Mixed
S

X

mV

FIG. 14.1 Three basic types of nerve conduction studies: motor, sensory,
and mixed (S1 and S2 are stimulation sites, R is the recording site, and X
overlies the shock artifact.) (Modiied from Isle M, Krauss G, Levin K, et al.
Electromyography/Electroencephalography. Redford, WA: Spacelabs Medical;
1993:4.)

TABLE 14.2

Nerve Conduction Studies in the Lower Limb

Motor

Sensory

Standard
Peroneal: extensor digitorum brevis
(L5–S1)
Tibial: abductor hallucis (S1)

Sural: lateral ankle (S1)

Nonstandard
Median: thumb (C6)
Median: middle (C7)
Ulnar: hand dorsum (C8)
Radial: thumb base (C6, C7)
Lateral antebrachial cutaneous:
forearm (C6)
Medial antebrachial cutaneous:
forearm (T1)

The nerve being studied is listed irst, followed by the recording site, then the root
innervation (motor) or derivation (sensory). Bolded root provides major innervation.

Peroneal: tibialis anterior (L5)
Tibial: abductor digiti quinti pedis (S1)
Tibial: gastrocnemii (S1)a

Supericial peroneal sensory:
dorsum ankle (L5)
Saphenous: medial ankle (L4)b
Lateral femoral cutaneous:
lateral thigh (L3, L4)b

Femoral: quadriceps (L3, L4)
The nerve being studied is listed irst, followed by the recording site, then the root
innervation (motor) or derivation (sensory).
a
M component of H response.
b
Studies are technically diicult to perform.
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Distance (cm)

Stimulus

R

Amplitude (mV):
Baseline to peak

Peak
latency
S2

S1

− +

− +

Sensory
Median-index

Distance

Distal latency (ms)

Proximal latency (ms)

FIG. 14.2 Various components of the motor nerve conduction study
assessing the median nerve. Dist. lat., distal latency; Prox. lat., proximal
latency. (Modiied from Isle M, Krauss G, Levin K, et al. Electromyography/
Electroencephalography. Redford, WA: Spacelabs Medical; 1993:40.)

MOTOR NERVE CONDUCTION STUDY

Duration
neg. phase
Amplitude

FIG. 14.4 Sensory nerve action potential. Peak latency is measured to the
onset of the negative phase. Amplitude is measured from the baseline to
the negative peak.

Stimulus

Distal
latency
Duration

conducting nerve ibers assessed and is reported in meters per
second. Conduction velocities are calculated by dividing the
distance traveled along a nerve segment (as determined by
surface measurements) by the latency diference between the
responses to proximal and distal stimulation. Normal conduction velocity in the upper limb is greater than 50 m/s; in the
lower limb, it is greater than 40 m/s.

FIG. 14.3 Compound muscle action potential. Distal latency is measured
from the stimulus to onset of the negative response. Amplitude is measured
from the baseline to the negative peak.

Sensory Nerve Conduction Studies

motor NCSs, small muscles of the hand and feet serve as
recording muscles; the nerves supplying them are stimulated
at two separate points along their course. For the upper
extremity, the wrist (distal) and elbow (proximal) are used as
stimulation sites. For the lower extremity, the ankle (distal)
and knee (proximal) are used as stimulation sites.
Numerous parameters are assessed with each CMAP
obtained, including amplitude, latency, and conduction
velocity (Fig. 14.3). he CMAP amplitude represents the
number of nerve ibers that responded to the stimulus and
are capable of conducting impulses to the recorded muscle.1,2
It is measured from baseline to negative peak (negative being
up) and reported in millivolts. he latency is the time interval
between the instant that the nerve was stimulated and the
onset of the CMAP, and is reported in milliseconds. he conduction velocity is the speed of transmission over the fastest

For sensory NCSs, a sensory nerve or the sensory component
of a mixed nerve is stimulated at one point with recording
electrodes placed distally, usually on the ingers or on the
ankle with routine studies. his stimulation results in a
sensory nerve action potential (SNAP), which is a biphasic
or triphasic waveform that represents summated nerve
action potentials. In contrast to CMAPs, which are generated
by motor units and are measured in millivolts, SNAPs are
generated directly by the nerve ibers. SNAPs are 100 times
smaller and are measured in microvolts. Generally, only two
sensory NCS measurements are reported: (1) the amplitude,
which is the height of the response measured from baseline
to negative peak and represents the number of sensory axons
that depolarize; and (2) the peak latency, which is the time
interval between the moment that the nerve was stimulated
and the negative peak of the response, reported in milliseconds
(Fig. 14.4).1
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Late Responses (H Responses and F Waves)
Two special studies, the H response and the F wave, are NCSs
used to measure the time in which nerve impulses travel
proximally to the spinal cord along the peripheral nerve trunk
and then back down the limb to the recorded muscle ater
distal stimulation of the nerve. Because the potentials seen
with both of these techniques are much delayed ater nerve
stimulation compared with potentials seen with standard
NCSs, they are referred to as late responses.
he H response is the electrophysiologic correlate of the
Achilles tendon relex and is named ater Hofmann, who irst
described it in 1918. To obtain the H response, the tibial nerve
is stimulated in the popliteal fossa using low voltage to activate
sensory ibers (as opposed to motor ibers), which carry the
nerve impulse proximally to the spinal cord (Fig. 14.5). he
ibers synapse there with motor neuron cells to complete a
monosynaptic relex arc. he nerve impulse travels down the
motor eferent nerve to the gastrocnemius, where the recording electrode captures the response. Although the amplitude
and the latency of the H response are analyzed, the amplitude
is more reliable for diagnostic purposes in my laboratory.
he F wave was irst described by Magladery and McDougall in 1950 and was named the F wave because it was irst
recorded from muscles in the foot. In contrast to H responses,
F waves are not a component of a relex arc because the nerve
impulses recorded travel only along motor axons. F waves are

produced when, ater distal motor nerve stimulation, some of
the impulses passing antidromically up the motor axons cause
a few of the motor cell bodies in the anterior horns to backire;
the resulting nerve impulses travel back down the motor axons
to produce submaximal muscle activations that are recorded
several milliseconds ater the initial CMAP as F waves. Several
consecutive responses from the same muscle are elicited, and
the shortest latency time usually is used for diagnosis. Also, in
contrast to H responses, F waves can be elicited with any of
the standard motor NCSs.

Needle Electrode Examination
NEE is the second and oldest component of the basic electrodiagnostic examination. During this procedure, a recording
needle electrode is inserted into various muscles, and the
electrical activity being generated in them is evaluated on a
visual and audio display system via a diferential ampliier.
NEE records activity in muscle (1) at rest during needle insertion, (2) at rest without needle movement, and (3) during
voluntary muscle activation.

Insertional Phase
During the insertional phase, the electrical activity resulting
from needle movement in a relaxed muscle is evaluated. In a
normal muscle, each needle insertion and advancement

R

A

S1 root
(tibial nerve)
H-wave

M-wave

H-wave

Increasing stimulus strength

M-wave

2 mV
10 ms

B
FIG. 14.5 Standard lower limb H response. (A) With minimal stimulus strength, only the H wave is elicited. (B)
As stimulation strength increases, the M wave appears and becomes progressively larger, while the H wave
progressively loses amplitude.
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reactivate the initial muscle iber. A recurrent cycle of iring is
established. hese potentials have a bizarre coniguration and
ire at high frequency. For many years, they were known as
bizarre high-frequency discharges. Although they are abnormal,
they are nonspeciic, being seen with neuropathic and myopathic disorders. Generally, they appear when there is grouped
atrophy (i.e., denervation, reinnervation, and subsequent
denervation) and are evidence of chronicity. Although these
potentials are not helpful in localization, they are frequently
encountered on NEE of the cervical paraspinal muscles in
patients with chronic cervical root lesions.3

At-Rest Phase
During the at-rest phase, electrical silence ordinarily is noted.
With neuromuscular pathology, various types of spontaneous
activity may be discernible. Only three of these are relevant to
spine-related nerve disease: ibrillation potentials, fasciculation potentials, and complex repetitive discharges.2–4
Fibrillation potentials are spontaneous, usually regularly
iring action potentials of individual muscle ibers. Although
nonspeciic in that they can be seen with neuropathic and
myopathic disorders, their presence indicates denervation.
Fibrillation potentials typically appear in the form of a biphasic
spike if the tip of the recording needle electrode is near the
denervated muscle iber. Alternatively, they may appear as a
positive sharp wave if the needle has injured the abnormal
muscle iber. In the setting of nerve lesions, ibrillation potentials are not present at the onset of motor axon loss. Instead,
they are irst seen 14 to 35 days ater axon degeneration has
been initiated; the most widely cited average time is 21 days.
When established, ibrillation potentials persist until the
denervated muscle ibers generating them either reinnervate
or degenerate for lack of a nerve supply. he latter usually
occurs 18 to 24 months ater the initial nerve iber injury.
Fibrillation potentials are the most reliable and objective
manifestation of active or recent motor axon loss. hey can be
neither produced nor abolished voluntarily by the patient. hey
are very sensitive indicators of such loss because the degeneration
of a single motor axon can result in hundreds of individual
muscle ibers ibrillating within a given muscle, depending
on the innervation ratio of the latter. Fibrillation potentials
objectively can show that motor axon loss has occurred when
the lesion is far too mild in degree to produce clinical muscle
weakness, atrophy, or loss of CMAP amplitude on motor NCS.3
Showing ibrillation potentials in a myotome distribution has
been the principal method of identifying root lesions in the
electrodiagnostic laboratory for more than half a century.5,6
Fasciculation potentials are spontaneous action potentials
of an individual motor unit. Unlike ibrillation potentials, they
are indicative of motor unit irritation rather than denervation;
only intact motor unit potentials (MUPs) can generate them.
hey are encountered far less oten than ibrillation potentials,
being restricted essentially to radiculopathies, anterior horn
cell disorders, radiation-induced plexopathies, a few entrapment neuropathies, polyneuropathies, and, most oten, the
syndrome of generalized benign fasciculations.
Complex repetitive discharges are produced when a single
muscle iber is depolarized and that depolarization is spread
by ephaptic transmission to adjacent muscle ibers, which

Activation Phase
Ater the muscle is evaluated at rest, the patient is asked to
contract the muscle. his contraction results in the generation
of MUPs, which represent the summated electrical activity
produced by contracting muscle ibers of a single motor unit.
MUPs are assessed in regard to their recruitment pattern and
appearance.
Recruitment
Recruitment of MUPs refers to the orderly increase in number
and iring rate of activated motor units as force is increased
during contraction of muscle. On initial activation of the
muscle with minimal force, a single motor unit ires at its basal
rate of 5 to 10 Hz. As the force is increased, additional units
are recruited, and the iring rate gradually increases by 5 Hz
with each additional unit—up to 20 to 30 Hz. With progressively increasing force, spatial and temporal recruitment
occurs, resulting in a full interference pattern in which the
screen is obscured by the iring patterns of several MUPs.
Reduced MUP recruitment, also known as a neurogenic MUP
iring pattern, is observed whenever numerous motor units in
the muscle being sampled cannot be activated on maximal
efort because either conduction block or axon loss afects their
axons. he fewer MUPs seen on maximal efort, the weaker
the muscle is clinically. MUPs that are capable of iring are
noted to do so in decreased numbers and oten faster than their
basal iring rate of 5 to 10 Hz.3,7 he rapid rate of iring of the
still functioning motor units is important because, similar to
ibrillation potentials, it is unequivocal evidence of involuntary
interruption of motor axon impulse transmission. Conversely,
if the muscle was weak because of an upper motor neuron
lesion or because voluntary efort was simply submaximal (e.g.,
because of malingering or pain on activation), incomplete MUP
activation would be seen—that is, MUPs would ire in equally
decreased numbers but at a slow to moderate rate.
Morphology
he amplitude, duration, and coniguration of MUPs are
important morphologic characteristics that are assessed during
the activation phase. Together, these features relect the number
and size of muscle ibers within a motor unit and their ability
to ire in synchrony. Patient age, technical details (e.g., ilter
setting, type of needle used), and the speciic muscle being
examined are some of the factors that afect the appearance
of MUPs. Based on quantitative analyses, normal ranges for
MUP morphology are available for comparison, which vary
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injures a few individual muscle ibers, which generate a small
burst of electrical potentials called insertional activity. hese
electrical potentials prove that the needle electrode is in a
viable muscle because they are not seen if it is in subcutaneous
tissue, fat, or severely ibrotic muscle. In the context of peripheral nerve iber lesions, if the NEE is performed on a partially
denervated muscle a few days before spontaneous ibrillation
potentials appear (discussed later), the insertional activity is
abnormal in that unsustained trains of insertional positive
sharp waves are seen.

245

II

246

DIAGNOSIS

depending on the patient age and proximity of the muscle to the
trunk. A normal MUP has a triphasic waveform appearance.
With chronic nerve lesions, the process of reinnervation of
denervated muscle ibers can occur as the result of regeneration of the nerve trunk from the point of nerve transection or
(when the nerve transection is not total) by collateral nerve
branch sprouting from remaining intact nerve ibers close to
the denervated muscle ibers. he latter process is much faster
because nerve iber regeneration occurs at the rate of about
1 mm/day. On NEE, manifestations of reinnervation include
resolution of ibrillation potentials; return of activation of
motor unit action potentials with voluntary muscle contraction; and appearance of polyphasic, enlarged (so-called neurogenic) motor unit action potentials, relecting the increased
number of muscle ibers attached to surviving nerve ibers
owing to collateral sprouting.
Chronic neurogenic MUP changes generally develop about
4 to 6 months ater an axon loss injury has occurred because
it takes this much time for such conigurational remodeling to
occur. Ater chronic neurogenic MUP changes develop, they
can persist indeinitely. With many remote, proximal neurogenic lesions (e.g., radiculopathies and, particularly, poliomyelitis), they are the sole electrical residuals detected during the
entire electrodiagnostic examination.3,7,8

*

A

*

Electrodiagnostic Findings in Radiculopathy
he electrodiagnostic examination has been used to assess
patients with possible radiculopathies for more than 50 years.
Root lesions were one of the irst focal peripheral nerve iber
disorders for which the diagnostic utility of NEE was shown.5,6
For many years, lumbosacral radiculopathies were the most
common reason for referral to the electrodiagnostic laboratory.9,10 Although several other electrodiagnostic procedures
have been introduced over the past half-century, NEE remains
the mainstay for diagnosing radiculopathies. he amplitudes
of motor NCS are also helpful when root damage is severe,
extensive, or both.8,9
Radiculopathies are most commonly caused by nerve root
compression secondary to degenerative spine changes, disc
herniation, or rupture. he type of nerve pathology at the lesion
site depends on the nature of the injury and degree of nerve
compression. When the injury results in signiicant motor
axon loss, NEE shows numerous abnormalities, including the
presence of ibrillation potentials in corresponding myotomes.
Demyelinating conduction block may also be inferred by
indings on the electrodiagnostic examination. In many cases
of nerve root disease, the electrodiagnostic examination can
provide invaluable information regarding localization, severity, age of the lesion, and nerve pathophysiology.

Nerve Conduction Studies
Routine Studies
Axon loss occurs when the axon is disconnected from its cell
body. he motor cell body (anterior horn cell) resides in the

B
FIG. 14.6 Cross-sectional views of cervical region, showing (A) relationship
of dorsal root ganglia (asterisk) to surrounding structures and (B) usual site
of disc herniation (arrow). Preganglionic sensory root ibers usually are
compromised.

anterior zone of the spinal cord; the sensory cell body (DRG)
resides outside the spinal cord, either within individual intervertebral foramina or within the spinal canal (intradural and
intraarachnoid) (Fig. 14.6). A disc protrusion causing severe
compression of a motor and sensory nerve root within the
spinal canal disconnects the anterior horn cell from its motor
axon, but if the DRG is distal to the point of compression, the
extraspinal sensory axons remain connected to their DRG and
do not undergo degeneration (see Fig. 14.6). In that setting,
motor NCSs show amplitude loss, but sensory NCSs are
normal despite marked clinical sensory impairment with few
exceptions.
One exception is seen with nerve root pathology that
extends beyond the intraspinal canal. A mass lesion (e.g.,
meningioma) or iniltrative process (e.g., malignancy, inlammatory cause, or infection) that progresses distally along the
nerve root to involve the DRG can result in decreased SNAP
amplitudes. he other exception is when the DRG resides
inside the intraspinal canal, proximal to the intervertebral
foramina; this has been found to occur in the lumbosacral
region. Based on cadaveric, radiographic, and magnetic
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Late Responses
Although the H response and F wave are theoretically helpful
in the evaluation of the damaged proximal nerve root segment,
there are technical limitations to each procedure that can
hamper their utility in the evaluation of a radiculopathy.7,9
Because the H response is elicited by stimulating the tibial
nerve in the popliteal fossa while recording from the
gastrocnemius/soleus muscle group, as described previously,
it is highly sensitive and very useful in the evaluation of S1
radiculopathy. In axon loss lesions afecting the S1 nerve root,
the amplitude may be either reduced or absent. he normal
value of the H amplitude, as deined by my electrodiagnostic
laboratory, is 1 mV, with abnormal values being either less
than 1 mV or reduced by 50% compared with the contralateral
response. Additionally, the H response may become abnormal
at the onset of nerve root injury and remain so until the injury
is resolved or may remain abnormal despite resolution of
clinical symptoms.7
A major limitation of the H responses is that they are frequently absent bilaterally in patients older than 60 years, in
patients with polyneuropathies, and in patients who have had
lumbar laminectomies even when the S1 roots reportedly were
not within the operative ield. Also, when the H responses are
abnormal, they do not localize to the S1 root because the
lesion could be at many other points along the extended
neural pathway that the impulses traverse (e.g., S1 spinal cord

segment, sacral plexus, sciatic nerve, and proximal tibial
nerve). When H responses are abnormal, they remain so
indeinitely in many cases.8,9
Despite these limiting and confounding factors, H responses
are very helpful in the evaluation of a possible lumbosacral
radiculopathy because they are seldom normal with S1 root
lesions. Part of their high sensitivity may be because, in contrast to all other constituents of the electrodiagnostic examination, they evaluate the preganglionic components of the S1
sensory root ibers.8,9 Although most electrodiagnostic physicians agree on the value of H responses, they disagree regarding which component (amplitude or latency) of the H response
is likely to be abnormal.9,12–14
Ideally, F waves should be able to detect demyelinating
conduction slowing along the motor ibers at the root level.9,15,16
However, this is not the case in practical application. hey are
oten normal in unequivocal cases of radiculopathy, and even
when abnormal, they do not provide any additional information because the abnormalities are already clearly seen on
NEE.4,7 herefore, F waves are of no signiicant value in the
evaluation of root lesions.

Needle Electrode Examination
Because NCSs and the late responses generally are normal
with isolated root lesions (except for the H response with S1
radiculopathies), NEE usually is the sole component of the
electrodiagnostic examination that is beneicial in detecting a
radiculopathy. he diagnosis depends on inding abnormalities on NEE in a root or myotome (all the muscles that receive
innervation from a single spinal cord segment or root). hese
abnormalities include insertional positive sharp waves, ibrillation potentials, a reduced or neurogenic recruitment of
motor units, and changes in the motor unit morphology (e.g.,
increased duration, amplitude, and polyphasia).
he most widely used criterion for diagnosing radiculopathies by NEE is that abnormalities should be found in two, and
preferably more, limb muscles innervated by the same root but
diferent peripheral nerves. In addition, muscles in the limb
not innervated by the damaged root, but rather by the roots
contiguous to it, should appear normal. For instance, a patient
with a C7 radiculopathy should have ibrillation potentials or
other signs of denervation in the triceps (radial nerve) and
pronator teres (median nerve), but not the abductor digiti
minimi or deltoid muscles. Needle electromyography (EMG)
not only should be tailored to the clinical question and the
patient’s symptoms, but it also should include a comprehensive
survey of a suicient number of muscles (proximal and distal
when possible) to make a reliable diagnosis of a radiculopathy.
Numerous myotome charts derived from radiographic,
cadaveric, and electrodiagnostic studies have been established
to help guide the electrodiagnostic physician in choosing the
best muscles to examine for each patient (Figs. 14.7 through
14.9). A radiculopathy screen in my laboratory consists of an
examination of at least seven muscles, including the paraspinals, to help with localization in the upper extremity (Table
14.3) and lower extremity (Table 14.4). he presence of ibrillation potentials in the paraspinals is typically indicative of an
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resonance imaging (MRI) studies, 3% of L3 and L4 DRG are
intraspinal, about 11% to 38% of L5 DRG are intraspinal, and
71% of S1 DRG are intraspinal.11 As a result, root lesions in
the lower spine, particularly lesions involving the L5 root, can
afect the corresponding SNAP amplitude, which in the case
of an L5 lesion is the supericial peroneal SNAP (discussed
later). SNAP peak latency and nerve conduction velocity are
never involved in radiculopathy, however.
he CMAP amplitude is the only portion of motor NCS
that may be signiicantly afected in radiculopathy. Because it
is a measure of the number of viable, conducting nerve ibers,
the CMAP amplitude can be decreased with severe motor
axon-loss lesions. he ulnar CMAP amplitude would be
reduced in a severe C8 radiculopathy. In chronic lesions, reinnervation changes, such as collateral sprouting, can contribute
to the CMAP amplitude and may lead to normal or nearnormal values over time.
In many cases, motor NCSs remain relatively unafected in
radiculopathies for two reasons. First, most radiculopathies
result in only partial nerve injuries. For the CMAP amplitude
to be signiicantly reduced on motor NCS, about half of the
motor axons within the peripheral nerve trunk need to be
lost or injured. Second, the myotomes of the afected nerve
root must be accessible to stimulation and recording. he
ulnar-innervated hand muscles may be examined for a C8
radiculopathy, and the biceps and deltoids are available for
assessing a C5 radiculopathy. Muscles innervated by C6 and
C7 nerve roots cannot be reliably examined with routine
motor NCSs, however, owing to technical factors and overlap
in innervation.
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ANTERIOR PRIMARY RAMI

C5 C6 C7 C8 T1

PROXIMAL NERVES
RHOMBOID MAJOR/MINOR (DORSAL SCAPULAR)
SUPRA/INFRASPINATUS (SUPRASCAPULAR)
DELTOID (AXILLARY)
BICEPS BRACHII (MUSCULOCUTANEOUS)

L2 L3 L4 L5 SI S2

PROXIMAL NERVES
ILIACUS
ADDUCTOR LONGUS (OBTURATOR)
VASTUS LATERALIS/MEDIALIS (FEMORAL)
RECTUS FEMORIS (FEMORAL)
TENSOR FASCIA LATA (GLUTEAL)
GLUTEUS MEDIUS (GLUTEAL)
GLUTEUS MAXIMUS (GLUTEAL)

RADIAL NERVES
TRICEPS
ANCONEUS
BRACHIORADIALIS
EXTENSOR CARPI RADIALIS
EXTENSOR DIGITORUM COMMUNIS
EXTENSOR CARPI ULNARIS
EXTENSOR POLLICIS BREVIS
EXTENSOR INDICIS PROPRIUS

SCIATIC NERVES
SEMITENDINOSUS/MEMBRANOSUS (TIBIAL)
BICEPS FEMORIS (SHT. HD) (PERONEAL)
BICEPS FEMORIS (LONG HD) (TIBIAL)
PERONEAL NERVES
TIBIALIS ANTERIOR
EXTENSOR HALLUCIS
PERONEAL LONGUS
EXTENSOR DIGITORUM BREVIS

MEDIAN NERVES
PRONATOR TERES
FLEXOR CARPI RADIALIS
FLEXOR POLLICIS LONGUS
PRONATOR QUADRATUS
ABDUCTOR POLLICIS BREVIS

TIBIAL NERVES
TIBIALIS POSTERIOR
FLEXOR DIGITORUM LONGUS
GASTROCNEMIUS LATERAL
GASTROCNEMIUS MEDIAL
SOLEUS
ABDUCTOR HALLUCIS
ABDUCTOR DIGITI QUINTI PEDIS

ULNAR NERVES
FLEXOR CARPI ULNARIS
FLEXOR DIGITORUM PROFUNDUS (MED)
ABDUCTOR DIGITI MINIMI
ADDUCTOR POLLICIS
FIRST DORSAL INTEROSSEOUS
POSTERIOR PRIMARY RAMI
CERVICAL PARASPINALIS
HIGH THORACIC PARASPINALIS

POSTERIOR PRIMARY RAMI

C5 C6 C7 C8 T1

POSTERIOR PRIMARY RAMI
CERVICAL PARASPINALIS
HIGH THORACIC PARASPINALIS

L2 L3 L4 L5 SI S2

Main innervation
Partial innervation

FIG. 14.7 Traditional myotome chart. (From Wilbourn AJ, Aminof MF. Radiculopathies. In Brown WF, Bolton CF,
eds. Clinical Electromyography. 2nd ed. Boston: Butterworth-Heinemann; 1993:192.)
TABLE 14.3

Screening Needle Electrode Examination for the Arm

TABLE 14.4

Screening Needle Electrode Examination for the Leg

Muscle

Root Level

Nerve Trunk

Muscle

Root Level

Nerve Trunk

First dorsal interosseous

C8

Ulnar

Abductor hallucis

S1

Tibial

Extensor indicis proprius

C8

Posterior interosseous (radial)

Medial gastrocnemius

S1

Tibial

Flexor pollicis longus

C8

Anterior interosseous (median)

Biceps femoris (short head)

S1

Peroneal

Pronator teres

C6–C7

Median

Extensor digitorum brevis

L5–S1

Peroneal

Triceps

C6–C7

Radial

Flexor digitorum longus

L5

Tibial

Biceps

C5–C6

Musculocutaneous

Gluteus medius

L5

Superior gluteal

Deltoids

C5–C6

Axillary

Tibialis anterior

L4–L5

Peroneal

C7 paraspinal

Overlap

Rectus femoris

L2–L4

Femoral

S1 paraspinal

Overlap

axon-loss lesion localized to or near the intraspinal canal,
excluding the possibility of a plexopathy or more distal lesion.
Paraspinal ibrillation potentials are most valuable for the
support of radiculopathy when they are present at only one or
two contiguous segmental levels and absent at levels above,
below, and contralaterally.
Many limitations can reduce the value of the paraspinal
examination. First, there is overlapping innervation of most

paraspinals, which prevents accurate localization of ibrillation potentials to one speciic segment or root. Second, even
in proven radiculopathies, ibrillation potentials may be absent
owing to reinnervation or sampling error. hird, paraspinal
ibrillation potentials may be seen in diabetic patients, in
patients with a prior history of spine surgery, or in some
asymptomatic elderly patients. Finally, paraspinal denervation
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Fibrillation potentials
Neurogenic recruitment changes only
Normal examination
FIG. 14.8 Lower limb myotome chart. Needle electrode examination results grouped by surgically deined
root level of involvement. Numbers in the left column represent patients. Blue circle, positive waves or
ibrillation, with or without neurogenic recruitment and motor unit changes; red circle, neurogenic recruitment
changes only; green circle, normal examination. (From Tsao BE, Levin KH, Bodner RA. Comparison of surgical and
electrodiagnostic indings in single root lumbosacral radiculopathies. Muscle Nerve. 2003;27:61.)

NEEDLE ELECTRODE EXAMINATION RESULTS GROUPED BY
THE SURGICALLY DEFINED ROOT LEVEL OF INVOLVEMENT
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FIG. 14.9 Upper limb myotome chart. Needle electrode examination results grouped by surgically deined
root level of involvement. Numbers in the left column represent patients. Blue circle, positive waves or
ibrillation, with or without neurogenic recruitment and motor unit changes; red circle, neurogenic recruitment
changes only; green circle, normal examination. (From Levin KH, Maggiano HJ, Wilbourn AJ. Cervical
radiculopathies: comparison of surgical and EMG localization of single-root lesions. Neurology. 1996;46:1023.)
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BOX 14.1

•

•

•

When aiming for a single comprehensive study, reliable
interpretations can be made from nerve conduction studies (NCSs)
and needle electrode examination (NEE) obtained any time after
3 wk from onset of symptoms.
For earliest possible information about an axon-loss lesion, reliable
interpretations can be made from NCSs obtained after 10 days from
onset of symptoms.
For earliest possible information about a demyelinating conduction
block lesion (neurapraxia), such as might be the case for
perioperative peroneal or ulnar neuropathy owing to positioning on
the operating table, reliable interpretations can be made from NCSs
obtained any time after onset of symptoms
In the setting of preexisting symptoms of peripheral nerve disease,
such as diabetic polyneuropathy, it is reasonable to consider
baseline electrodiagnostic examination (NCS and NEE) immediately
after the onset of new symptoms of a potential iatrogenic cause.
This study is to assess the nature of preexisting abnormalities before
acute changes from new symptoms are visible on electrodiagnostic
examination. This is especially useful if a medicolegal issue may arise
from new symptoms, because it would be valuable to diferentiate
preexisting nerve pathology from any procedure-related changes.
A second study is necessary when suicient time has elapsed to
assess a new lesion.

is not speciic to radiculopathy and is seen in other disorders,
including diseases of the muscle (e.g., inlammatory myopathy) and the anterior horn cell (e.g., amyotrophic lateral
sclerosis). Nonetheless, NEE of the paraspinal muscles is an
integral portion of the electrodiagnostic examination and
should be routinely performed in all patients with suspected
nerve root disease.
he timing of needle EMG is also crucial. Fibrillation
potentials do not appear in a denervated muscle until 2 to 3
weeks ater the onset of the initial injury and in some patients
may require 4 to 6 weeks to develop.11 Consequently, the
indings on NEE performed earlier than 3 weeks ater onset
of a radiculopathy are likely to be false-negative or, at best,
indeterminate, even if subsequently they would be positive
for a root lesion. It is optimal to wait at least 3 weeks ater
the onset of symptoms before performing NEE. Guidelines
that help the clinician decide the best timing of a study to
obtain maximal information are provided in Box 14.1. hese
are based on the neurophysiologic concepts of axon loss as
described in Box 14.2.

Determining Duration of Radiculopathy:
Acute Versus Chronic
Information regarding the duration of a radiculopathy is oten
derived by indings on NEE. Whenever evidence of an isolated
compressive root disorder of recent onset is detected on the
electrodiagnostic examination, the typical combination of
indings is as follows: (1) motor NCSs are normal (unless the
degree of axon loss is severe); (2) sensory NCSs are normal;
(3) with S1 root involvement, the H response usually is
abnormal; and (4) NEE discloses ibrillation potentials in
several muscles that are innervated by the compromised root
unaccompanied by changes in the size and coniguration of
the MUP.

BOX 14.2 Timing of Nerve Pathology: Neurophysiologic Concepts
•

•

•

After transection of the motor nerve trunk, nerve conduction
response amplitude from electrical stimulation distal to the
transection point decreases from day 3 through days 5 to 8 after
transection. For sensory nerve ibers, response amplitude decreases
progressively from day 5 through days 9 to 11, coinciding with
evolution of wallerian degeneration of nerve ibers. For this reason,
identifying maximum axon loss cannot be assessed by nerve
conduction studies until at least 11 days have elapsed since the date
of nerve injury or onset of symptoms.
As Wallerian degeneration of the motor nerve iber reaches
completion, the attached muscle iber becomes denervated, leading
to breakdown of the neuromuscular junction. Over 2 to 3 weeks,
membrane changes occur along the muscle iber, resulting in
spontaneous, continuous action potential propagation along the
muscle iber, recognized during needle electrode examination (NEE)
as ibrillation potentials. About 3 weeks must elapse after an acute
axon-loss event before ibrillation potentials can be reliably
visualized on NEE.
The process of reinnervation of denervated muscle ibers can occur
as the result of regeneration of the nerve trunk from the point of the
nerve transection, or (when nerve transection is not total) by the
collateral nerve branch sprouting from the remaining intact nerve
ibers close to the denervated muscle ibers. The latter process is
much faster because nerve iber regeneration occurs at rate of
about 1 mm/day. On NEE, manifestations of reinnervation include
resolution of ibrillation potentials, return of activation of motor unit
action potentials with voluntary muscle contraction, and the
appearance of polyphasic motor unit potential changes.

In contrast, when chronic neurogenic MUP changes (polyphasic coniguration with increased duration and amplitude)
are the prominent inding on NEE with only a few ibrillation
potentials, the lesion is likely to be chronic. When the chronic
neurogenic MUP changes are limited to distal muscles within
a myotome in the absence of ibrillation potentials, the radiculopathy is likely to be static and remote.
Finally, when ibrillation potentials and chronic neurogenic
MUP changes are found in a myotome distribution, the diagnostic possibilities include a chronic, progressive radiculopathy or an acute root lesion superimposed on a remote lesion.
he latter possibility is the more likely choice if ibrillation
potentials are found in proximal muscles (e.g., the glutei and
hamstrings with L5 or S1 root lesions), in addition to more
distal muscles in the same myotome.7–9
When the previous factors are considered, it is apparent
that whenever the classic NEE presentation of a radiculopathy
is encountered—ibrillation potentials in most or all of the
muscles constituting the myotome—the root lesion in question
usually is of more recent onset, and motor root axon loss has
been substantial. Whenever other circumstances prevail, as
is far more commonly the case, ibrillation potentials usually
are found in only some, if any, of the muscles of the myotome.
hey are typically seen in the more distal muscles. Fibrillation
potentials generally are important only if they are present; their
absence in any speciic muscle does not exclude the diagnosis.8,9

Determining Severity of Radiculopathy
he severity of a nerve root lesion is based on motor NCSs
and NEE. he degree of reduced MUP recruitment seen on
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Appropriate Timing of the Electrodiagnostic Examination
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NEE correlates with the degree of muscle weakness and, in
combination with the CMAP amplitude reduction (in muscles
that can be assessed with NCS), the degree of axon loss. he
amount of ibrillation potentials seen in a muscle is a subjective measure and does not correlate as well with the degree of
axon loss.

Electrodiagnostic Findings
at Speciic Root Levels

TABLE 14.5 Disorders Commonly Confused With Compressive
Radiculopathies
Roots
C5, C6

C6, C7
C8, T1

Cervical Radiculopathy
Lesions of the cervical nerve roots account for 36% of all
radiculopathies.9 In clinical and radiographic studies, the most
common root afected is at the C7 level (70% of the time)
followed by C6 (19% to 25%), C8 (4% to 10%), and C5
(2%).9,16–18 he electrodiagnostic examination presentations
with C5 radiculopathies are typically manifested as abnormalities in the spinati, deltoid, biceps, and brachioradialis
muscles. NCSs are typically unhelpful because proximal
muscles are not assessed during routine studies, although the
biceps and deltoid muscles are amenable to NCS and may
show reduced CMAP amplitudes when axon loss is suiciently
severe.
C6 radiculopathies do not have a single, discrete appearance. Rather, they have two very diferent ones, which imitate
those of C5 and C7 root lesions. Manifestations of C5 root
lesions may also be seen with some C6 radiculopathies.19 C7
lesions are diagnosed by the presence of abnormalities in some
muscles innervated by radial and median nerves: the triceps
and anconeus (radial) and the pronator teres and lexor carpi
radialis (median). As stated before, NEE abnormalities sometimes are seen in the same combination of upper limb muscles
with C6 root lesions as well.
In contrast, C8 radiculopathies have a very characteristic
electrodiagnostic presentation, manifesting as abnormalities
in ulnar-innervated muscles, the extensor indicis proprius,
and the lexor pollicis longus.19 Nonetheless, they can sometimes be confused with combined axon-loss lesions of the
posterior interosseous nerve and the ulnar nerve whenever the
ipsilateral ulnar SNAP is of low amplitude or cannot be elicited
(e.g., because of advanced age or a coexisting polyneuropathy).
For uncertain reasons, the axon loss that occurs with many C8
radiculopathies is exceptionally severe, so much so that the
CMAPs recorded from the ulnar nerve–innervated hand
muscles, particularly the hypothenar, are low in amplitude.
Some of these patients never regain normal hand strength.
Diferential Diagnoses
Findings on NEE of cervical radiculopathies can look identical
to brachial plexopathies (Table 14.5). In particular, lesions
afecting the C5 and C6 roots may resemble upper trunk
plexus lesions, whereas lesions of the C8 and T1 roots can
mimic lower trunk lesions. here are two critical parameters
on the electrodiagnostic examination that can discern the two
types of lesions. he irst parameter is NEE indings in the
paraspinals. With nerve root lesions, the paraspinal muscles

Entity

Cervical
Upper trunk brachial plexopathy
Neuralgic amyotrophy
Axillary/suprascapular neuropathies
Motor neuron disease
Rotator cuf tear
Carpal tunnel syndrome
Lower trunk brachial plexopathy
Ulnar neuropathy
Motor neuron disease

Thoracic
T1

Neurogenic thoracic outlet syndrome

Lumbosacral
L2–L4

L5

S1, S2

Bilateral (L5), S1, S2

Diabetic amyotrophy
Lumbar plexopathy
Femoral neuropathy
Sacral plexopathy
Peroneal neuropathy
Motor neuron disease
Sacral plexopathy
Sciatic neuropathy
Tibial neuropathy
Polyneuropathy

show ibrillation potentials but are spared in a lesion of the
brachial plexus. he second parameter is the assessment of
the SNAPs. In radiculopathies, the lesion is located within the
intraspinal canal and proximal to the DRG, which results in
normal SNAPs. In plexopathies, the lesion is distal to the
DRG, producing reduced amplitude or absent SNAPs.
Clinically, this second parameter is especially important
when distinguishing a radiculopathy from neuralgic amyotrophy, which commonly afects proximal shoulder girdle muscles
(e.g., the spinati and the deltoids) derived from C5 and C6
roots. Abnormally reduced or absent SNAP amplitudes of the
lateral antebrachial cutaneous sensory nerve and median
sensory branch recording from the thumb and index inger
point to a plexus lesion.
Likewise, carpal tunnel syndrome can resemble C6 and C7
radiculopathies clinically but are easily distinguished by the
presence of abnormalities seen in the triceps and pronator
teres and other muscles proximal to the hand or outside of the
median nerve territory. In contrast, C8 radiculopathies may
be diicult to discern from an ulnar mononeuropathy, especially in the setting of partial lesions in which the ulnar SNAP
is unafected. Finding abnormalities in C8-innervated radial
muscles is important in this setting. Finally, unless a rotator
cuf injury results in entrapment of a nerve innervating proximal muscles located in the shoulder girdle (e.g., suprascapular
nerve), the electrodiagnostic examination would show no
abnormalities.

Thoracic Radiculopathy
Radiculopathies in this region are diicult to assess by electrodiagnostic examination because there are relatively few
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Diferential Diagnoses
Although neurogenic thoracic outlet syndrome may technically be considered an extraspinal radiculopathy afecting the
T1 nerve root and to a lesser extent C8, it has classically
been categorized as a lower trunk brachial plexopathy (see
Table 14.5). he preferential involvement of the T1 nerve
root leads to prominent abnormalities of the abductor pollicis brevis muscle and the medial antebrachial cutaneous
sensory response, both of which are heavily innervated by
T1. In contrast, the ulnar-innervated segments, which are
predominantly innervated by C8, are sometimes spared or
only mildly afected. Abnormalities in the abductor pollicis
brevis are evident on motor NCS (manifested as decreased
CMAP amplitude) and NEE (ibrillation potentials or neurogenic recruitment pattern), whereas the medial antebrachial
cutaneous SNAP is reduced or absent. he latter abnormality
is helpful in distinguishing this syndrome from a typical T1
radiculopathy.

Lumbosacral Radiculopathy
Nerve root lesions are most commonly seen in the lumbosacral
spine—more than two-thirds of all radiculopathies occur in
this region.7 In contrast to lesions involving the cervical roots,
it is diicult sometimes to localize lumbosacral radiculopathies accurately to a vertebral level with the electrodiagnostic
examination. his diiculty is primarily due to anatomic
reasons. Given their long intraspinal course, lumbosacral
nerve roots may be injured anywhere along their tract from
the T12–L1 vertebral level where they are formed, down
through the canal into the cauda equina, and the site where
they exit from their respective foramina. he L5 nerve root
can be compressed by a central disc herniation at the L3–L4
level, a posterolateral disc herniation at the L4–L5 level, or
foraminal stenosis at the L5–S1 level. Additionally, when
nerves are afected at the level of the cauda equina where the
ibers are compact, a single lesion in this location can result
in injury to multiple roots bilaterally. It is important to perform
comparison NEE of the contralateral limb when any abnormalities are seen to exclude the possibility of subclinical nerve
root involvement.

L2, L3, and L4 radiculopathies are generally considered
together because of the myotome overlap of the thigh muscles
and the paucity of muscles that are innervated solely by one
individual nerve root. Localization of an L2 root lesion is
diicult because only the iliacus muscle may show abnormalities on NEE. Lesions at these levels typically produce denervation changes in the quadriceps, thigh adductors, and iliacus.
With L4 lesions, abnormalities may also be seen in the tibialis
anterior occasionally.
he most common lumbosacral radiculopathies involve
the L5 and S1 roots. Lesions of these two roots are most
amenable to recognition on electrodiagnostic examination. In
addition, the L5 nerve root is the most common single radiculopathy seen.3 L5 radiculopathies produce abnormalities in
the tibialis anterior, lexor digitorum longus, and posterior
tibialis in greater than 75% of surgically proven cases.23 In a
more recent study, 100% of patients with L5 radiculopathies,
which were also surgically proven, showed abnormalities in
the peroneus longus and tensor fascia lata.24 Changes may
also be seen in the extensor digitorum brevis, gluteus medius,
and semitendinosus.
An exception to the rule that SNAPs are not afected in
radiculopathies has been found to occur with some L5 root
lesions. As stated before, SNAPs are typically spared in radiculopathies because the lesion is situated proximal to sensory
cell bodies (DRG), which lie in the intervertebral foramina
outside of the intraspinal canal. However, at the level of the
lumbosacral spine, the DRG is sometimes found proximal to
the intervertebral foramina within the intraspinal canal,
leaving them vulnerable to injury from a herniated disc or
other degenerative spine condition. Based on cadaveric,
radiographic, and MRI studies, 3% of L3 and L4 DRG are
intraspinal, 11% to 38% of L5 DRG are intraspinal, and up to
71% of S1 DRG are intraspinal.24–26 hus, in some cases, the
L5 nerve root may be afected distal to the DRG, resulting in
an abnormal supericial peroneal SNAP. In one retrospective
study, six patients with clinical and radiographic evidence of
an L5 radiculopathy were found to have reduced amplitude of
the ipsilateral supericial peroneal SNAP along with denervation changes in the L5 myotome.27 his condition has not been
found with S1 nerve root lesions, in which the sural SNAP
remains normal despite the higher percentage of DRG located
within the intraspinal canal.
S1 radiculopathies are the second most common root
lesion encountered. Needle EMG may show abnormalities in
the gastrocnemii, abductor hallucis, abductor digit quinti
pedis, glutei, and biceps femoris short head. In addition, the
H response is either absent or reduced in amplitude.

Diferential Diagnoses
As seen in the cervical spine, it is oten diicult to clinically
distinguish lesions of the lumbosacral nerve roots from lesions
of the lumbar and sacral plexuses (see Table 14.5). L2–L4
radiculopathies can look identical to lumbar plexopathies,
whereas L5–S1 nerve root lesions closely resemble lesions of
the sacral plexus. In both cases, the combination of ibrillation
potentials in the lumbosacral paraspinals and preserved
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muscles in each myotome, and only some of them can be
sampled. With suspected thoracic radiculopathies, only the
paraspinal and abdominal muscles are sampled routinely; the
intercostal muscles are typically not studied for fear of entering the pleural space. Generally, if NEE abnormalities are seen,
no attempt is made to identify a speciic root lesion. Instead,
the localization is limited to upper thoracic, midthoracic,
or lower thoracic root involvement. Most patients found to
have thoracic radiculopathies have diabetes mellitus, and the
pathology is probably root infarction or ischemia rather than
compression. In any case, these radiculopathies oten produce
very severe axon loss and frequently apparently involve two
or more adjacent roots.9,20,21 T1 radiculopathies are quite
rare and typically produce changes only in the lateral thenar
muscles.22
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sensory nerve conduction responses (lateral femoral cutaneous and saphenous SNAPs for L2–L4 lesions and sural and
supericial peroneal SNAPs for L5–S1 lesions) points to the
diagnosis of radiculopathy.
A major limitation is encountered when SNAPs are absent
bilaterally. In the workup of a lesion in the lumbar plexus
versus an L2–L4 nerve root lesion, the sensory nerve conduction responses are not consistently obtainable from a technical standpoint, even in normal individuals. Likewise, in the
evaluation of a sacral plexus versus an L5–S1 lesion, SNAPs
may be absent in elderly patients or patients with a history of
a polyneuropathy. In both instances, the diagnosis rests on a
single crucial inding: the absence or presence of denervation
in the paraspinals. his inding in itself is unreliable, as noted
earlier, in that paraspinal ibrillation potentials may be present
rarely in normal individuals older than 60 years, in patients
with a history of prior spine surgery, and in patients with
diabetes. Denervation changes may be absent because of early
reinnervation or sampling error. As a result, in patients with
bilaterally absent SNAPs (owing to technical or other reasons),
the inal electrodiagnostic impression may be inconclusive.
For similar reasons, bilateral S1 radiculopathies, particularly when chronic, may be confused with distal axon-loss
polyneuropathies. In younger patients (<60 years old), an
absent sural response combined with abnormalities seen in
the intrinsic foot muscles on NEE typically indicates the presence of a polyneuropathy rather than S1 radiculopathy.

Electrodiagnostic Findings of Other
Spine-Related Disorders
Cauda Equina Syndrome
Multiple lumbosacral radiculopathies are encountered with
some frequency. Typically, the involvement is bilateral and
oten asymmetric.10,20 Most of these lesions are attributable to
midline lumbar disc protrusions or lumbar canal stenosis.
Characteristically, S1 and S2 roots, being the most medial of
the roots supplying the lower limbs, are afected. In many
patients, more extensive lumbosacral root involvement occurs;
a common combination is bilateral S1 and S2 root compromise
accompanied by unilateral or bilateral L5 root involvement.
he electrodiagnostic indings most commonly seen consist
of a mixture of low-amplitude CMAPs and normal SNAPs on
NCS, along with ibrillation potentials and MUP dropout on
needle EMG (Fig. 14.10). On NEE, the abnormalities oten are
more severe in muscles located distal to the knees. With some
substantial lesions of recent onset, they are just as prominent
in the more proximal muscles. Whenever the disorder is
subacute or chronic, ibrillation potentials usually are accompanied by chronic neurogenic MUP changes. Low lumbar or
high sacral paraspinal ibrillation potentials oten are found
bilaterally with more acute lesions, but are undetectable with
many chronic ones. Typically, the H responses cannot be
elicited, and even the M components of the H responses,
recorded from the gastrocnemius/soleus muscles, are quite
low in amplitude.

Spinal
cord

Preganglionic
sensory fibers
Cauda
equina

Dorsal root
ganglion

Filum terminale

Sacrum

FIG. 14.10 Coronal view of inferior spinal cord, cauda equina, and
surrounding structures. Dorsal root ganglia are located in the intervertebral
foramina so that all the sensory ibers composing the cauda equina are
“preganglionic.” Axon-loss lesion of cauda equina generally has no efect on
lower limb sensory nerve conduction studies, regardless of its severity.

Lumbar Canal Stenosis
Lumbar canal stenosis has no single characteristic electrodiagnostic presentation. Rather, the indings are extremely
variable, depending on the degree of axon loss afecting the
lumbosacral motor roots. At one extreme are patients who
experience only intermittent, short-lived symptoms that oten
can be relieved completely by various maneuvers (e.g., sitting,
lexing at the waist). In these patients, the electrodiagnostic
examination oten is completely normal. At the opposite end
of the spectrum are patients who have substantial cauda
equina lesions with severe, bilateral, ixed motor and sensory
deicits. hese lesions produce the electrodiagnostic presentation described previously.
Between these two extremes are numerous diferent electrodiagnostic patterns: (1) two or more radiculopathies, far
more oten bilateral than strictly unilateral; (2) a single radiculopathy, typically S1, that is sometimes detected in the less
symptomatic or asymptomatic limb; (3) unilateral or bilateral
absent H responses alone; (4) NEE changes restricted to just
one or two limb muscles, most commonly those innervated
by the S1 roots; or (5) ibrillation potentials limited to the
paraspinal muscles.9,19

Myelopathy
he efect that a focal myelopathy has on the electrodiagnostic examination depends principally on whether the
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Postlaminectomy Electrodiagnostic Findings
Electrodiagnostic examinations are obtained frequently on
patients who have undergone neck or back surgery. he speciic diagnostic beneit derived from such assessments varies
considerably, depending on the reason for referral and the
time that has elapsed since operation. Overall, such postoperative studies are of limited value, however, unless they are
obtained ater very remote surgery to diagnose a recent-onset
lesion. In the immediate postoperative period (irst 10–14
days ater surgery), the electrodiagnostic examination can
reveal preexisting abnormalities because any NEE changes
observed during that period, with the exception of a reduced
MUP recruitment, are caused by a lesion that predated the
operation.
During the early postoperative period (3 weeks to 3–4
months ater surgery), the electrodiagnostic examination is of
considerable beneit in assessing patients with postoperative
weakness, principally because a normal CMAP amplitude
recorded from a weak muscle (e.g., the tibialis anterior, resulting in footdrop) 7 or more days ater onset of symptoms virtually excludes motor axon loss as the cause. he remaining
possibilities include a proximal conduction block (neurapraxia), an upper motor neuron lesion, or hysteria or malingering. In the rare patient who develops nonorganic weakness
postoperatively, the electrodiagnostic examination can prove
that the symptoms are not the result of signiicant nerve iber
damage.

he electrodiagnostic examination usually cannot answer
reliably the early postoperative question: “Was the root
adequately decompressed?” Axon loss features of radiculopathy persist for weeks to months or indeinitely. Even
an electrodiagnostic examination performed 2 to 3 months
postoperatively is not likely to show signiicant improvement compared with a preoperative study. An exception is
radiculopathy resulting from conduction block at the root
level, which may resolve rapidly ater the pressure is relieved.
With an S1 radiculopathy, an H response that could not be
elicited preoperatively may reappear in the early postoperative
period. Similarly, on NEE, reduced MUP recruitment (and
clinical weakness) could resolve rapidly in the afected muscles
postoperatively.
An electrodiagnostic examination can be valuable in identifying root damage as the cause of new or worsening weakness
in the postoperative period. he extent, amount, and distribution of ibrillation potentials provide information when
compared with the preoperative study.

Cervical Root Avulsion
Root avulsions, which are usually restricted to the cervical
region, difer from the typical single compressive radiculopathy principally in the degree of axon loss that results. Because
the entire motor supply from one or both roots innervating
the particular muscle has been disrupted, that muscle is
severely or totally denervated. If it is used as a recorded muscle
during motor NCS, the CMAP obtained is of very low amplitude, if it can be elicited. Similarly, during needle EMG of that
muscle, ibrillation potentials are abundant, and MUPs are
either absent or, if present, quite sparse and show reduced
recruitment. Sensory NCS responses derived from the same
roots are normal because the sensory roots are interrupted
proximal to their DRG. Fibrillation potentials are oten not
found in the appropriate paraspinal muscles in patients with
cervical avulsion injuries; thus, their absence does not exclude
this diagnosis.9

Acknowledgments
I acknowledge the late Dr. Asa J. Wilbourn for his contributions to the original version of this chapter.

KEY POINTS
1. The electrodiagnostic examination is an essential tool in the
evaluation of radiculopathy. When performed by an experienced
electrodiagnostic consultant, the electrodiagnostic examination
can conirm the diagnosis and determine the localization, lesion
duration, and severity.
2. The electrodiagnostic examination assesses the integrity of large
sensory and motor nerve ibers, but not small ibers, such as
small C-type ibers that mediate pain. Therefore, pain alone
cannot be assessed by electrodiagnostic testing.
Electrodiagnostic testing is more valuable when pain is
associated with large nerve iber dysfunction, such as weakness.
3. For a comprehensive study, the electrodiagnostic examination
should be performed at least 3 weeks after the onset of
symptoms.
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anterior horn cells or their existing ibers are compromised
at the level of the lesion. If only the descending corticospinal
tracts of the spinal cord are afected (upper motor neuron
lesion), the only abnormality found on the electrodiagnostic
examination concerns the MUP iring pattern of muscles
receiving innervation from spinal cord segments caudal to
the lesion. In these muscles, the MUPs show no or incomplete
activation (i.e., they ire in decreased numbers at a slow to
moderate rate).
In contrast, if the anterior horn cells or the intramedullary
ibers derived from them are involved, the electrodiagnostic
indings are those of a focal intraspinal canal lesion that is
characteristically bilateral, but oten asymmetric. How prominent the electrodiagnostic changes are with such focal disorders depends mainly on where the lesions are located along
the spinal cord. Lesions situated in C5–T1 segments and L4–S2
segments produce substantial abnormalities on motor NCSs
and NEE, and generally are readily recognized as intraspinal
canal lesions. All such disorders result in low-amplitude
CMAPs or CMAPs that cannot be elicited and normal SNAPs
on NCS, accompanied by ibrillation potentials, MUP dropout,
and, depending on lesion duration, chronic neurogenic MUP
changes on needle EMG. Conversely, lesions involving T2
through L3 segments result only in NEE changes (i.e., motor
NCSs using various limb muscles as recording sites are
normal). Finally, lesions involving the upper cervical cord
segments (C1–C4) have essentially no electrodiagnostic manifestations because that region of the spinal cord cannot be
assessed.27
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4. The most widely used criterion for diagnosing radiculopathies
by NEE is that abnormalities (e.g., ibrillation potentials or
neurogenic MUP changes) should be found in at least two limb
muscles within the same myotome that is innervated by
diferent peripheral nerves.
5. Sensory nerve conduction responses are typically normal in
radiculopathy owing to the location of the DRG outside of the
intraspinal canal, distal to the site of the nerve lesion. In
contrast, amplitudes of the motor NCS may be decreased when
root damage is severe, extensive, or both.
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he primary objective in intraoperative neurophysiologic
monitoring is to identify and prevent the development of a
new neurologic deicit or worsening of a preexisting neurologic injury to a patient who is undergoing surgery. he aim
of most spinal cord monitoring is to prevent intraoperative
injury that results in irreversible paraplegia or quadriplegia.
Due to the inability of performing a neurologic examination
in an anesthetized patient, intraoperative neurophysiologic
monitoring is used to determine the patient’s neurologic status
during surgery. By evaluating the responses produced by the
patient’s nervous system to a variety of stimulation, the integrity of that neural pathway can be monitored. hese recordings
are started prior to surgery, referred to as baseline recordings,
then continued throughout the surgery. Any signiicant
changes or luctuations from these baseline values are then
used to determine whether any signiicant neurologic injury
has occurred. With this strategy, the patient’s own responses
serve as the control for the detection of any abnormalities that
may occur during the surgery. he term signiicant change is
used in reference to the degree of changes seen in the neurophysiologic recordings. Changes termed signiicant have been
shown to correlate well with intraoperative injury to the
nervous system. However, it is also possible that some of these
signiicant changes may also arise from other changes in
physiologic parameters, anesthetic parameters, or possibly
technical issues. It is then up to the intraoperative neurophysiologic monitoring team to determine whether the signiicant
changes noted in the neurophysiologic responses are truly
related to the surgical procedure at hand. he challenge to the
intraoperative neurophysiologist and the monitoring team is
to alert the surgeon of these changes as early as possible and
to evaluate and rule out various technical and nonsurgical
causes that may also afect the responses being recorded.
Key to the success of intraoperative neurophysiologic
monitoring is a good understanding of the capabilities and
limitations of the neurophysiologic tests being monitored.
hese limitations should be understood not only by the
intraoperative neurophysiologist but also by the anesthesiologist and surgeon. For seamless integration of intraoperative
neurophysiologic monitoring into the intraoperative team,
a good working relationship among the intraoperative

neurophysiology team, anesthesiologist, and surgeon is
imperative. his allows for rapid communication between
teams and a quick resolution of issues, thus optimizing the
beneits of intraoperative neurophysiologic monitoring for the
patient.
One of the irst issues to address when planning for intraoperative neurophysiologic monitoring is to determine the
types of neurophysiologic tests to perform on a particular
patient undergoing surgery. his is accomplished by understanding the type of surgery the patient will undergo, the types
of intraoperative injuries that may occur, and the mechanisms
of how these injuries occur in surgery. By planning ahead with
these issues in mind, the team can also attempt to anticipate
the type of changes that could occur as well the risky periods
during surgery when these changes would be likely. Ideally,
they would prospectively plan for interventions to reduce
intraoperative neurologic injury.

Intraoperative Monitoring of the Spinal Cord
Somatosensory-evoked potential (SEP) monitoring has been
used for many years to monitor spinal function intraoperatively during a variety of surgeries involving the spine (e.g.,
corrective surgery for scoliosis or other congenital deformities, removal of intraspinal tumors or arteriovenous malformations). his monitoring modality has been shown to reduce
the incidence of neurologic damage in large-scale studies of
experienced monitoring teams.1 SEPs only monitor sensory
transmission through the dorsal column pathways. In other
words, this modality does not provide a direct measure of
motor function. In addition, it is important to be aware that
the dorsal columns receive their blood supply from the posterior spinal arteries, whereas the anterior spinal arteries supply
the motor pathways. herefore ischemic damage to the spinal
cord from an anterior spinal artery may go undetectable with
SEP monitoring.2,3 herefore a signiicant change in SEP
monitoring might mandate further assessment of the patient’s
motor function by waking the patient up during surgery to
evaluate leg and arm motor function (the “wake-up test”). he
disadvantages of this strategy include the lack of online
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intraoperative motor function assessment as well as the anesthesia risks associated with performing the wake-up test. An
alternative is monitoring the motor pathway through the
recording of motor-evoked potentials (MEPs).
MEP monitoring has been performed in the past by
directly relying on stimulation of the spinal cord.4 Spinal cord
stimulation can be done with the use of epidural electrodes
inserted ater a laminectomy or by percutaneous intraspinous
needle electrodes. he epidural electrodes are invasive and
oten require placment by a skilled anesthesiologist. Percutaneous intraspinous needles are diicult to place accurately
and thus may not achieve adequate or consistent stimulation
of the spinal cord. In addition, there is the question of whether
MEPs generated through spinal cord stimulation arise solely
from propagation through the motor pathway or if multiple
pathways are involved in their generation.5,6 here are reports
of MEP monitoring in which spinal cord stimulation resulted
in no signiicant intraoperative changes but yet a postoperative
neurologic motor deicits occurred (so-called false-negative
result).7 It has been suggested that motor cortex stimulation
with transcranial electrical stimulation would provide a more
reliable methodology for monitoring the motor pathways.
his technique has become a routine modality in spinal cord
monitoring along with SEPs.

Somatosensory-Evoked Potential Monitoring
he use of SEPs in intraoperative monitoring of complex spine
surgeries began in the early 1970s.8 Although SEP monitoring
primarily evaluates the integrity of the posterior columns, it is
oten used to give an overall assessment of the spinal cord
based on the assumption that many intraoperative mechanisms of injury afect the spinal cord difusely. An example of
such an injury is spine distraction during scoliosis surgery. In
addition, ischemic injury may initially result in a more difuse
dysfunction of the spinal cord that could be detected by SEPs
(Fig. 15.1). SEP responses are thought to pass through both
large iber somatosensory pathways of the dorsal column as
well as possibly the anterior spinothalamic tract. his may be
another reason why anterior spinal artery ischemia could be
detected by this technique.

Generators of the Somatosensory-Evoked
Potential Responses
he cortical response for the lower extremity is called the P37
potential. he generator of this response arises from the
primary somatosensory cortex of the leg, which is located in
the mesial parietal cortex. he cortical response for the upper
extremity, which is generated from the primary somatosensory
cortex of the hand, is called the N20 potential (Fig. 15.2). Two
important characteristics of these waveforms include (1)
amplitude, which is recorded in microvolts and determined by
either a baseline to peak or peak to trough measure of the
waveform, and (2) latency, which is recorded in milliseconds
and is the time interval from the stimulus to the occurrence
of the potential. An amplitude change from the initial baseline
measure to a decrease of more than 50% is oten termed a

FIG. 15.1 Signiicant amplitude change in cortical response due to
ischemic etiology. The stack on the left shows the leg cortical response; the
stack on the right shows the popliteal fossa response. Both were obtained
after left posterior tibial stimulation. The baseline responses are shown at
the top of the stack and the end of monitoring is shown at the bottom of
the stack. A drop in the leg cortical amplitude can be appreciated at the
point depicted by the arrow. Note the popliteal fossa responses are intact
during this time. There is a return of the response by the end of surgery
seen at the bottom of the stack. This change was attributed to an ischemic
change to the cord with the retractor placed over the left iliac artery. The
responses returned when the retractor was adjusted away from the artery.

TABLE 15.1

Signiicant Changes in Diferent Monitoring Modalities

Type of Study

Signiicant Changes

Highly Signiicant
Changes

Somatosensoryevoked potentials

Amplitude <50%;
latency >10%

Complete loss of
amplitude

Motor-evoked
potentials

Increase threshold
voltage >50–100 V

Complete loss of
amplitude

Pedicle screw
stimulation

Current intensity
<7–10 mA

signiicant change in SEP amplitude.9 Signiicant latency
changes in SEP monitoring consist of a 10% prolongation
beyond the baseline latency value (Table 15.1).10 Although
these deviations from the baseline measures are thought to be
signiicant, they should be interpreted with caution, taking
into account various factors that include the evolution of the
changes (e.g., a trend toward worsening is an ominous sign)
and various other intraoperative factors that include length of
the surgery, type of anesthetic agent, and temperature efects.
It is also important to remember that signiicant latency and
amplitude changes can occur in isolation. It is quite common
to see a signiicant amplitude change without any associated
latency changes. he most signiicant change is a complete loss
of the cortical potential.
Another measurement made in posterior tibial or peroneal
nerve SEP monitoring is the popliteal fossa (PF) potential.
his is a nerve action potential that is recorded as the impulses
pass under the popliteal fossa in the peripheral nervous
system. his measurement ensures that an adequate stimulus
has been applied. If the PF response is absent in addition to
an absent leg cortical (P37) response, the changes seen may
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FIG. 15.2 Typical morphology of the cortical generators of median nerve and posterior tibial nerve
somatosensory-evoked potential (SEP) waveforms are shown. Note that the display time is diferent between
the two modalities. Median nerve SEP is shown in a 5 ms per division display and posterior tibial nerve SEP is
shown in a 10 ms per division display.

not be a result of a lesion at the level of the spinal cord. In this
case, the change may be either technical (e.g., the stimulating
needles may have dislodged) or the leg may be ischemic (e.g.,
in the case of femoral artery catheterization during thoracoabdominal aneurysm surgery or direct compression of the
peripheral nerve) (Fig. 15.3).
Another posterior tibial stimulation SEP response that
can be monitored is the P31/N34 complex, oten termed the
subcortical response, because the generator for these responses
is at the level of medulla and midbrain. hese responses are
relatively more resistant to the efects of anesthesia compared
with the cortical P37 response (see Fig. 15.2). he same is true
for the subcortical potentials from median nerve stimulation
(P14/N18) potential. In pediatric cases, the subcortical potentials may also be better formed and more easily monitored
than cortical responses. Some of this efect may be the result
of the variation of myelination in the younger age groups
and more signiicant efects of anesthetics on these patients.
Moreover, these diferences from the adult morphology can
persist into the early teenage years. Other factors afecting the
responses include core body temperature changes. It is not
uncommon for the core body temperature to change more
than 1°C. he cooling afects the limbs disproportionately to
the core body temperature, which can result in slowing of
conduction.

Motor-Evoked Potential Monitoring
A variety of methods have been used to monitor spinal motor
pathways during surgery, as mentioned earlier. Most of these
methods involve recording of electromyographic (EMG) readings from appropriate muscles in response to stimulation of a

motor pathway rostral to the operative site. he diference
among the various methods is the nature of the stimulation.
here are three basic categories of stimulation: rostral spinal
stimulation, transcranial magnetic stimulation, and transcranial electrical stimulation (TCES). Magnetic stimulation is
efective in nonanesthetized patients for motor pathways
evaluation, but the suppression of cortical responsiveness
under anesthesia (mainly inhalational anesthetics) renders
this method less efective for surgical use. In addition, the
equipment used for magnetic stimulation is expensive, bulky,
and has a tendency to overheat.
Noninvasive stimulation of the brain using TCES was irst
reported in 1980.11 Soon ater, single-pulse TCES was used in
monitoring motor pathways.12-17 Because of the efects of
general anesthesia, single-pulse stimulation was found to be
less reliable in recording MEPs.18-22 With the introduction of
the multipulse technique for motor pathway monitoring, reliable and robust MEP recording can now be obtained in most
patients using speciic general anesthesia protocols.23-27 Multipulse techniques require that neuromuscular blockade not be
used during this part of the monitoring. Occasionally the use
of partial neuromuscular blockade may still allow for TCES
moniotring.28 his method reportedly achieves more reliable
stimulation of the motor cortex intraoperatively and is more
resilient to the efects of general anesthesia.
he methodology of MEP monitoring has been revolutionized by the use of multipulse TCES. Previous methods for
MEP recording used a variety of stimulation and recording
techniques. Spinally elicited neurogenic responses were used
and were putatively stated to be a result of activation of the
motor pathways in the spinal cord. Recent evidence has suggested that these spinally elicited neurogenic responses are
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FIG. 15.3 Signiicant change in left N20 cortical amplitude due to arm positioning and nonsigniicant latency
prolongation of all cortical responses due to anesthetic efect. The top row of stacks shows popliteal fossa (PF)
and leg cortical (P37) responses from the posterior tibial stimulation, irst from left-side stimulation and then
right-side stimulation. The bottom row of stacks shows Erb’s point (EP) and arm cortical (N20) response from
median nerve stimulation, with the left side shown irst followed by right-side stimulation. There is a drop in
the left N20 amplitude (the rectangular box). At this point there is also a loss of the left EP response. This change
was attributed to left arm malposition. When the left arm was repositioned, the response returned to baseline.
Also noticeable in all the leg and arm cortical responses from both left and right sides is mild prolongation of
latencies in the stacks, but these latencies all returned to baseline by the end of surgery. These changes are
likely from an anesthetic efect because they are bilateral, afecting both the arm and left responses in a spine
operation, which was performed at the L3–S1 level.

generated through activation of the sensory pathways and
retrograde activation of the alpha motor neurons. In a collision experiment using stimulation of the spinal cord followed
by stimulation of the posterior tibial nerve at various interstimulus intervals, the neurogenic responses were abolished,
suggesting that the potentials were colliding in the spinal cord.6
At the beginning of TCES-MEP monitoring, threshold
voltages for each side of the body and amplitudes of MEPs are
calculated.23 he motor cortex on the side of the brain receiving the anodal stimulus is typically the irst region to activate
at the lowest stimulus threshold. he initial current used is
typically 100 V, with a train of stimuli delivered to the cortex.
Following stimulation, a MEP response is monitored in the
muscles contralateral to the side receiving the anodal stimulus.
If no response is seen, the voltage is typically increased by
50-V increments and the process is repeated until an MEP
response is seen in all the muscles contralateral to the anodal
stimulus. his voltage is called the threshold voltage for that
side. he highest amplitude of the myogenic response below
the level of surgery is also noted. Typically, amplitude measures for myogenic responses are best recorded as the areaunder-the-curve measurements or simply documented as

either presence or absence of the myogenic response. his
procedure is repeated ater reversing the anodal-cathodal
coniguration using a switch box. he voltage used for TCESMEP recordings typically does not exceed 500 V. Note that the
anticipated latency of the EMG responses ranges from 20 to
40 ms or more depending on the patient’s height, owing to the
conduction time in the descending motor pathways. Latency
values have not always been found to be reliable indicators of
signiicant change in TCES monitoring in clinical practice.
Another advantage of the multipulse technique is that it
requires no averaging. A train of pulses elicits a clear response
of suicient amplitude, which requires no averaging.
Two diferent methods of recordings can be used. In
myogenic MEPs, responses can be recorded directly from
the muscle (either a surface electrode or needle electrodes
placed within the muscle). In spinal cord MEPs, responses
may be recorded directly from the spinal cord with use of
an epidural catheter electrode that records a direct D wave
and a volley of indirect I waves. Using single-pulse TCES,
recording both D and I waves is frequently required, meaning
a D wave could be recorded when a myogenic MEP is not yet
seen. his is because a series of D and I waves is required for
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FIG. 15.4 Signiicant change in transcranial electrical motor-evoked potential (MEP) response during spinal
instrumentation. The igure shows transcranial MEP responses from the left and right muscle groups. The traces
in red represent the responses at baseline (at the beginning of surgery). The irst two muscle groups on each
side of the igure represent upper extremity MEP response from the brachioradialis (BrRad) and irst dorsal
interosseous (FDI). The lower three traces on each side represent the responses from the lower extremities on
each side of the body: adductors of the thigh (Add), tibialis anterior (Tib), and adductor hallucis (AH). The green
traces represent the most recent acquisition and show the change from baseline over the left lower extremity
muscle groups. Notice the MEP responses of the left tibialis anterior and adductor hallucis are absent, whereas
they are preserved in the left upper extremity and adductor of the thigh as well as both lower and upper
extremity of the right side of the body. This is consistent with injury to the left lower lumbar and sacral nerve
roots (L5, S1, S2).

the alpha motor neurons to generate a myogenic response.
he spinal recorded responses can also be recorded with full
muscle relaxation, whereas myogenic responses require either
no or very little muscle relaxation, even with the multipulse
technique.
Determining signiicant changes during the course of
surgery typically is most reliable if there is an absolute loss of
myogenic responses to stimulation (Fig. 15.4). Some authors
have also suggested that amplitude drops of MEP to 25% of
baseline amplitude values are predictive of motor pathway
impairments.29 Signiicant changes can also be determined by
a change of voltage required to obtain MEPs of greater than
50 V beyond baseline thresholds used in obtaining MEPs at
the beginning of monitoring (see Table 15.1).30

Clinical Use of Intraoperative Monitoring
SEPs have become a useful modality in monitoring scoliosis
surgery and have been shown to reduce the risk of neurologic
deicits, especially when used by surgeons experienced in
neurophysiologic monitoring. he occurrence of deinite
neurologic deicits in the presence of unchanged SEP recordings has been estimated to be approximately 0.063%.31 Intraoperative neurophysiology can play both a neuroprotective
(through the detection of early changes) and an educational
role during surgery.32 Surgeons who use intraoperative neurophysiologic monitoring over time may begin to understand

which speciic surgical techniques have a higher propensity
for damaging the neurologic system. In this way surgeons may
ind methods to avoid the use of high-risk techniques.
Many surgeons have found that TCES-evoked MEP monitoring during spinal surgery is a safe and reliable method of
monitoring corticospinal tract activity and is indispensable for
these surgeries.33 here has been no evidence that TCES has
resulted in the development of new-onset epilepsy or brain
damage. here are some risks associated with TCES monitoring, including tongue or lip laceration and, rarely, mandibular
fractures. he use of a sot bite block may prevent these
injuries. Relative contraindications include epilepsy, cortical
lesions, convexity skull deicits, raised intracranial pressure,
cardiac disease, intracranial electrodes or shunts, cardiac
pacemakers, and other implantable biomedical devices.34
A study that looked at the reproducibility of various
monitoring methods during scoliosis surgery found that
MEPs could be obtained in 80% of patients compared with
SEPs, which could be obtained in 93% of patients.35 In spinal
surgery, MEPs obtained from upper and lower extremities
were consistently recorded in 22 patients with multipulse
stimulation using trains of 3 to 6 pulses separated by 2 ms,
with responses measuring more than 100 µV in all but one
patient. hese responses persisted with nitrous oxide concentration of up to 74%. One patient had loss of responses
from one lower limb in which increased weakness was noted
for a few days ater surgery; in three patients there was an
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increase in weakness or spasticity without any accompanying intraoperative MEP changes.36 In another study,37 MEPs
during TCES were reproducibly recorded during spinal
surgery in 40 patients with partial neuromuscular blockade.
In two patients there were some signiicant changes in the
motor potentials that correlated with postoperative neurologic
deicits. No postoperative neurologic deicits were observed in
nine patients in whom MEP amplitudes decreased to less than
20% of baseline values.37
TCES-induced MEPs have been used to monitor cases of
intramedullary spinal cord tumor resection. In 32 consecutive
patients, MEPs were elicited in 19 patients before myelotomy,
and three of these patients had MEP amplitude decrease below
50% from baseline, all of whom had postoperative neurologic
deicits.38
In a review of 160 patients undergoing scoliosis surgery,
a combination of SEP and transcranial MEP monitoring was
successfully recorded in 81% of the patients, with changes seen
in 5% of monitored cases that was reversible ater taking appropriate surgical corrective measures. None of these patients had
new postoperative deicits or worsening of preexisting deicits.
his combination of techniques was considered safe, reliable,
and accurate and made the wake-up test unnecessary.39
Use of TCES-evoked MEPs has been relatively easily
accomplished with an anesthetic combination of narcotic drip
accompanied by nitrous oxide. he use of isolurane in addition to this combination resulted in a tendency for deterioration of amplitude of the MEP responses.40 MEPs elicited by
TCES are more feasible with total intravenous anesthesia
compared with balanced anesthesia using nitrous oxide, isolurane, and fentanyl. Some of the suppressant efects of balanced anesthesia can be overcome with higher stimulation
intensities and repetitive stimulation.41

Pedicle Screw Stimulation
Intraoperative assessment during pedicle screw insertion can
be used to avoid nerve root trauma from a misdirected screw.
he integrity of the pedicle screw placement can be assessed
by its direct electrical stimulation with simultaneous myogenic
response recordings from the appropriate myotomes. Using
a direct monopolar nerve stimulator, with serial increments
of the level of current intensity from 1 to 20 mA, triggered
EMG recordings can be performed (Fig. 15.5). Absence of
a myogenic response up to 10 mA is thought to be indicative of an intact pedicle. he presence of a pedicle breach is
suspected by a stimulation-induced myogenic response below
7 to 10 mA (see Table 15.1).7

Summary
Intraoperative neurophysiologic monitoring of the spinal cord
can be used to help detect the early occurrence of neurophysiologic changes, thereby allowing corrective action to reduce
the incidence of neurologic injury to patients undergoing
spine surgery. In our opinion, the most important aspects of
successful intraoperative monitoring include the following:

FIG. 15.5 Nonsigniicant triggered electromyographic (EMG) response with
pedicle screw stimulation. Pedicle screw stimulation of the T12 screw shows
threshold of triggered EMG response at an intensity of 12 mA.

1. Availability of the right equipment to allow multimodality
recordings (e.g., combinations of EMG, SEP, and/or MEPs)
2. Presence of a highly skilled and experienced technical and
neurophysiologic team that will ensure for optimal technical recordings and accurate interpretation of any changes
that may occur
3. Rapid communication between the neurophysiologic team
and the surgical/anesthesia teams
4. A knowledge of both the functional anatomy of the structures to be monitored and the limitations of the techniques
to be used
he combination of diferent monitoring techniques, such
as SEP and transcranial MEP monitoring, has enabled better
interpretations of the neurologic status of the spinal cord. he
newer techniques of MEPs with TCES have gained widespread
acceptance as a standard clinical intraoperative neurophysiologic application. MEPs have allowed for a more accurate
assessment and interpretation of the functional status of the
motor pathways at various levels of the neuraxis.

PEARLS
1. One key to the success of intraoperative neurophysiologic
monitoring is a good understanding of the capabilities and
limitations of the neurophysiologic tests being monitored.
2. One of the irst issues to address when planning for
intraoperative neurophysiologic monitoring is to determine the
types of neurophysiologic tests to perform on a particular
patient undergoing surgery.
3. SEPs only monitor sensory transmission through the dorsal
column pathways; they do not provide a direct measure of
motor function.
4. In SEP monitoring an amplitude drop of greater than 50% and
latency prolongation of more than 10% are considered
signiicant. The most signiicant change is a complete loss of the
cortical potential.
5. MEP monitoring is a more direct technique that evaluates the
motor pathway. Motor cortex stimulation with TCES provides a
more reliable methodology for monitoring the motor pathways.
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1. Signiicant changes in SEP monitoring can involve signiicant
latency and amplitude changes that can occur in isolation.
2. If there is an absence of the peripheral response in SEP
monitoring, a technical cause to the change must be ruled out.
3. There has been recent evidence to suggest that these spinally
elicited neurogenic responses are generated through activation
of the sensory pathways and retrograde activation of the alpha
motor neurons.
4. Latency values have not always been found to be reliable
indicators of signiicant change in TCES monitoring in clinical
practice.
5. The use of inhalational agents has a tendency to deteriorate
MEP amplitudes.

KEY POINTS
1. The aim of most spinal cord monitoring is to prevent
intraoperative injury that results in irreversible paraplegia or
quadriplegia. Due to the inability to perform a neurologic
examination in an anesthetized patient, intraoperative
neurophysiologic monitoring is used to determine the patient’s
neurologic status during surgery.
2. The term signiicant change is used in reference to the degree of
changes seen in the neurophysiologic recordings. Changes
termed signiicant have been shown to correlate well with
intraoperative injury to the nervous system.
3. SEP monitoring has been used for many years to monitor spinal
function intraoperatively during a variety of surgeries involving
the spine, such as corrective surgery for scoliosis or other
congenital deformities and removal of intraspinal tumors or
arteriovenous malformations. SEPs only monitor sensory
transmission through the dorsal column pathways.
4. A variety of methods have been used to monitor spinal motor
pathways during surgery. The methodology of MEP monitoring
has been revolutionized by the utilization of multipulse TCES. Two
diferent methods of recording MEPs can be used. In myogenic
MEPs, responses can be recorded directly from the muscle. The
second method involves recording responses directly from the
spinal cord with use of an epidural catheter electrode that
records a direct D wave and a volley of indirect I waves.
5. A combination of SEP and transcranial MEP monitoring can be
used to successfully monitor the spinal cord. This combination
of techniques is considered safe, reliable, and accurate and may
obviate the need for the wake-up test.
6. Intraoperative assessment during pedicle screw insertion can be
used to minimize the risk of nerve root trauma from a misdirected
screw. The integrity of pedicle screw placement can be assessed
by directly stimulating the screw and by simultaneously recording
myogenic responses from the appropriate myotomes.
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Targeting Pain Generators
Richard Derby
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Spinal pain is very common, exacting a signiicant toll for the
individual and society. Spine pain with a signiicant recurrence
has lifetime prevalence estimated between 24% and 80%,1,2 an
annual prevalence of 15% to 45%, and a point prevalence of
18% to 30%.3,4 Low back pain and neck pain are the irst and
fourth most common reason for disability among adults in the
United States,1,2,5 and both low back and neck pain rank within
the top ive reasons worldwide.6 Chronic low back pain alone
has been estimated to account for more than $100 billion in
health care expenditure per year.7 he prevalence of individuals
seeking care for low back pain has increased signiicantly since
the early 1990s. From 1992 to 2006, the prevalence of patients
presenting with chronic impairing low back pain increased
from 4% to 10%.8 Targeting pain generators through precision
diagnostic methods is the irst step toward appropriate and
efective treatments for chronic spinal pain.
Much of the epidemiologic data on low back pain are
nonspeciic, meaning that a cause cannot be found in most
cases. Despite evidence to the contrary in the 21st century,
these older, inaccurate epidemiologic studies continue to be
quoted by current authors. One of the oldest epidemiologic
studies commonly quoted was published more than 40 years
ago by Dillane and colleagues8 and was based on a retrospective practice audit of data gathered more than 50 years ago.
Dillane and colleagues8 reported that they could not detect a
cause for low back pain in approximately 80% of female and
90% of male patients with acute back syndrome. hese authors
did not report the use of any radiographic studies and apparently relied solely on history and physical examination.9 hey
diagnosed approximately 11% of male patients and approximately 4% of female patients with low back “strain.” Until
more recently, the only tools to diagnose the etiology of low
back pain have been history, physical examination, and sometimes radiographs or computed tomography (CT).
In 1982, Nachemson10 reviewed the literature on chronic
low back pain. In perhaps the most frequently quoted epidemiologic study on the cause of chronic low back pain, he
reported that in only 15% of cases could a pathoanatomic
explanation be found for patients with chronic low back pain
(>3 months). As stated in the study, “probably very little can
be done at our present state of ignorance to treat these patients

and to improve their natural histories.”10 Low back pain is a
symptom, not a diagnosis, in the same way that abdominal
pain is a symptom and not a diagnosis. In acute cases of low
back pain, this nonspeciic diagnosis usually suices because
most cases of acute, irst-time low back pain resolve with
minimal intervention. However, when low back pain becomes
chronic, recurrent, and disabling, the clinician must diagnose
the source of the pain so that an appropriate treatment plan
may be devised.
When a source of pain is not obvious, diagnosis oten
depends on who makes the diagnosis and sets the reference
standards by which the diagnosis is “proven.” Who is right? For
that matter, can anyone reliably diagnose the cause of chronic
benign spinal pain? Many authors argue that chronic benign
spinal pain is largely due to exaggerated functional complaints
and irreversible central nervous system sensitization,11 making
pain self-perpetuating and diagnosis all but impossible. hese
contentions are not oten supported by primary studies,12
however, and authors and clinicians question this diagnosis.13,14
Interventionalists developed and reined precision, luoroscopically guided diagnostic interventional spine procedures
in the 1980s and 1990s15 to diagnose and treat nonspeciic
spinal pain more efectively. Fluoroscopically guided block
procedures are now considered the reference standard to
conirm a tissue diagnosis.16 Out of the previous era of “ignorance,” many diagnostic protocols have been validated and
standardized.17,18 Using the results of precision-guided diagnostic procedures, surgeons identify spinal segments for
fusion at various stages of the degenerative cascade.19 Most
surgeons still depend on an accurate diagnosis of a speciic
pain generator to select appropriate therapy20 because surgical
results for chronic benign pain syndromes without a reversible
anatomic cause are generally poor.21
he debate continues regarding diagnostic injections as
new research emerges, along with better treatment options.
Spinal pain is a complex interaction of many biopsychosocial
factors. Chronic spinal pain may originate from one or more
spinal levels and diferent anatomic structures in the anterior,
middle, and posterior columns. Spinal pain also varies over time.
Pain can be caused by abnormal mechanical stress on normal
tissue afected by structural deformity, normal mechanical stress
265

II

266

DIAGNOSIS

on injured tissues, minor stress on chronically inlamed and
sensitized tissues, damaged nerves, and a varying combination of all of these. Chronic pain causes a greater or lesser
degree of central sensitization and—together with a multitude
of functional factors, including the requirement for copious
amounts of opiates—oten makes accurate diagnosis diicult.
Nevertheless, it can be argued that most chronic axial spinal pain
is due to accumulated repetitive strain or low-grade trauma,22
acute injuries to the major underlying structures and their
supporting ligaments, or both. Ongoing stimulation from these
peripheral structures to a greater or lesser extent maintains a
state of peripheral and central sensitization. In time, adaptive
responses within the posterior, middle, and anterior columns
may attenuate, exacerbate, or cause new sources of pain.
Despite this complexity, speciic tissue pain generators can be
hypothesized based on history, physical examination, imaging
studies, and response to directed treatment. Interventional
procedures are used to test the hypothesis that pain is related
to a structural abnormality hypothesized by clinical and imaging
indings. (he word hypothesis is used loosely here; arguably,
one can only conirm a clinical impression using diagnostic
blocks. A hypothesis is conirmed using a study protocol that
can show approximately <5% probability that the indings are
due to chance.) Foremost, interventional procedures are perhaps
best used to refute one’s hypothesis that a particular structure
is painful. hat is, diagnosis is made through the process of
systematically excluding various tissue causes of axial and
extremity pain in the posterior, middle, and anterior columns.21
his chapter presents primarily evidence-based standards
and some expert opinions for conirming or refuting one’s
hypothesis that a particular structure, structures, or segments
are a source of spinal pain.17 A discussion of pain resulting
from “red lag” conditions, such as fracture, tumor, infection,
systemic diseases, or referred from nonspinal structures, is not
included; likewise, “yellow lag” conditions (psychosocial
factors) are not discussed in detail. Evaluation of the anterior
column using provocative discography is discussed elsewhere;
the discussion in this chapter is focused on diagnosis of pain
originating from the posterior and middle columns, in particular, pain originating from the zygapophyseal joint and
sacroiliac joint in the posterior column and from the nerve
root, dorsal root ganglion, and dura in the middle column.
he diagnostic use of injection procedures is explored but not
their therapeutic value other than the diagnostic value of
response or nonresponse to treatment. Finally, and most
important, this chapter is not a systematic review. he interested reader is referred to numerous systematic reviews on the
diagnostic value of spine injections.3,17,18,22–28

Diagnostic Analgesic Injections as
Reference Standard
he belief that chronic benign spinal pain is diicult to diagnose is supported by the low speciicity and sensitivity of the
history, physical examination, and various imaging modalities
as the reference standard for diagnosing chronic benign spinal
pain12,29,30 and a bias that chronic pain is to a greater rather

than lesser extent a neuropathic process with central sensitization.21 If one uses interventional diagnosis with precision luoroscopically guided procedures as a reference standard for
identifying pain, however, one can arrive at a tissue diagnosis
in approximately 70% to 80% of cases.31,32 Which approach is
right? Truth usually lies somewhere in between.
he primary treating physician or consultant needs to
formulate the diagnosis based on the available information
and must be prepared to defend the diagnosis to contracted
physician reviewers. Understanding the strengths and weaknesses of diagnostic analgesic data may help the practitioner
decide whether the risk-to-beneit ratio of obtaining such
information is appropriate for any given circumstance. Perhaps
more important, the process of investigation itself may lead to
a better understanding of the patient’s capacity to respond
appropriately to a technically successful surgical or interventional procedure.
he rationale for zygapophyseal joint blocks is based on
the anatomic fact that the innervation of zygapophyseal
joints (medial branches) is known and that zygapophyseal
joints are capable of causing pain.17 Local anesthetic blocks
rely on the speciicity of anesthetizing a single or limited
number of structures or nerves and on the patient’s capacity to distinguish clearly a reduction in preblock pain ater
anesthetizing one or more structures. Injection of a limited
volume of local anesthetic into a zygapophyseal joint or its
nerve supply is relatively speciic for anesthetizing a joint and
its capsule. Similarly, local anesthetic injected into the disc
should anesthetize nociceptors within radial annular issures
that communicate with the nucleus. When anesthetizing the
nerve root within the middle column, the block is less speciic
for axial pain relief because several structures may be partially
blocked (e.g., dorsal root ganglion, ventral rami, sinuvertebral
nerve, posterior longitudinal ligament).
Anesthetizing a structure does not reveal the cause of pain;
anesthetizing the nerve supply simply relieves pain. his is an
important concept. he cause of pain should dictate the type
of treatment, and the treatment is only as good or bad as its
success in eliminating or modulating the cause. If the cause of
pain in the case of a speciic zygapophyseal joint is synovial
inlammation, one would expect short-term to intermediate
pain relief ater the intraarticular injection of corticosteroids.
If a patient’s pain is due to mechanical or neuropathic causes,
there is no reason that corticosteroids would be efective other
than the expected duration of the local anesthetic. here is no
reason that there should be longer-term pain relief except for
the expected rate of placebo response or reported pain relief
secondary to spontaneous pain regression.33 hat is, relief of
pain during the local anesthetic phase does not distinguish
irreversible neuropathic pain from reversible nociceptive pain.
In the case of chronic radicular pain, signiicant relief of pain
for several weeks ater the injection of corticosteroids would
suggest that there is a reversible structural cause.34

Testing Protocols for Diagnostic Injections
As essential as precision technique is in the performance of
diagnostic blocks, so is standardized assessment. Standardized
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foraminal stenosis; repeated lexion maneuvers may be helpful
to incite spinal nerve root pain of presumed discogenic etiology. hese maneuvers can then be repeated ater the block
procedure, and the patient is queried as to the relative reduction of pain with these movements compared to preblock
testing. Alternatively, the patient can be rescheduled with
instructions to perform activities (i.e., prolonged standing,
walking, or sitting) that typically provoke pain and also to stop
taking analgesic medications prior to the appointment for
diagnostic blocks. If a patient’s pain varies by time of day, the
block procedure may be scheduled to accommodate this
pattern, and if pain typically peaks well ater clinic hours, a
longer-acting local anesthetic (i.e., bupivacaine) should be
used. Particularly in such situations, patients must be
instructed to keep thorough pain diaries for the 6 to 8 hours
following the diagnostic block procedure.

Confounding Factors
Sedation
An important, potentially confounding factor when performing diagnostic blocks concerns the use of sedation. Logically,
one would assume that administration of opiates and sedatives
before a diagnostic block would increase the false-positive
rate; however, Manchikanti and colleagues35 found that this
proportion of patients was relatively small and that there was
no diference with use of saline, opiate, or sedative. In a randomized study of 60 patients, these authors titrated medication to relaxation using saline, midazolam, or fentanyl. hey
found that only 50% of patients receiving sodium were relaxed,
whereas 100% of patients receiving either fentanyl or midazolam were relaxed. In all groups, 10% of the patients reported
greater than 80% pain relief with active motion testing. Even
so, typically, one limits or omits sedation before a diagnostic
injection, however. If the patient is anxious or especially if the
patient routinely takes signiicant doses of opiates and may be
in early opiate withdrawal owing to NPO status, the patient
could be sedated and tested ater the administration of a judicious dose of opiate.

Biopsychosocial Factors
More recently, authors have reiterated the importance of
shiting the concept of “backache.” Kikuchi36 recommended
changing the term spinal disorder to biopsychosocial pain
syndrome and the term morphologic abnormality to mechanical, functional disorder. According to Kikuchi,36 morphologic
and structural abnormalities do not always explain all of a
patient’s pain, and chronic backache should not be seen as an
isolated spinal disease. A signiicant amount of scholarship has
been devoted to enumerating the psychosocial factors associated with spinal pain. In a classic study comparing workers
with symptomatic disc herniation (requiring surgery) versus
asymptomatic workers, signiicant diferences were found in
three areas: presence of nerve root compromise, psychosocial
factors (depression, anxiety, marital status, self-control), and
work perception (satisfaction, job loss, occupational stress,
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diagnostic block evaluation sheets should be illed out for each
patient; detailed postprocedure assessment protocols and
sample evaluation instruments are available in the Spine
Intervention Society Practice Guidelines.18 Preprocedural and
postprocedural evaluation should be performed by unbiased
personnel and checked by the physician. It is recommended
that the patient ill out a body pain diagram with pain scores
(visual analog scale [VAS]) before and ater the procedure.
Additionally, the patient should rate current pain levels with
various movements (e.g., lumbar lexion, extension, sidebending, sitting, and standing).
Evaluation ater the procedure includes VAS scores with
the same positions and maneuvers and a subjective report of
percent relief of pain. he patient’s narrative response should
corroborate with VAS score, and any discrepancies should be
explained. With medial branch blocks, relief of pain may vary
according to the mass of drug reaching the nerve, and one may
not reliably achieve a long-acting block; however, relief for less
than 1 hour is unconvincing. In the case of selective nerve root
blocks, it is oten useful to have the patient distinguish between
axial, proximal (shoulder or buttock), and extremity pain, the
caveat being that a diagnostic block may not signiicantly
reduce axial pain, but that does not mean that the block was
unsuccessful. Some patients also need to be counseled to
ignore injection site pain. Speciic provoking maneuvers
should be evaluated, such as the Spurling test for cervical
radiculopathy and three or more sacroiliac joint provocative
maneuvers before and ater the procedure. Ideally, the patient
would be tested at approximately 15 minutes ater a lidocaine
block and approximately 30 minutes ater a bupivacaine block.
Additional evaluations at 1 and 2 hours ater block are useful
but may depend on availability of staf.
he patient may be sent home with a pain diary to keep for
6 to 8 hours ater the procedure. For any diagnostic injection,
a patient should have at least approximately 5/10 intensity of
pain to be able to judge the degree of relief reliably. A subject
should have at least 50% relief for a positive response to be
considered; at least 70% relief is more convincing. In regard
to selective nerve root blocks, no more than two levels should
be checked on one session. Depending on the importance of
refuting or conirming whether a particular nerve is symptomatic, one may choose to inject the most probable source of
pain or a level that it is hoped can be proven nonpainful.
A common problem encountered when attempting to
identify the etiologic structure of pain with a diagnostic injection occurs when the nature of pain is intermittent or determined by prolonged activity. For example, a patient may
experience signiicant symptoms late in the day or ater an
hour of prolonged standing or sitting. If this patient were to
present to the oice for a diagnostic block early in the morning,
pain may not be present, clouding the ability of the patient to
report relief (or lack thereof) ater a diagnostic block procedure. If such is the case, the patient may be asked to perform
provocative maneuvers that typically incite pain prior to the
diagnostic block procedure. Repeated or sustained extension
and rotation movements may be useful in these situations for
posterior structures such as zygapophyseal joints or spinal
nerve root–mediated pain related to central canal or neural
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intensity of concentration).37 Of the risk factors, two of three
were functional, not morphologic.
We agree with this model and acknowledge that psychosocial factors have a signiicant impact on spinal pain; we also
acknowledge the importance of treating the “bio” component
of the biopsychosocial syndrome. Today’s spine specialists
readily acknowledge that patients oten beneit from a multidisciplinary approach to treatment. Research continues to
investigate the best way to treat patients with chronic spinal
pain and signiicant psychosocial comorbidities.
Although the long-term results of treatment for chronic
axial back pain may be inluenced by various psychosocial
factors,38,39 the possible efect of psychosocial factors in determining the patient’s tested perception of pain and functional
improvement with treatment does not indicate that the
diagnosis was incorrect. In many cases, when a “biologic”
pain generator can be correctly identiied and treated, the
psychosocial distress resolves. If it is true that psychological
variables determine whether a patient admits relief on various
testing instruments, does the evidence of physiologic distress
noted on test scores reverse when the patient’s chronic pain
is relieved?
Wallis and colleagues40 studied 17 patients ater whiplash
injury with a single symptomatic cervical zygapophyseal joint
who were enrolled in a randomized controlled trial of percutaneous radiofrequency neurotomy. At 3 months ater the
procedure, all patients whose pain was relieved had complete
resolution of preoperative psychological distress; in contrast,
all but one of the patients who did not experience pain relief
continued to experience psychological distress. Manchikanti
and colleagues41 found no correlation between somatization
disorder and inappropriate Waddell signs and symptoms to
response in pain relief ater a comparative double-block protocol for diagnosing zygapophyseal joint pain. Derby and
colleagues42 found no diference in response to pressurecontrolled disc stimulation between patients with abnormal
psychometric Distress Risk Assessment Method scores and
asymptomatic volunteers.

Posterior Compartment: Zygapophyseal Joint
and Sacroiliac Joint
he zygapophyseal joint and sacroiliac joint are the two
primary structures within the posterior compartment that are
sources of chronic spinal pain. In addition, hip and shoulder
pain may cause symptoms similar to spinal structures and
localized injections into these joints with preblock and postblock active examination can help diferentiate hip and
shoulder pain from spinal pain. Although sot tissues may be
painful, for the purpose and brevity of this chapter, these
structures are considered a secondary source of pain in most
chronic spinal conditions.

Zygapophyseal Joint
Each spinal segment is composed of a three-joint complex: the
intervertebral discs and two posterolateral zygapophyseal

joints.41 he word apophysis is Greek, meaning an “ofshoot”
or a “bony protuberance.”43 Anatomically, the zygapophyseal
joint is an outgrowth of the vertebral body. he zygapophyseal
joints are formed by the articulation of the inferior articular
process of one vertebra with the superior articular process of
the inferior vertebra. Zygapophyseal joints have classic synovial joint features: hyaline cartilage surfaces, a synovial
membrane, and a surrounding joint capsule.44 Zygapophyseal
joints have varied morphology and function based on their
location within the spine. Although the intervertebral disc is
loaded primarily in lexion, the zygapophyseal joints are
loaded in extension and lumbar rotation.45,46 he orientation
of the zygapophyseal joint varies based on the requirements
of regional spine function. Lumbar zygapophyseal joints are
situated sagittally to limit axial rotation and to allow lexion
and extension, whereas the cervical and thoracic zygapophyseal joints are oriented coronally to limit shearing forces on
the disc. Innervation is via the medial branches of the dorsal
ramus in most locations.

Pathophysiology of Zygapophyseal Joint Pain
Traumatic injury to lumbar and cervical zygapophyseal joints
is common and probably occurs to a lesser extent to the thoracic joints consistent with the relative degree of load bearing
in extension at these levels. In the setting of trauma, there is
a clear pathophysiologic diference between zygapophyseal
joints and nontraumatic controls. Zygapophyseal joint sections from autopsy specimens of individuals with a past
history of trauma but dying of natural causes show signiicant
age-related, gender-related, and trauma-related changes in the
bone, cartilage, and sot tissues, including subchondral sclerosis, ibrillation and splitting of cartilage, and cartilage length
diferences, versus subjects with no history of trauma.47 Histologic sections of the lumbar zygapophyseal joints of mostly
motor vehicle accident victims revealed fractures of the
superior articular process, central infarctions of the subchondral bone plate, and capsule tears, including the ligamentum
lavum.48,49 Most tissue sections (77%) show sot tissue injuries,
and approximately 30% (11 of 33) show fractures and infarctions. Sections from the cervical spine in trauma victims show
similar injuries to the zygapophyseal joint articular cartilage
and annular lesions in the intervertebral discs and cartilaginous endplates (Fig. 16.1).50 In the lumbar and cervical spines,
lesions were found exclusively in the trauma patients and in
none of the patients in the control group.47,50,51
Many of these pathoanatomic indings are occult on routine
radiographs, CT scan, and magnetic resonance imaging (MRI)
but may be the cause of ongoing neck pain in survivors of
motor vehicle accidents or other signiicant trauma. In a small
study with short-term follow-up (approximately 3 months),
Eisenstein and Parry52 examined zygapophyseal joints in 12
patients who underwent successful fusion for zygapophyseal
joint–mediated pain (diagnosed by provocation arthrography, intraarticular blocks, and negative discography) versus
controls and found histologic changes similar to changes of
chondromalacia patellae and osteoarthritis of large joints.
he most frequent inding was focal full-thickness cartilage
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FIG. 16.1 Postmortem studies of motor vehicle victims reveal the following
sites of injury; many of these injuries may not be visible on routine MRI.
(From Bogduk N, McGuirk B. Management of Acute and Chronic Neck Pain: An
Evidence-Based Approach. Philadelphia, PA: Elsevier; 2006.)

necrosis or loss of cartilage with exposure of subchondral
bone; osteophyte formation was absent in all specimens.52
Degenerative histologic indings alone do not make a deinitive diagnosis of zygapophyseal joint syndrome, however. Ziv
and colleagues53 reported a high proportion of coarsely ibrillated and/or ulcerated zygapophyseal joints in fresh cadaveric
spines from young adults (30–50 years old); such degeneration
remains constant throughout adulthood.
Traumatic and repetitive injury leading to painful “facet
(zygapophyseal joint) arthritis”49 may cause pain because
zygapophyseal joints and their capsules are heavily innervated
structures subject to high stress and strain during spinal
loading.54 Joints comprise free and encapsulated nerve endings
containing substance P and calcitonin gene-related peptide.55–57
Substance P, calcitonin gene-related peptide, and immunoreactive sensory and autonomic nerves are found in zygapophyseal joint synovial membranes.58 Zygapophyseal joint capsules
contain low-threshold mechanoreceptors, mechanically sensitive nociceptors, and silent nociceptors.59 hese low-threshold
and high-threshold mechanoreceptors ire when the joint
capsule is stretched or compressed; their iring can be suppressed by injected lidocaine and hydrocortisone.60 In animal
models, induced inlammation decreases the threshold of
nerves within the joint capsules and causes elevated baseline
discharge rates.60 In animal models of knee arthritis, acute
inlammation sensitizes ine articular aferents, which become
active at rest and respond more vigorously to routine painless
joint range of motion.61
Excessive stretching damages the zygapophyseal joint capsules and causes axonal swelling, retraction balls, and inlammation.59 he result is hyperexcitability and spontaneous
iring, which are synonymous with neuropathic pain. Capsular
injury during a whiplash injury may cause persistent neck pain
secondary to chronic capsular overstretching. Animal studies
suggest that zygapophyseal joint capsule strains comparable
to strains previously reported for whiplash kinematics and
subcatastrophic failures of this ligament activate nociceptors
within the capsule.62–66 In addition, chronic capsular loading
in animals may cause central inlammation, resulting in
mechanical hyperalgesia and, in some cases, centrally maintained pain.57,64,67,68

Animal studies showing central sensitization are consistent
with the widespread hypersensitivity documented in whiplash
patients. Although focal sensitization to mechanical stimuli
may be found 3 months ater whiplash injury, which mostly
resolves by 6 months, some patients develop persistent pain
with symptoms that are consistent with chronic neuropathic
pain.69 Patients with persistent pain at approximately 6 months
show signs of more widespread hyperalgesia70 and hypersensitivity to cutaneous and muscular stimulation in the neck and
lower limb consistent with central hypersensitivity.11,71
If chronic pain originating from injury to the zygapophyseal joints is due to capsular stretch and maintained by
central hypersensitivity, local anesthetic with or without
corticosteroid should suppress nociceptive input for the
duration of the local anesthetic efect and, in some cases (e.g.,
similar to a sympathetically maintained pain state), for days
to weeks.72 If most of a patient’s pain is due to mechanical
and central causes, there would be no reason why local anesthetic and corticosteroid would be more efective than local
anesthetic alone.73–75 Former and latter logical outcomes are
supported in prospective and randomized controlled trials,75
although alleviating pain with medial branch blocks was
shown in one study to relieve pain for an average of several
months.76,77
Decreasing peripheral input 6 months or longer by heat
ablation of medial branches relieves pain78,79; the pain typically
returns within the expected time it takes for the medial
branches to regenerate. Such prolonged relief of pain, if
accompanied by resolution of widespread hypersensitivity,
would imply that central hypersensitivity is reversible when
the peripheral source of input is interrupted. hat is, if there
is a concern that persistent central hypersensitivity would lead
to failure of a proposed localized or segmental stabilization
procedure, resolution of widespread and local hypersensitivity
ater medial branch neurotomy might predict that decrease in
nociceptive input by surgical stabilization would be successful.
Zygapophyseal joint pain oten occurs at more than one
segment, however; adjacent or skipped level sources of zygapophyseal joint pain must be identiied, especially when
considering surgical fusion or arthroplasty.
When cadaveric lumbar spines are anteriorly ixated at
one level, motion is transferred to adjacent segments, causing
increased capsular stretch in the adjacent zygapophyseal
joints.80 In extension, cervical arthroplasty models exhibit
signiicant increases of zygapophyseal joint force at the treated
level. In the fusion model, the zygapophyseal joint forces
decrease at the treated segment and increase at the adjacent
segment.81 Failure to recognize symptomatic pathology at an
adjacent level or the same level may lead to early or late return
of pain. his is not a failure of the diagnostic blocks; it is a
failure to obtain a thorough diagnosis.

Rationale for Control Blocks in Diagnostic Zygapophyseal
Joint Intraarticular and Medial Branch Blocks
Can a diagnosis of zygapophyseal joint syndrome be made
without injections? he diagnosis of zygapophyseal joint pain
is typically hypothesized based on clinical indings and
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imaging studies. Most clinicians rely on a variety of criteria,
such as localized unilateral pain that is worse in extension,
pain worse in the morning and better with gentle movement,
concordant pain provoked with palpation approximately 1 cm
lateral to the midline over the zygapophyseal joints, and
imaging studies showing signs of zygapophyseal joint degeneration. A “facet (zygapophyseal joint) syndrome”82 diagnosed
by clinical indings alone has not been substantiated; rather, a
reference standard of pain relief ater placebo-controlled
anesthetic blocks is necessary.25,29,83 he current best evidence
has not found any individual clinical inding or cluster of
indings that can predict response to the reference standard of
pain relief ater local anesthetic block of the medial branches
or intraarticular zygapophyseal joint block.
he purpose of diagnostic zygapophyseal joint blocks is
to establish the diagnosis or rule it out, similar to a liver
biopsy of a suspicious lesion. Diagnostic zygapophyseal joint
blocks are a tertiary intervention in patients with chronic
pain that has not resolved with time and conservative care.
he current standard for the diagnosis of zygapophyseal
joint–mediated pain is the use of controlled diferential
(double) blocks to conirm or refute one’s hypothesis that the
zygapophyseal joint is a pain generator. Because of the high
false-positive rates of single diagnostic blocks, a single block
does not constitute a diagnosis, and control blocks are essential to decrease the incidence of false-positive responses.84
he reported false-positive rate of a single diagnostic block
ranges from 17% to 63%.85 In a retrospective review of 438
patients using a double-block paradigm requiring 80% relief,
the false-positive rates for a single diagnostic block were
45%, 42%, and 45% for the cervical, thoracic, and lumbar
regions, respectively.85
Although Cohen and colleagues86 showed that treatment
results ater medial branch neurotomies were not changed by
requiring a placebo control, the current published standard of
interventional societies requires a conirmatory block before
making a diagnosis of zygapophyseal joint–mediated pain.17
he best-studied double-block protocol requires a diference
in pain relief that is of concordant duration to the duration of
action of the local anesthetic used to anesthetize the medial
branch nerves—typically, greater than 2 to 3 hours for lidocaine and 4 to 6 hours for bupivacaine.87,88 Because the goal is
to have a placebo control and because consent and patient
compliance issues hinder using a saline block control, one may
argue that any prior diagnostic injection in which the patient
reports no relief is a valid control block, especially because the
patient and the physician were anticipating relief. Because
many insurance companies in the United States no longer
authorize or consider double blocks medically necessary, the
occurrence of a previous “negative” block evaluation could be
the negative control.
When the treatment is relatively benign, convincing relief
with physician and staf testing ater zygapophyseal joint or
medial branch injections in an older patient with clinical symptoms consistent with zygapophyseal joint pain may not justify
conirmatory injections.86,89 A young patient who has little or
no zygapophyseal joint abnormalities, who is on a signiicant
dose of narcotics, and who reports less-than-convincing
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FIG. 16.2 Anteroposterior radiograph of the lumbar spine showing course
of medial branches of L1–L4 dorsal rami, L5 dorsal ramus, and their articular
branches to lumbar zygapophyseal joints. Medial branches are blocked at
the junction of the superior articular process and transverse process. (From
Bogduk N, ed. Practice Guidelines for Spinal Diagnostic and Treatment
Procedures. San Francisco, CA: International Spine Intervention Society;
2004.)

approximately 80% relief should undergo a second conirmatory injection before considering interventional or surgical
treatment based on the block results.
he rationale for how many levels and which levels to test
is being debated. Levels are typically chosen based on known
pain referral patterns, prevalence studies, and localized manual
palpation. Using a comparative double-block control, Manchukonda and colleagues85 found that, most oten, two joints
were symptomatic in the lumbar spine and three adjacent
joints were symptomatic in the thoracic and cervical spine.
he most logistically eicient and least costly method is to rule
out zygapophyseal joint pain globally on the side or sides of
the patient’s pain and at the proximity of approximately two
to three adjacent levels. One would inject (in the case of
lumbar spine) the L2, L3, and L4 medial branch nerves and
the dorsal ramus of the L5 nerve root in order to block the
L3–L4, L4–L5, and L5–S1 zygapophyseal joints (Fig. 16.2
shows medial branch anatomy of the lumbar spine; Fig. 16.3
shows a lumbar medial branch block). If no relief occurred,
there was no evidence that the higher joints were involved,
and if one is conident that the zygapophyseal joints were
denervated, one can eliminate zygapophyseal joint pain from
the diagnosis. If the result is positive, one can perform more
selected denervation on a conirmatory injection. Although
this could be argued to be the most eicient method, many
third-party payers in the United States limit injections to two
levels per session.
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FIG. 16.3 Oblique view of right L4 medial branch block. A 3.5-inch,
25-gauge needle is placed at the junction of the L5 superior articular
process and transverse process. A total of 0.5 mL of contrast dye is injected
along the medial branch. SAP, superior articular process. (Courtesy Richard
Derby, MD.)

Diagnostic Accuracy
he features of a test that indicate its diagnostic accuracy are
sensitivity and speciicity. From these measures, the falsepositive and false-negative rates and predictive value can be
derived. Sensitivity refers to the ability of the test to identify
correctly patients with the disease. Several factors that afect
sensitivity should be discussed. Vessels accompany the medial
branch as they course around the waist of the superior articular pillar, and injecting local anesthetic into a vessel rather
than around the nerve may cause a false-negative response.
Kaplan and colleagues90 reported that medial branch blocks
may fail because of venous uptake. Venous uptake occurred in
7 of 20 (35%) medial branch blocks. If venous uptake was
encountered, repositioning of the needle resulted in joint
anesthesia only 50% of the time. When venous uptake was
encountered, the subjects were brought back for a later injection. hese indings stress the importance of using contrast
medium for medial branch blocks and carefully observing the
low pattern. Kaplan and colleagues90 also found that in 11%
of cases they were unable to anesthetize the joint, even in the
absence of venous uptake. Medial branch blocks in the lumbar
spine would have an 11% false-negative rate. his may have
been due to anomalous or collateral zygapophyseal joint
innervation or insuicient volume of local anesthetic reaching
the target nerve, which may be shielded by an ossiied mamalloaccessory ligament. his occurs in approximately 10% of
patients.91,92
Rarely discussed is the consistency with which one may
expect a longer duration of action of bupivacaine versus lidocaine. Although bupivacaine has a longer duration of action
than lidocaine, the mass of drug reaching the nerve is the
most important variable, and one cannot guarantee that the
same amount will be available on consecutive sessions. In
addition, most patients are not kept in the recovery area for

the duration of local anesthetic to be evaluated, and the duration depends on a patient’s self-reporting, which may or may
not be consistent between injections. Lord and colleagues88
showed that, using a double-block comparative standard, 65%
of patients failed to recognize the diference in duration of
pain relief but did accurately distinguish a separate placebocontrolled block with saline. his underscores the importance
of instructing the patient to keep a diligent pain diary for the 6
to 8 hours following diagnostic blocks and then to report this
information the following day in order to minimize recall bias.
he crucial factors for speciicity of the diagnosis of zygapophyseal joint pain are accurate targeting of the intended
structure under luoroscopy, conirmed by contrast medium,
and the delivery of the appropriate volume of local anesthetic.
Intraarticular joint blocks are speciic, unless there is a medial
capsular tear or injection of excessive volumes (>1 mL injected
into a lumbar zygapophyseal joint or 0.3 mL injected into a
cervical zygapophyseal joint), which may rupture the capsule
and spread medially into the epidural space.93,94 Many early
studies of zygapophyseal joint intraarticular blocks used 2 to
8 mL per injection. When reviewing negative studies regarding zygapophyseal joint injections and the systematic reviews
that still quote these studies, the discerning reader should
check the total volume of injectant used.94,95 Destouet and
colleagues94 found that volumes of injectant of 0.5 to 1.5 mL
commonly ruptured the superior recess of the capsule and
extravasated. In later studies, Destouet and colleagues94 aspirated the 0.5 to 1.5 mL of contrast dye before adding local
anesthetic and steroid. Cadaveric studies performed with
variable volumes of methylene blue injected into the zygapophyseal joint (1–4 mL) showed that the dye extended not
as expected into the paraspinal tissues but rather into the
epidural space and around the spinal nerves.96 Moran and
colleagues96 described the zygapophyseal joint capsule as thick
dorsally, whereas anteriorly the zygapophyseal joint synovial
membrane is contiguous with the ligamentum lavum and the
adipose tissue in the superior recess is in direct contact with
the adipose tissue around the spinal nerve. Clearly, extravasation of local anesthetic through the anterior aspect of the
zygapophyseal joint capsule and subsequent anesthesia of
potential pain generators outside of the zygapophyseal joint—
such as the adjacent spinal nerve root, posterior longitudinal
ligament, or sinuvertebral nerve—can potentially afect the
diagnostic speciicity of the block procedure.
In contrast, randomized controlled studies validate the
speciicity of medial branch blocks for relief of zygapophyseal
joint–mediated pain.97 To maintain the speciicity of medial
branch block, a low volume of local anesthetic is used to
anesthetize a speciic cervical97 or lumbar medial branch.90,93
If volumes greater than 0.5 mL are used, the close proximity
of the lumbar lateral and intermediate branch to the medial
branch potentially might increase false-positive rates by
blocking paraspinal sot tissues (ligaments or muscles or
both).22,98 In addition, volumes greater than 0.5 mL on the
superior edge of the lumbar transverse process may spread
onto the dorsal and ventral spinal nerves.37 Decreasing input
into the central nervous system by anesthetizing any structure
or nerve could relieve pain by decreasing or modulating
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central input. Although this is a probable confounding factor,
the reference typically cited is the study by North and colleagues,99 which reported an unacceptably high false-positive
rate for diagnostic blocks in patients with low back pain. he
conclusion reached by that author group was that diagnostic
blocks had limited speciicity. heir protocol clearly lacked
diagnostic speciicity, however. hey used an excessive 3 mL
volume of bupivacaine for the medial branch blocks. Because
0.5 mL of local anesthetic placed too close to the superior edge
lows onto the exiting root, the reported decrease in sciatic
pain was more likely due to anesthetizing the spinal nerve and
not a false-positive efect of neuromodulation.93
Because patients in the study by North and colleagues99
reported an average relief of 75% to 80% ater anesthetizing
the sciatic nerve, operators must be aware that blocking this
nerve anywhere along its course may result in the report of
pain relief. As previously mentioned, relief of pain for the
duration of the local anesthetic efect cannot distinguish
between reversible inlammatory or compressive causes of
pain and nonreversible neuropathic causes of pain.
Although North and colleagues99 found that 3 mL of local
anesthetic placed into muscles at several levels has relatively
minimal efect on sciatic pain, some authors question whether
anesthetizing the needle track increases false-positive responses.22
Patients probably report more pain relief when the needle track
is anesthetized. Rather than a false-positive response, one would
expect better pain relief when patients are not experiencing
lingering needle-related pain at the same time as pain relief
resulting from anesthetizing the zygapophyseal joints.

Lumbar Spine: Zygapophyseal Joint Syndrome
History
In 1911, Goldthwait100 reported that zygapophyseal joint asymmetry could cause lumbago, sciatica, and paraplegia. Ghormley101
irst coined the term zygapophyseal joint syndrome as a cause
of referred pain and the sciatica resulting from direct nerve
root compression by the zygapophyseal joint. Badgley102 irst
described the zygapophyseal joint as an independent source
of referred pain in greater detail. Mooney and Robertson82
described “facet (zygapophyseal joint) syndrome” referral
patterns by injection of hypertonic saline into the lumbar
zygapophyseal joints of patients with positive diagnostic blocks.
Subsequently, Mooney and Robertson82 were the irst to use
radiographically guided intraarticular injections with local
anesthetic and corticosteroid. hey reported complete pain
relief in approximately one-ith of patients presenting with
low back and leg pain. Dreyfuss and colleagues93 were the irst
to describe an efective lumbar medial branch block technique.
Using this technique, Kaplan and colleagues90 showed that pain
resulting from zygapophyseal joint capsular distention could be
successfully blocked in approximately 90% of cases by medial
branch anesthesia with 2% lidocaine versus saline.

Lumbar Zygapophyseal Joint Pain
Lumbar zygapophyseal joint pain is common and seems to
become more prevalent as patients age and as the duration of
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FIG. 16.4 Right L4–L5 zygapophyseal joint intraarticular injection. Note the
illing of the superior and inferior subcapsular capsular recesses with
contrast dye (arrow). The needle hub partially overlies the inferior capsular
recess. (Courtesy Richard Derby, MD.)

chronic back pain increases. he prevalence is directly
inversely correlated, however, to the stringency of the reference standard. Prevalence studies consistently ind the zygapophyseal joint as a common source of pain, but diagnosis
using a single anesthetic block has a potential high placebo
rate versus a double-block comparative control requiring a
longer duration of relief ater lidocaine versus bupivacaine.
Studies reporting the prevalence of zygapophyseal joint
pain report igures ranging from 15% to 52%. In 1994, Schwarzer and colleagues103 established the prevalence of zygapophyseal joint pain using a double-block comparative protocol in
96 patients with a mean age of 38 years and mean duration of
low back pain of 16 months mostly secondary to work-related
injuries and trauma presenting to two tertiary US clinics. (Fig.
16.4 shows a lumbar intraarticular zygapophyseal joint block.)
hese authors found that the combination of discogenic pain
and zygapophyseal joint pain is uncommon. In a group of 176
patients, 47% had initial relief with a screening lidocaine
block, but only 15% had 50% or greater relief with a conirmatory block.
Manchikanti and colleagues,104 also using a double-block
protocol but requiring 75% pain relief and a diferential
response, reported an even higher initial response of 81 of 120
(67.5%) to lidocaine medial branch blocks and a much greater
percentage (45%) of the total reporting longer 75% relief ater
conirmatory bupivacaine medial branch blocks. his patient
group was older than Schwarzer’s group, however, with a mean
age of 47 years and with a longer mean duration of low back
pain of 47 months. he false-positive rate for one block was
41%. In a later study, Manchikanti and colleagues105 revised
the prevalence of zygapophyseal joint pain downward from
45% to 27% (95% conidence interval [95% CI], 22–32%).
Schwarzer and colleagues106 studied an older group of patients
with a mean age of 57 years referred to an Australian rheumatology clinic with low back pain for an average of 7 years. A
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disease. It is well accepted, however, that injectant volume
should not exceed 1 mL; otherwise, the injection loses speciicity, with a leak/extravasation of local anesthetic and potential
contact with the adjacent spinal nerve root or other possible
pain generators located outside of the zygapophyseal joint, as
described earlier.96
A large study by Jackson and colleague116 of 390 patients
found no relationship between imaging and pain relief ater
uncontrolled intraarticular lumbar zygapophyseal joint injections. Supporting the indings by Jackson and colleagues,116
Schwarzer and colleagues,106 in the only study using placebocontrolled injection, found no correlation between CT indings and a positive response comparing local anesthetic with
saline blocks in 63 patients when more stringent criteria of
controlled injections were used as the reference standard.
Similarly, Cohen and colleagues117 found no relationship in
192 patients between MRI indings of zygapophyseal joint
hypertrophy or degeneration and response to medial branch
neurotomies based on positive response to a single medial
branch block. Kawaguchi and colleagues118 likewise found no
signiicant relationship between low back pain symptoms and
radiographic abnormalities in a group of 106 patients with
rheumatoid arthritis.
he intriguing bright spot on the horizon is the inding
that where MRI or single photon emission computed tomography (SPECT) shows imaging indings consistent with either
“inlammation” or “edema,” a stronger correlation emerges
(Fig. 16.5). Although not conirming the diagnosis of zygapophyseal joint pain with a reference standard, Friedrich and
colleagues119 more recently found that an estimated 14% (21
of 145) of patients with low back pain had MRI evidence
of zygapophyseal joint edema, and follow-up MRI scan
showed “almost perfect” agreement between change in pain
and a reduction in intensity of edema on sagittal short-tau

FIG. 16.5 L5–S1 axial T2-weighted magnetic resonance image showing
zygapophyseal edema (right greater than left), suggestive of instability. In
the upright weight-bearing position, anterolisthesis was noted; in the
unloaded supine position, anterolisthesis reduced and zygapophyseal joints
are gapped and illed with luid. (Courtesy Richard Derby, MD.)
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diagnosis of zygapophyseal joint pain was made in 40% (95%
CI, 27–53%). Requiring 90% relief of original pain, the prevalence was 32%; requiring 100% relief, the prevalence was 11%.
Manchikanti and colleagues105 reported an even higher prevalence of 52% zygapophyseal joint pain in a group of patients
65 years old or older.
No consistent history, physical examination, or imaging
indings correlated to positive block responses have been
found. In the early 1980s, uncontrolled single, variable injectant volume, intraarticular zygapophyseal joint injections
were used as the reference standard for identifying lumbar
zygapophyseal joint pain; these authors reported correlations
with various history or physical examination indings.52,107
Some studies108,109 reported that a cluster of ive of seven features (Revel criteria) could predict a 75% decrease in pain ater
a single intraarticular block. he seven items in the cluster are
age older than 65 years, pain well relieved by recumbency, no
exacerbation of pain with coughing and sneezing, no exacerbation of pain with forward lexion, no exacerbation of pain
with extension, no exacerbation of pain with rising from
lexion, and no exacerbation of pain with the extensionrotation test. Subsequent well-conducted studies did not replicate these studies.32,110 As mentioned, most of these earlier
studies used single medial branch blocks, which have been
reported to have 25% and 38% false-positive rates for the
diagnosis of zygapophyseal joint pain.111,112
Newer studies of clinical correlations reined the technique
with an appropriate injectant volume and a conirmatory
double-block paradigm with either a second intraarticular
injection or a medial branch conirmatory injection with
bupivacaine lasting longer than the pain relief ater a prior
lidocaine block30,96,106,111,113–115 hese studies did not ind any
clinical correlates with history or physical examination. In
particular, extension and rotation were not predictive of
response. A systematic review of all published studies comparing clinical outcome ater local anesthetic blocks and clinical
signs and symptoms found no consistent clinical features with
a high speciicity.12 he review found several clinical features
with a high sensitivity, however, which may be cautiously used
to exclude the diagnosis of zygapophyseal joint–mediated
pain. hese features include pain not increased with cough,
pain not relieved with recumbency, and pain that can be
centralized.50 here are no consistent reproducible history or
physical examination criteria that predict a positive response
to a zygapophyseal joint block. History and physical examination are better at ruling out zygapophyseal joint–mediated
pain than diagnosing zygapophyseal joint pain.
he current best evidence also shows that radiologic
imaging, with a few more recent exceptions, does not correlate
with response to zygapophyseal joint blocks. Conlicting evidence that radiologic imaging may predict outcome from
uncontrolled lumbar zygapophyseal joint blocks may be partially due to lack of rigor in the reference standard used to
deine a positive response in earlier studies.22 In 1979,
Carrera115 reported that 73% (n = 63) of patients describing
pain relief ater uncontrolled intraarticular injection of 2 to
4 mL of local anesthetic had CT evidence of lumbar zygapophyseal joint disease versus 13% who had no evidence of

273

II

274

DIAGNOSIS

inversion recovery images. Radionuclide bone scintigraphy
detects bone areas with synovial changes (inlammation or
hyperemia) or increased osteoblast activity and degenerative
regions with a high degree of remodeling. Osteophytes in the
process of growing show a high degree of bone scan activity.
As mentioned earlier, a positive lumbar SPECT scan predicts
a statistically signiicant reduction in pain ater zygapophyseal
joint blocks.33

Zygapophyseal Joint Pain Referral Maps
Pain referral patterns have been studied using stimulation of
patients during provocative diagnostic injections120 by injection of hypertonic solutions into normal and abnormal subjects121 or by electrical stimulation of medial branches.120,121
Most studies showed distinct but overlapping referral areas; it
is likely that the pain referral patterns obtained in normal
volunteers are smaller because of less sensitization. here are
also limits to the referral maps; Mooney and Robertson121
reported on lumbar zygapophyseal joint referral maps in
normal volunteers and subjects with a positive diagnostic
zygapophyseal joint block (Fig. 16.6). Under luoroscopic
guidance, they injected contrast dye (unspeciied volume)
followed by 3 to 5 mL of hypertonic saline. Some of the distal
extremity pain seen in the diagrams may be due to excessive
volume of saline with irritation of the sciatic nerve roots.
Given the lack of sensitivity and speciicity of history, physical
examination, and imaging and until more research is performed with inite injectant volumes (in patients with conirmed dual positive blocks), these referral maps can be used
as a starting point to guide selection of levels to be injected.

Normal

Abnormal

FIG. 16.6 Pain referral patterns for asymptomatic (normal) and
symptomatic (abnormal) subjects obtained by intraarticular zygapophyseal
joint injection of contrast dye followed by 3 to 5 mL of hypertonic saline.
(From Mooney V, Robertson J. The facet syndrome. Clin Orthop Relat Res.
1976;115:149–156.)

Predictive Value
How useful are diagnostic zygapophyseal joint injections? he
predictive value of any spinal diagnostic test directly varies
with the rigorousness of test standards and the inherent ability
of that treatment to alleviate the source of pain without creating new sources unrelated to the original cause or causes. A
positive test is valuable if it can guide treatment and obtain
better outcomes than not using the diagnostic test at all. A
systematic review of the evidence for treatment of zygapophyseal joint pain is beyond the scope of this chapter; however, a
case is made for the therapeutic utility of zygapophyseal joint
blocks.
Historically, lacking robust studies, guideline and systematic review articles have been relegated to quoting studies
with methodologic laws as implied evidence that one need
not diagnose zygapophyseal joint–mediated pain before
surgery.24,98 here is no reason that a variable amount of
relief ater uncontrolled, variable volume, intraarticular
zygapophyseal joint blocks should predict fusion outcomes
using surgical fusion techniques from the 1980s in a group of
patients being operated on for various unknown or unstated
reasons. Jackson122 correlated relief ater spinal fusion in 36
patients from 1980 to 1988 to results of a single intraarticular
zygapophyseal joint injection with 1.5 mL of local anesthetic
and an unknown volume of contrast dye. Of the patients,
85% had “some improvement” with an average relief ater
injection of 29%. he authors found no relationship between
fusion surgery performed for unstated reasons and a “favorable response” to zygapophyseal joint injection. he surgeries
were presumably performed not because the authors believed
the patients’ symptoms were due to their zygapophyseal joints.
he surgical results based on their “mean pain and functional
assessment scores” also seemed to improve by signiicantly less
than 50%, suggesting poor patient selection.
An important historical study, published by Esses and
Moro in 1993,123 is oten quoted to refute the therapeutic
utility of zygapophyseal joint blocks; however, it warrants
a careful, critical review. hese authors concluded that
single intraarticular diagnostic zygapophyseal joint injections
“should not be used in determining treatment because they are
not predictive of either surgical or nonsurgical success.” his
study had signiicant methodologic shortcomings, which limit
the validity of the authors’ conclusions. First, the study was
retrospective, with patients surveyed by telephone approximately 5 years ater surgery. Second, 1.5 mL of local anesthetic
was injected into the zygapophyseal joints, and no mention
is made of the volume of contrast dye needed to conirm
needle position; the injections likely were nonspeciic because
of zygapophyseal joint capsule rupture from excessive volume
(>1.5 mL). hird, the patient population was markedly heterogeneous, with signiicant confounding factors: an average
duration of back pain of 8 years and approximately 40% of
patients with a history of prior surgeries, including failed
fusions. More than 50% of patients underwent three-level,
four-level, or ive-level fusions, which are known to have a
worse outcome than single-level or two-level fusions. Fourth,
of the 82 patients who underwent surgery, 36 (44%) had 0%
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for a positive block incrementally decreases the potential
false-positive rate and improves results for a well-validated
treatment for zygapophyseal joint pain, medial branch
neurotomy.17,126–128
Most consensus standards for diagnosis of zygapophysealmediated pain require at a minimum 70% to 80% reported pain
relief for the duration of the local anesthetic obtained in two
separate sessions.17,126 In particular, Dreyfuss and colleagues,129
studied patients who obtained greater than or equal to 80%
relief from MBBs selected to undergo lumbar radiofrequency
neurotomy. At 12 months, 60% of the patients obtained at least
90% relief of pain, and 87% obtained at least 60% relief. Dreyfuss and colleagues129 concluded that lumbar medial branch
neurotomy is an efective means of reducing pain in patients
carefully selected on the basis of controlled diagnostic blocks.
A high-quality study randomized controlled trial evaluating
radiofrequency neurotomy in patients with chronic low back
pain130 used three positive blocks in the inclusion criteria
and a “sham radiofrequency” procedure for comparison;
statistically signiicant reduction in pain and improvement
in various quality-of-life variables were obtained. In another
study, when the diagnosis is conirmed by relief of pain for
greater than 3 months ater medial branch neurotomies,
repeat neurotomies are successful in greater than 75% in the
lumbar and cervical spine.131,132 More recently, Derby et al.
used percent pain relief following MBB in 10% increments,
inding a statistically favorable outcome for medial branch
neurotomy using an MBB protocol requiring 70% or greater
reported pain relief for the duration of the local anesthetic
recorded on two separate sessions (double-block protocol).127
Using a single-session protocol, 80% or greater report of pain
relief predicted favorable medial branch neurotomy outcome,
albeit less favorable than the two-session protocol.127,133
In regard to newer surgical treatments, the development
and perfection of procedures such as minimally invasive
zygapophyseal joint fusions or various types of total and
subtotal arthroplasties require accurate diagnosis along with
stringent criteria for success. he many confounding variables
and oten-reported weak results of current spinal fusion and
arthroplasty techniques make disproving these results relatively easy. he diagnosis of zygapophyseal joint pain employing strict double-block or placebo-controlled standards should
perhaps be used to restrain a surgeon from ofering a circumferential (360 or 280 degrees) segmental fusion or arthroplasty.
he failure to conirm zygapophyseal joint pain is perhaps
even more important because doing so leaves other sources of
pain that may be better suited to a particular surgical technique or limits the number of levels needing stabilization.

Cervical Spine Zygapophyseal Joint Syndrome
History
he cervical zygapophyseal joints are known to be sources
of persistent chronic pain and central sensitization.134,135 In
1940, Hadden136 described pain from zygapophyseal joints
causing headache. In the 1970s, Macnab137 described pain
arising from the zygapophyseal joints ater whiplash injury.
Bogduk and Marsland138 devised a technique to block the
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relief from zygapophyseal joint injections. Almost half of the
patients undergoing surgery had no relief from diagnostic
blocks. Eight of 19 (42%) of the patients with complete relief
ater zygapophyseal joint injections declined surgery, leaving
only 11 of 82 (13%) patients who underwent surgery who had
100% relief from zygapophyseal joint blocks. he remaining
35 of 82 patients (43%) had “partial but signiicant relief ”
(the exact percentage relief is not reported). Fith, 30 of 82
(37%) patients had prior surgeries (laminectomy, discectomy,
and fusion). It is well known that patients with failed back
surgery syndrome oten fare poorly with repeat surgery. Also,
during the 1980s, diagnosis of the etiology of failed back
surgery syndrome was elusive and might not be corrected
by a posterior arthrodesis. For failed back surgery syndrome,
zygapophyseal joint pain comprises only 3% of cases; the
most common diagnoses are foraminal stenosis (25–29%),
painful disc (20–22%), pseudarthrosis (14%), neuropathic
pain (10%), recurrent disc herniation (7–12%), and sacroiliac
joint pain (2%).124
Next, Esses and Moro123 did not match the surgery to
speciic zygapophyseal joint levels blocked. Patients had either
one-level or two-level zygapophyseal joint blocks, yet the following posterior fusions were performed: 20 single-level;
three two-level; 10 three-level; four four-level; and 12 ive-level
or greater, including thoracic spine (wherein zygapophyseal
joints were never blocked). Finally, signiicant questions arise
regarding the eicacy of the surgical intervention because
there was no signiicant diference between surgical and
nonsurgical outcomes. As reported, only approximately onethird of patients in either the surgical or the nonsurgical group
had a good outcome. Because of methodologic laws and limitations of the Esses and Moro study,123 zygapophyseal joint
intraarticular injections cannot be impugned as either predictive or nonpredictive of surgical success.
In another observational study, Lovely and Rastogi125
required a “positive response” to intraarticular injection of
greater than 70% relief ater bupivacaine zygapophyseal joint
block for 6 hours and required a conirmatory response on
two subsequent injections. Of 28 patients, 23 had a good to
excellent outcome ater fusion surgery; however, large volumes
of 3 to 5 mL were used during the blocks, making interpretation diicult. At present, there is no research regarding the
utility of cervical or thoracic zygapophyseal joint blocks as
presurgical screening tests.
By comparison, when a speciic treatment is directed at a
cause of pain originating from the zygapophyseal joint, accurate diagnostic testing does matter. In a more recent study,
researchers reported that when a putative inlammatory cause
of lumbar zygapophyseal joint pain was conirmed using a
positive SPECT scan, a positive response (a signiicant reduction in pain) was clearly predicted with intraarticular and
pericapsular steroids at 1 and 3 months compared with subjects
with negative scans or routine care.33
In contrast to diagnostic intraarticular zygapophyseal joint
injections, evidence supports the use of diagnostic medial
branch nerve blocks (MBBs) as the criterion standard to
diagnose zygapophyseal mediated pain.17,126 Using controlled
blocks and progressively stringent pain relief requirements
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third occipital nerve, which relieved neck pain and headache
stemming from the C2–C3 zygapophyseal joint in 70% of
patients. Headache arising from C0–C1 or C1–C2 joints has
also been described.139,140 Bogduk and Marsland141 were also
the irst to describe medial branch blocks for all cervical spine
levels. hey studied patients presenting with idiopathic neck
pain and reported that medial branch block and intraarticular
blocks provided complete, temporary relief of pain for 70%
of patients.

C2-3
C3-4
C4-5
C5-6

C6-7

Cervical Zygapophyseal Joint Pain
Based on the conirmatory block paradigm, the cervical zygapophyseal joints are a common source of chronic neck pain;
the prevalence of cervical zygapophyseal joint syndrome is
greater than the prevalence of lumbar zygapophyseal joint
syndrome. Cervical discogenic pain shares referral patterns
with zygapophyseal joint pain, but it is far less common.142
Based on comparative blocks of cervical zygapophyseal joints
causing chronic neck pain with either associated headache or
shoulder pain, the C2–C3 (36%) and C5–C6 zygapophyseal
joints (35%) were the most common pain generators.143 Ater
whiplash injury, level I prospective clinical studies provide
evidence that zygapophyseal joints are the most common
source of chronic pain.144,145 Cervicogenic headache stemming
from the C2–C3 zygapophyseal joint ater whiplash has a 53%
prevalence.144
Oten neglected are C0–C1 and C1–C2 joints in evaluation
of upper neck pain and headache. Dreyfuss and colleagues139
studied the referral patterns for the atlantoaxial and lateral
atlantoaxial joints. In 2002, Aprill and colleagues146 failed to
conirm the null hypothesis that lateral atlantoaxial joints are
not a common source of occipital headache. hese investigators found that of 34 patients presenting with symptoms and
signs of atlantoaxial joint pain, 21 obtained complete relief of
headache ater diagnostic injection of local anesthetic. Pain
referral patterns have been deined in C2–C3 through C7–T1
zygapophyseal joints (Fig. 16.7).147 Innervation of the cervical
zygapophyseal joints is well described (Fig. 16.8).147 he cervical zygapophyseal joints can be blocked either by MBBs or
with intraarticular injections (Fig. 16.9).
Prevalence rates for neck pain originating from cervical
zygapophyseal joints range from 36% to 60%. he false-positive
rate for a single, uncontrolled block is 27% (95% CI, 15–38%).148
he following prevalence rates (mean [95% CI]) are reported
from studies using either a double-block or a triple-block
paradigm (normal saline as a placebo): 54% (95% CI,
40–68%),144 36% (95% CI, 27–45%),149 60% (95% CI,
33–64%),145 and 60% (95% CI, 50–70%).150 Manchikanti and
colleagues151 restudied the prevalence of cervical zygapophyseal joint pain in a larger group of patients and found a similar
55% (95% CI, 49–61%) prevalence. In a study by Manchikanti’s
group in 2007,85 of 438 patients requiring 80% relief of pain
for 2-hour duration with lidocaine and 3-hour duration with
bupivacaine, a 39% prevalence of zygapophyseal joint–
mediated pain was demonstrated. Corroborating the high
prevalence of cervical zygapophyseal joint pain, Yin and
Bogduk186 in a private practice clinic audit found a 55%

FIG. 16.7 Patterns of referred pain from cervical zygapophyseal joints in
normal volunteers (From Dwyer A, Aprill C, Bogduk N. Cervical
zygapophyseal joint pain patterns. Part 1: a study in normal volunteers.
Spine. 1990;15:453–457.)
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FIG. 16.8 (A) Lateral view of cervical spine showing variable locations of
medial branches. At C3, the location of the C3 deep medial branch is
shown. The inset shows the location of the third occipital nerve. The shaded
area shows where the C3 deep branches and third occipital nerve overlap.
The C5 medial branch is located in the middle of the articular pillar; at C6
and C7, medial branches are located progressively higher. (B)
Anteroposterior view of the cervical medial branches. (From Bogduk N, ed.
Practice Guidelines for Spinal Diagnostic and Treatment Procedures. San
Francisco: International Spine Intervention Society; 2004.)

prevalence of cervical zygapophyseal joint–mediated neck
pain using a strict double-block comparative protocol. In a
recent well-executed prospective outcome study, MacVicar
et al.152 further corroborated the diagnostic value of diagnostic
MBBs. His study found that 100% pain relief following rigorously evaluated comparative MBBs predicted that between
61% to 74% of patients will obtain 80% or greater pain relief
following cervical medial branch neurotomies for an average
of 17 to 20 months ater the primary procedure and an average
of 15 months ater repeat procedures.152
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joints.154 A later follow-up study by the same group failed to
conirm the apparent high speciicity and sensitivity, however,
and reported a high sensitivity but low speciicity and concluded that manual examination of the cervical spine lacks
validity for the diagnosis of cervical zygapophyseal joint pain.
In the study by Aprill and colleagues146 of C1–C2 zygapophyseal joint pain as a source of occipital headache, only 60% of
the patients shared clinical criteria that predicted a positive
response to the block.
Advanced imaging has not been correlated with positive
responses to diagnostic blocks. Hechelhammer and colleagues155 found no relationship between short-term pain
relief ater cervical intraarticular and pericapsular injection of
local anesthetic and corticosteroid and the degree of osteoarthritis graded on a CT scan.

Thoracic Spine
C3
R

C3\4

he prevalence of patients who complain of chronic upper
back or mid-back pain ranges from 3% to 22%.32,156,157 One
survey study of 35- to 45-year-old patients estimated the
prevalence of thoracic pain to be 15%.158 horacic zygapophyseal joint pain referral patterns have been reported (Fig.
16.10).159,160 horacic medial branch anatomy has also been
described (Fig. 16.11).161 However, it must be acknowledged
that a “thoracic zygapophyseal joint syndrome” has not been
described in detail relative to the cervical and lumbar zygapophyseal joint syndromes outlined earlier. Given the relative
lack of mobility in the sagittal plane (i.e., lexion and extension) at the thoracic zygapophyseal joints due to their relatively
coronal orientation, less loading stress occurs at these levels

C4

C5

FIG. 16.9 Lateral luoroscopic view of a C3–C4 zygapophyseal joint
injection using a 3.5-inch, 25-gauge needle. Note contrast dye in posterior
and anterior capsular folds (arrows). (Courtesy Richard Derby, MD.)
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FIG. 16.10 Maps of referred pain patterns in segments indicated. (A) Based on Dreyfuss et al.139 in normal
volunteers. (B) Based on Fukui et al.160 in patients with single positive zygapophyseal joint block. (From Bogduk
N, ed. Practice Guidelines for Spinal Diagnostic and Treatment Procedures. San Francisco: International Spine
Intervention Society; 2004.)
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Similar to lumbar zygapophyseal joint pain, there are no
high-quality studies showing a particular set of clinical features that can predict results of diagnostic cervical zygapophyseal joint blocks or MBBs.153 With diagnosis by MBBs, one
exceptionally skilled manipulative therapist was able to identify
all 15 subjects with diagnostic block–proven symptomatic
zygapophyseal joints and specify the correct symptomatic
segment. None of the ive patients with asymptomatic joints
was misdiagnosed as having symptomatic zygapophyseal
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FIG. 16.11 (A–B) Composite sketch of work by Chua and Bogduk161 with
radiographs of cadaveric thoracic spines. Medial branches of thoracic dorsal
rami marked with wires to depict location with respect to transverse
processes. Note middle thoracic levels, where medial branches are within
intertransverse space versus crossing transverse process. (From Bogduk N,
ed. Practice Guidelines for Spinal Diagnostic and Treatment Procedures. San
Francisco: International Spine Intervention Society; 2004.)

relative to the cervical and lumbar zygapophyseal joints during
extension movements and postures.162,163
here are no pathognomonic clinical or radiographic indings by which thoracic zygapophyseal joint pain may be
diagnosed.164 As with the cervical and thoracic spine, diagnosis
is by suspicion and, at a minimum, the pain pattern should
correlate with established pain referral maps.147 he methods
that physicians apply clinically to the diagnosis and treatment
of thoracic zygapophyseal joint pain rest largely on research
done in the lumbar and cervical spine. his is not an entirely
unreasonable approach based on what clinicians know in
general regarding zygapophyseal joint anatomy and innervation; however, more research is needed.
Investigators have mapped out the referral patterns for the
thoracic joints. hese indings are oten used as a starting
point to select which thoracic zygapophyseal joints to
block.159,160 Dreyfuss and colleagues159 mapped out thoracic
zygapophyseal joint referral patterns in normal volunteers and
found that capsular distention did not provoke pain in 27.5%
of volunteers. Fukui and colleagues160 mapped out referral
patterns in patients with suspected thoracic zygapophyseal
joint pain who had a positive response to local anesthetic in
C7–T1 to T2–T3 and T11–T12 zygapophyseal joints. here
was considerable overlap between the C7–T1 and T2–T3
thoracic joints; thus, pain maps from these joints are not
considered reliable enough to identify the symptomatic segmental level. Dreyfuss and colleagues159 studied nine asymptomatic volunteers who underwent 40 provocative thoracic

FIG. 16.12 Left T3–T4 zygapophyseal joint intraarticular injection. Note
circular zygapophyseal joint arthrogram (arrow). (Courtesy Richard Derby,
MD.)

zygapophyseal joint injections from T3–T4 to T10–T11.
Referral patterns were consistently unilateral. he area of the
most intense pain for segments from T2–T3 to T11–T12 was
one level inferior and lateral. Signiicant overlap occurred over
three to ive levels. he researchers found that needle position
can be conirmed with 0.1 to 0.3 mL of contrast dye, and
adequate blocks can be achieved with a volume of 0.5 to
0.6 mL. Normally, thoracic zygapophyseal joints cannot hold
more than 0.75 mL (Fig. 16.12 shows a typical thoracic zygapophyseal joint block).17
One research group has performed the three studies in the
literature using a controlled, double-block paradigm, requiring 75% to 80% relief based on the duration of the local
anesthetic used.105,165,166 Combining all three studies with
patients presenting with chronic middle or upper spinal pain
(n = 183), using dual blocks obtains a 40% prevalence of
thoracic zygapophyseal joint syndrome, with a false-positive
rate of 42% if using a single-block paradigm.28
What is the predictive value of a positive dual block? In other
words, how well do patients fare who have positive dual blocks
and undergo therapeutic intervention? Research is limited in this
regard. One systematic review28 reported that only therapeutic
thoracic MBBs received a 1A or 1B/strong recommendation.
Manchikanti and colleagues167,168 performed two studies. In the
irst study, 55 consecutive patients were studied; greater than
70% of patients had statistically signiicant relief (deined as
>50% relief) at 3, 6, and 12 months. Most patients received four
injections of bupivacaine with or without 1 mL of Sarapin and
1 mg of methylprednisolone per milliliter of solution with 1 to
1.5 mL of solution injected per nerve. In the second study of 48
patients with positive dual blocks, 24 patients received bupivacaine, and 20 patients received bupivacaine plus betamethasone.
Statistically signiicant (>50%) pain relief was reported in both
groups at all time points up to 1 year. In the systematic review
of radiofrequency neurotomy, only two studies were on thoracic
medial branch neurotomy; however, both were of low quality
and failed to meet inclusion criteria for the review because of
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Summary
Chronic disabling spinal pain in a patient suggestive of “facet
(zygapophyseal joint) syndrome” that is unresponsive to usual
care may be considered for diagnostic comparative MBBs,
with low-volume MBBs favored due to superior evidence for
diagnostic speciicity. he levels to be investigated are typically
chosen by pain referral patterns described by the patient,
which are correlated with validated zygapophyseal joint pain
referral patterns. Upper neck pain and headache are most
commonly caused by the C2–C3 zygapophyseal joint, and
neck pain with shoulder girdle pain is most commonly caused
by the C5–C6 zygapophyseal joint. he clinician should not
neglect the C0–C1 and C1–C2 articulations as potential pain
generators, in which case diagnostic intraarticular blocks
would be used to help conirm or refute the diagnosis. Evaluation of the exact level of thoracic zygapophyseal joint pain
can be more challenging because pain may be referred over
more than three segments. Lumbar zygapophyseal joint referral patterns are also reported in the literature; zygapophyseal
joint pain may be localized or referred to the buttocks and
lower extremity.
Although comparative double blocks are considered the
reference standard for diagnosis, routine history, physical
examination, radiographs, and advanced imaging should be
obtained for completeness. he clinician oten inds elements
that rule out zygapophyseal joint syndrome and are more
suggestive of disc pathology, radiculopathy, or “red lag”
conditions that require diferent diagnostic and treatment
methods. here are also cases in which a history of trauma,
particularly whiplash, is highly suggestive of pain of zygapophyseal joint origin, with a known greater than 50% prevalence in the cervical spine. Certain speciic imaging indings,
if present, also may suggest zygapophyseal joint syndrome,
such as a positive SPECT scan, approximately 2 mm edema
on axial MRI of lumbar zygapophyseal joints, or a single
zygapophyseal joint with markedly deforming arthropathy
compared with other joints.
With regard to testing protocol, whether to perform MBBs,
intraarticular zygapophyseal joint injections, or both varies
depending on the situation and preference of the physician. If
one is conirming zygapophyseal joint–mediated pain in
preparation for possible medial branch neurotomy, one could
argue that MBB should be the method of choice due to
improved speciicity. If radiofrequency denervation of the
zygapophyseal joint is not planned or SPECT scan imaging
shows edema, intraarticular block is reasonable. In the case of
C0–C1 and C1–C2, intraarticular injections are the only
practical method of diagnosing zygapophyseal joint pain.
As noted earlier, preprocedural and postprocedural evaluation should be performed by unbiased personnel and checked
by the physician using standardized instruments. Evaluation

ater the procedure includes VAS of standard provocative
maneuvers and positions, as well as a report of subjective
percent relief of pain. Ideally, the patient would be tested at
approximately 30 minutes ater lidocaine block and approximately 40 to 60 minutes ater bupivacaine block. Ideally, a pain
diary over the 6 to 8 hours following the block procedure is
recorded by the patient and then reported the following day
in order to decrease recall bias. However, retesting at 2 to 3
hours postinjection is a more reliable protocol. A subject
should have at least 70% to 80% relief for a positive response
to be considered; at least 80% relief is more convincing.
Usually, two to three levels are evaluated per session. Depending on the importance of refuting or conirming whether a
particular zygapophyseal joint is symptomatic, one may select
fewer joints if needed.
Several technical parameters must be met to obtain useful
diagnostic information. Diagnostic volumes must be appropriate. Contrast medium will conirm accurate target identiication. For intraarticular zygapophyseal joint blocks, injection
volumes should be limited to 0.3 mL, 0.75 mL, and 1 mL in
the cervical, thoracic, and lumbar spine, respectively. For
MBBs, needle position may be conirmed with injection of a
small volume (0.3–0.5 mL) of contrast dye and the same
volume of local anesthetic. he interventionalist should
observe for venous uptake or undesirable low patterns. If
there is venous uptake, there is only a 50% chance of successfully anesthetizing the joint; thus, the interventionalist may
consider bringing the patient back at a later date or interpreting the results of the block accordingly.
Infection may occur ater any interventional procedure.
Various infections are reported ater zygapophyseal joint
injections, including paraspinal abscess,169 zygapophyseal
joint abscess,170 osteomyelitis,171 and epidural abscess.172 In
addition to infections, subdural injections or injection into the
spinal cord may occur. A case of transient tetraplegia173 was
reported during a cervical zygapophyseal joint injection performed without luoroscopy and most likely was an accidental
subdural injection of local anesthetic. Even when using luoroscopy, there is a risk of accidental subdural injection or
potential spinal cord injection. he danger is especially real
when performing cervical intraarticular injection using a
lateral technique. Using this technique, the needle is passed
laterally using a lateral luoroscopy view. If the anteroposterior
view is not periodically checked, one may not recognize
passage of the needle through the zygapophyseal joint and
dura and then into the cord. In a thin individual, the cord may
be reached with a 1-inch needle. Keeping the needle directly
over the inferior or superior zygapophyseal joint and touching
the bone before entering the joint helps the interventionalist
avoid accidentally entering the spinal canal.

Sacroiliac Joint
With the gradual acceptance of local anesthetic block relief
ater luoroscopy-guided sacroiliac joint blocks as the reference standard for diagnosis, there is a renewed interest in the
sacroiliac joint as a legitimate source of chronic pain.26 he
degree of impact on health is the same as that of radiculopathy,
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lack of diagnosis by controlled blocks, small patient sample, and
other methodologic shortcomings.28 More research is needed in
regard to diagnosis and treatment of thoracic pain so that the
evidence can be graded and systematically reviewed, the caveat
being that a lack of evidence is not equivalent to no evidence.
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as evidenced by statistically similar scores in health-related
quality-of-life testing instruments between patients with a
diagnosis of sacroiliac joint pain and patients with a diagnosis
of radiculopathy.161
Similar to zygapophyseal joint and discogenic pain, the
diagnosis of sacroiliac joint pain depends on the reference
standard used (and the particular population studied) to
conirm the diagnosis. Society guidelines most oten require
a placebo control or diferential blockade with 50% to 90%
relief.3,147,174 Typically, a diferential duration of reported pain
relief of lidocaine (approximately 2–3 hours) compared with
bupivacaine (approximately 4–6 hours) is required. Although
concordant provocation of pain during joint arthrography has
been used as an additional requirement, the high percentage
of asymptomatic patients reporting pain during sacroiliac
joint injection implies that provocation has a high falsepositive potential. Currently, using the dual-block paradigm,
the best estimates of prevalence of sacroiliac joint–mediated
pain in patients with low back symptoms range from 10% to
38%, but the lower end of this range is likely most accurate.175,176
For single, uncontrolled sacroiliac joint injections, the falsepositive rate is 20% to 54%.177–181

Pathophysiology
he sacroiliac joint has long been recognized as a synovial,
luid-illed diarthrodial joint between the sacrum and ilia with
thick, 6-mm sacral cartilage and thinner, approximately 1-mm
iliac cartilage (Fig. 16.13). he joint is auricular or C-shaped,
with the convex side of the “C” facing anteriorly and inferiorly
(Fig. 16.14).182 Although the anterior portion is no more than
a thickened capsule, the posterior capsule blends into the
extensive, thick posterior ligamentous structures, which bind
the sacrum to the spine and bilaterally to the ilia. Ater puberty,
the iliac surface develops a convex ridge and the sacral surface
develops a corresponding concave depression. hese articular

surfaces allow slight movement between the contiguous bony
surfaces.
Although early in life gliding motions in all directions are
permitted, by the middle of the second decade of life, the joints
develop prominent ridges centrally along the entire length of
the iliac surface and a corresponding groove along the sacral
surface. Bowen and Cassidy182 believed that this interdigitation of the joint surfaces restricts motion to a sagittal rotation
or posterosuperior-anteroinferior “nodding” along the crest of
the interdigitations. he motion is complex, however, and
usually limited to less than 4 degrees of rotation and less than
1.6 mm of translation. Signiicant motion occurs only ater
severing the interosseous ligament.183 It is unclear whether a
type or degree of sacroiliac joint motion causes pain in older
individuals. Beyond the sixth decade, cadaveric specimens
commonly show a central region of ossiication of the interosseous sacroiliac ligament and the presence of ridges and
depressions, which likely result in little to no movement of the
sacroiliac joint in these older individuals.184 Although there is
restriction by periarticular osteophyte formation, intraarticular bony ankylosis appears rare.182
Several investigators have studied the innervation of the
sacroiliac joint. Nakagawa185 reported innervation from the
ventral rami of L4 and L5; the superior gluteal nerve; and
the dorsal rami of L5, S1, and S2. An anatomic dissection of
the innervation of the sacroiliac joint was performed by Yin
and colleagues186 for the purpose of deining the exact position of the nerves for “sensory stimulation–guided sacroiliac
joint radiofrequency neurotomy.” hese authors dissected
cadavers and placed small-gauge wires adjacent to the lateral
branch nerves entering the joint and over the dorsal sacrum
to the dorsal sacral foramen from S1 to S3. In 1988, Willard187
reported dissection of 10 cadavers, which revealed that the S1
and S2 lateral branches provide the primary innervation of
the sacroiliac joint and associated dorsal ligaments. An occasional contribution was found by S3 but not S4. Predominant

Inferior
capsular
recess

FIG. 16.13 Anteroposterior view of left sacroiliac joint injection. Note
contrast dye illing the capsule, including the inferior capsular recess
(arrows). (Courtesy Richard Derby, MD.)

FIG. 16.14 Lateral view of sacroiliac joint injection. Note contrast dye illing
the joint space. Also, note the C shape of the joint facing anteriorly (arrows).
(Courtesy Richard Derby, MD.)

Chapter 16 Targeting Pain Generators

colleagues194 studied 55 patients with herniated discs with
axial and referred leg pain, without objective neurologic deicits but with positive sacroiliac provocation tests. Using
intraarticular injection of local anesthetic as the reference
standard, the mean baseline VAS pain score decreased 30
minutes ater injection, from 7.8 to 1.3. In 46 patients 8 weeks
ater injection, VAS scores ranged from 0 to 3.
he question of whether fusion surgery leads to increased
stress on the sacroiliac joint and may be a cause of failed back
surgery syndrome was irst raised by Frymoyer and colleagues,195 although their method of assessing sacroiliac joint
pathology yielded a negative result. In 1978, Frymoyer and
colleagues195 evaluated patients with radiographs (no diagnostic blocks) 10 years ater posterior fusion versus postdiscectomy and found no signiicant diference in radiographic
abnormalities; they opined that sacroiliac pain was “noncontributory” to persistent low back pain ater surgery. In their
subject population, they believed that the grat donor site was
a more common pain generator. Fusion to the sacrum might
be expected to stress the sacroiliac joints and lead to late
failures or to early failures owing to undiagnosed sacroiliac
joint pain. Ha and colleagues196 prospectively examined 37
patients undergoing posterolateral lumbar and lumbosacral
fusions; 22 patients had a loating fusion, and 10 patients had
a lumbosacral fusion. CT scans of the sacroiliac joint were
performed before surgery and at 2 weeks, 1 year, and 5 years
ater surgery and compared with 34 matched controls. he
incidence of sacroiliac joint degeneration was 75% in the
fusion group versus 38.2% in the control group and greater in
patients fused to the sacrum. Both groups reported signiicant
improvements in VAS and Oswestry Disability Index scores,
and there was no diference in scores between the two groups.
More recent research has shown that the sacroiliac joint can
be a signiicant source of pain ater fusion. Biomechanical
models seem to support these conclusions. Ivanov and colleagues197 performed a inite-element study with lumbosacral
models and fusion constructs and found that fusion to the
sacrum increased motion and stresses at the sacroiliac joint.
Cadaveric studies show that disruption of the ventral band of
the iliolumbar ligament signiicantly increases sacroiliac joint
mobility.198 Ebraheim and colleagues199 evaluated the prevalence of sacroiliac joint disruption by CT scan in 24 patients
ater fusion with persistent “donor site pain” ater posterior
superior iliac crest grat harvesting. hey found a high prevalence of persistent sacroiliac joint pain in patients with innertable disruption. Patients with violation of the synovial portion
of the sacroiliac joint had severe degenerative changes on CT
versus mild to moderate degeneration with inner-table disruption only. It seems that the original hypothesis by Frymoyer
and colleagues195 that sacroiliac joint dysfunction was the
cause of donor site pain may have been correct.
What is the evidence for using diagnostic blocks as the
reference standard? Diagnosis of sacroiliac joint pain has been
reported by researchers using single and dual blocks; with
these methods, prevalence rates of sacroiliac joint pain ater
lumbar fusion range from 27% to 35%. Maigne and Planchon200 studied 40 patients ater fusion with continued pain
using 75% pain relief ater a single sacroiliac joint intraarticular
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innervation from lateral branches of S1 was also reported
by Grob and colleagues.188 hese authors found that dorsal
nerves derived from S1–S4 exclusively innervated the sacroiliac joint and associated ligaments. Nerves were distributed
to supericial and deep dorsal sacroiliac ligaments and to the
sacrotuberous and sacrospinous ligaments. Emerging from
the sacral foramen, the nerves course laterally, sandwiched
between supericial and deep portions of the sacroiliac ligaments. here is a great variability in the location and number
of lateral branch nerves side to side and between individuals.186
Due to this variability, the current standard for blocking the
posterior sacroiliac joint as associated dorsal ligaments is to
block the L5 dorsal ramus and S1–S3 lateral branches using
a multisite, multidepth technique described by Dreyfuss and
colleagues.189
Berthelot and colleagues190 used the term sacroiliac joint
lato-sensu to describe pain from the sacroiliac joint that may
be emanating from adjoining ligaments rather than simply the
synovial joint. hese ligaments include the iliolumbar ligaments, dorsal and ventral sacroiliac ligaments, and sacrospinous and sacrotuberous ligaments. he prevalence of pain
originating from these structures has received little formal
study, and there is no validated technique to diagnose ligamentous pain. Nevertheless, sacroiliac joint ligamentous pain
is proclaimed as a frequent primary source of low back and
buttock pain by orthopaedists.191 More important, a negative
response to a sacroiliac joint injection does not mean that pain
does not originate from the iliolumbar ligament and sacroiliac
joint ligaments. A more recent histologic study found calcitonin gene-related peptide and substance P immunoreactive
nerve ibers in the normal sacroiliac joint anterior capsular
ligament and interosseous ligament. he authors of the study
opined that diagnostic iniltration techniques for sacroiliac
joint pain should employ extraarticular and intraarticular
approaches.192
In contrast to the zygapophyseal joints, the sacroiliac joint
supporting ligaments are thick, and intraarticularly injected
local anesthetic may not adequately difuse into the sacroiliac
ligaments. Using a single or comparative block protocol, one
can investigate sacroiliac joint ligaments by luoroscopically
guided injections of local anesthetics into the ligaments. Ligamentous injections have not undergone rigorous academic
inquiry, however, and because the injections are rarely or
poorly reimbursed by third-party payers and treatment of
ligamentous laxity typically involves unreimbursed “prolotherapy,” there is little incentive for expensive investigations.
he information is important, however, and diferential pain
arising from the sacroiliac joint versus sacroiliac joint ligaments is reported.
In a comparative study, Murakami and colleagues193 performed periarticular injections in 25 patients and intraarticular
injections in another 25 patients. Periarticular injections
relieved, on average, 92% pain in 100% of the injected patients
compared with only 9 of 25 patients receiving intraarticular
injections. All 16 patients not receiving relief by intraarticular
injections were improved ater periarticular injections. he
presence of other structural abnormalities does not rule out
the sacroiliac joint as a primary source of pain. Weksler and
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injection as the gold standard. hey reported a 35% rate of
positive blocks. he only characteristic that distinguished the
positive from the negative responders was a diferent distribution of postoperative pain compared with preoperative pain.
A pain-free interval of 3 months ater surgery was signiicant;
however, increased uptake in the sacroiliac joint on bone
scintigraphy or posterior iliac bone grat harvesting was not
signiicant.
Katz and colleagues201 studied 34 patients ater lumbosacral
fusion with continued pain thought to be due to the sacroiliac
joint with intraarticular injections of local anesthetic and
corticosteroids. Eleven patients (32%) had greater than 75%
pain relief with local anesthetic and a minimum of 10 days of
continued pain relief (with steroid) and were considered to
have deinite sacroiliac joint pain. Another 10 patients (29%)
had greater than 75% relief with local anesthetic but no longterm relief. here was no correlation between the donor site
and pain side. Irwin and colleagues177 used dual comparative
sacroiliac joint blocks as the reference standard to deine
sacroiliac joint pain and found that the 27% of positive
responders tended to be older. hey found no statistical relationship between age, body mass index, and gender.

Diagnostic Accuracy of Clinical History and Physical
Examination for Sacroiliac Pain
he diagnostic utility of history and accepted sacroiliac joint
physical examination tests was irst rigorously examined by
Dreyfuss and colleagues in 1996.202 heir study was designed
to determine if any single or combination of 12 history and
physical examination indings could predict intraarticular
sacroiliac joint pain as judged against a single positive intraarticular sacroiliac joint block with greater than 90% pain relief.
In 85 patients, there were 45 positive blocks. None of the 12
physical examination tests, the presence of 5 to 12 positive
tests, or any combination of these 12 tests correlated with the
presence of sacroiliac joint pain. One important historical
feature was notable, however: only 2 of 45 patients drew pain
above the L5 level, suggesting that pain below L5 is more likely
to be of sacroiliac joint origin. Maigne and colleagues176
reached a similar conclusion using dual comparative blocks:
no single provocation test reached statistical signiicance in
the 10 patients (18.5%) who had temporary pain relief on the
conirmatory injection.
Although no single provocative maneuver has been shown
to be of diagnostic value, using the dual-block paradigm,
several studies have obtained highly acceptable sensitivity
(85–91%) and speciicity (78–79%) rates by combining three
or more sacroiliac joint pain provocation tests for diagnosis
by physical examination.12,178,179,181,203 here is some slight
variation in the tests used by various authors but, in summary,
they include the following provocation tests: thigh thrust,
distraction test, Gaenslen test, Patrick sign, compression test,
midline sacral thrust test, and heel drop test. Speciicity
increased to 87% if the patient’s pain did not centralize or
could not be made to move toward the spinal midline (which
is typical of discogenic pain).204 When three or more provocation tests (distraction, compression, thigh thrust, Patrick sign,

Gaenslen test) are negative, the likelihood of sacroiliac joint
pain is very low (6–15%); when all provocation tests are negative, the sacroiliac joint was never the source of pain.178,179,181,204
With regard to pain referral maps, Slipman and colleagues205
and Dreyfuss and colleagues202 concluded that of all alleged
signs of sacroiliac joint pain, maximum pain below L5 coupled
with pointing to the posterior superior iliac spine or tenderness just medial to the posterior superior iliac spine (sacral
sulcus tenderness) has the highest positive predictive value of
60% of true sacroiliac joint–mediated pain; if these do not
exist, the likelihood of sacroiliac joint pain is less than 10%. It
must be noted that sacroiliac joint pain can refer into various
aspects of the lower extremity, with 94% of patients reporting
buttock pain, 48% reporting thigh pain, and 28% reporting
lower leg pain (Fig. 16.15).175,176,206 However, referral to the
lower extremity may not always be reliably distinguished from
other pain sources (e.g., S1 radiculopathy).175,207
Last, although pain referral patterns between responders
and nonresponders are similar, Fortin and colleagues208
described an area of pain approximately 3 × 10 cm just inferior
to the posterior superior iliac spine that was common in all
subjects with sacroiliac joint pain. More recently, Murakami
and colleagues209 studied the speciicity and sensitivity of the
“Fortin” point with periarticular injections. Labeled the one
inger test, 18 of 38 patients pointed to a location of pain at the
posterior superior iliac spine or within 2 cm of the posterior
superior iliac spine, which had a positive response to periarticular sacroiliac joint block. he authors recommended that
sacroiliac joint pain should be considered in patients who can
point to their pain using one inger in the vicinity of the
posterior superior iliac spine.
Systematic reviews report various conclusions regarding
the speciicity of the physical examination and sacroiliac joint
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FIG. 16.15 Density of referral zones for sacroiliac joint pain. 0.5+ is the least
common referral zone; 4+ is the most common referral zone. (From Dreyfuss
P, Dreyer S. Sacroiliac joint pain. J Am Acad Orthop Surg. 2004;12:255–265.)
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Diagnostic Accuracy of Imaging
No imaging studies consistently provide indings that are
helpful to diagnose primary sacroiliac joint pain. CT, MRI,
and bone scan are done predominantly to exclude other causes
of pain rather than to diagnose mechanical sacroiliac joint
pain. Among patients referred to a low back pain clinic with
a variety of pathologies, Hodge and Bessette212 found a high
percentage (75%) of patients with sacroiliac joint arthritis
shown on CT scan. Although these authors did not conirm
the diagnosis with sacroiliac joint injections, they opined that
sacroiliac joint arthritis should be considered a possible
diagnosis.
here is limited diagnostic value of CT scan in mechanical
sacroiliac joint disease as deined by pain relief ater sacroiliac
joint blocks under CT scan guidance. Comparing the CT
scans of patients diagnosed with sacroiliac joint pain using
image-guided analgesic sacroiliac joint blocks with a matched
control group of asymptomatic patients, Elgafy and colleagues213 reported that an abnormal sacroiliac joint CT scan
had a sensitivity of 57% and a speciicity of 69% for identifying
sacroiliac joint pain. Although sacroiliac joint scintigraphy
can detect early sacroiliitis,214 stress fractures, infection, and
tumors, the sensitivity of bone scans for detecting mechanical
sacroiliac joint pain is poor (range, 12–46%),215,216 Patients
with a positive bone scan are likely to have mechanical or
arthritic sacroiliac joint pain with a reported speciicity of 90%
to 100%.205,217

Diagnostic Accuracy of Sacroiliac Joint Injections
In a recent prospective case series of 1408 patients undergoing
dual-session sacroiliac joint blocks, the authors found that the
irst sacroiliac joint block will be conirmed by the conirmatory injection in 87% of cases.218 However, the current recommended standard for diagnosing sacroiliac joint pain is pain
relief ater dual controlled sacroiliac joint injections, owing to
the high false-positive rate of single blocks reported in prior
publications17,177 When blocking the sacroiliac joint or lateral
branches of the sacroiliac joint, imaging guidance must be
used. he success of “blind” intraarticular injection is only
22%.219 A positive response should include approximately 70%
to 80% relief for 1 to 2 hours of relief ater a lidocaine block

and 3 to 4 hours of relief ater a conirmatory block with
bupivacaine. Although the reference standard is reasonable,
there are several caveats for the diagnosis of mechanical pain
originating within the sacroiliac joint. Patients may exhibit
extraarticular or periarticular sacroiliac joint pain or perhaps
both. As noted earlier, Murakami and colleagues193 relieved a
signiicant amount of sacroiliac joint pain with periarticular
injections. In a retrospective review of 120 patients, subjects
who received intraarticular and periarticular injections had
superior pain relief compared with subjects receiving intraarticular injections alone.220
False-positive results may occur secondary to leak of local
anesthetic through capsular tears, which may be present even
in asymptomatic individuals. Extracapsular low is present in
61% of sacroiliac joint intraarticular injections in patients.221
Of sacroiliac joint intraarticular injections, 27% show extravasation that communicates with nearby neural structures,
including dorsal sacral foramina extravasation, superior recess
extravasation at the sacral ala level to the ith lumbar epiradicular sheath, and ventral extravasation to the lumbosacral
plexus.221 Patients who have postblock extremity numbness
are usually considered to have a leak, and the block is typically
repeated at a diferent session. In such cases, it may also be
reasonable to use multisite, multidepth blocks of the L5 dorsal
ramus and S1–S3 lateral branches in order to avoid anesthesia
of confounding anterior structures.
More important is the potentially signiicant false-negative
response rate because of a failure to anesthetize extracapsular
pain sources mentioned previously. Block of the sacroiliac
joint dorsal innervations may ofer a solution because the
block would potentially denervate intraarticular and extraarticular pain sources. Because the sacroiliac joint and ligaments
are innervated, similar to the zygapophyseal joint, the joint
and capsules are regarded as the same structure. In contrast
to the zygapophyseal joint, the sacroiliac joint is surrounded
by thick supporting ligaments, and intraarticular injected
local anesthetic may not anesthetize the ligaments.
Dreyfuss and colleagues207 used a double-blind randomized controlled trial to assess ability of single-site, single-depth
L5 dorsal ramus and S1–S3 lateral branch blocks to anesthetize
the sacroiliac joint in 19 volunteers, using sacroiliac joint luid
distraction before and ater blocks to determine efectiveness.
he authors reported that only 40% of the volunteers did not
feel distention ater the blocks. he poor results prompted a
cadaveric study of multisite,189 multidepth blocks to anesthetize the joint. L5 dorsal ramus block was performed at the
standard location of the S1 superior articular process and the
sacral ala; S1–S2 lateral branches were blocked (right side) at
these clock positions—2:30, 4:00, and 5:30; and S3 lateral
branch was blocked at the right 2:30 and 4:00 positions. he
lateral branch blocks were performed 8 to 10 mm lateral to
the posterior sacral foramen. A 0.2 mL volume of green dye
was injected on the dorsal sacral plate, and an additional
0.2 mL was injected 2 to 3 mm above the sacral plate.
Dissection revealed that the S1–S3 lateral branch nerves
were stained in 91% (31 of 34) of cases. Employing the same
protocol on 20 volunteer subjects using intraosseous ligament
probing and capsular distention, Dreyfuss and colleagues189
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block to diagnose sacroiliac joint pain based on the authors’
assessment of the diagnostic accuracy of sacroiliac joint
blocks. he review by Berthelot and colleagues190 concluded
that sacroiliac joint blocks and sacroiliac joint maneuvers were
unreliable for diagnosing sacroiliac joint pain. In contrast,
Hansen and colleagues210 concluded in their review that there
was moderate evidence for the speciicity and validity of
diagnostic sacroiliac joint injection and limited evidence for
the accuracy of provocative maneuvers. Using a comparative
double-block reference standard, the most recent metaanalysis and systematic review concluded that the pooled data
of the thigh thrust test, compression test, and three or more
positive stress tests showed discriminative power for diagnosing sacroiliac joint pain.211
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found that 86% of the sham local anesthetic injection subjects
retained the ability to feel capsular distention, leading the
authors to conclude that lateral branch blocks do not reliably
block the intraarticular portion of the joint and that intraarticular blocks do not reliably block the extraarticular ligaments. One may conclude that to evaluate fully intraarticular
and extraarticular pain sources, dorsal ramus and lateral
branch blocks and intraarticular injections should be done.
he caveat is that the nerve blocks were successful in 70% of
cases, leaving a potential 30% false-negative cases. Injecting
larger volumes or injecting the ligaments directly may potentially reduce the false-negative results with the risk of increasing false-positive results secondary to leak of local anesthetic
through the posterior foramen.

Predictive Value
Surgical fusion outcomes for mechanical sacroiliac joint pain
are reported for only a few small case series audits of initial
outcomes ater several “new” techniques for fusing the sacroiliac joint.222–225 Published case series use pain relief ater
image-guided analgesic sacroiliac joint injections as the reference standard for diagnosing sacroiliac joint pain. Although
Schutz and Grob223 reported an 82% unacceptable outcome
ater bilateral sacroiliac joint fusion in 17 patients based on
results from sacroiliac joint anesthetic block, three other
studies using novel techniques reported more favorable results
for mostly unilateral fusions. Al-Khayer and colleagues224
reported an approximate 50% decrease in VAS and a 14-point
decrease in Oswestry Disability Index in nine patients at 2
years ater percutaneous sacroiliac joint arthrodesis using a
Hollow Modular Anchorage screw (Aesculap). Using percutaneously inserted fusion cages and bone morphogenetic
protein, Wise and Dall222 reported an average back pain VAS
improvement of 4.9 and leg pain VAS improvement of 2.4 in
13 patients at 6 months. Finally, Ziran and colleagues,225 using
CT-guided sacroiliac joint blocks as a reference standard,
percutaneously fused 17 patients with recalcitrant sacroiliac
joint pain and found a statistically signiicant correlation (P <
.02) between inal postoperative pain scores and preinjection
as well as postinjection pain scores.
Evidence is limited to a small body of literature, including
mostly observational studies assessing the outcome of various
treatments for sacroiliac joint pain. Cohen and colleagues226
performed a randomized sham-controlled trial, selecting
patients for various types of radiofrequency neurotomy of the
L4 medial branch, L5 dorsal branch, and S1–S3 lateral branches
using the reference standard of a single sacroiliac joint intraarticular block with greater than or equal to 75% relief of pain
for 2 hours ater injection of 2 mL of bupivacaine. Of 18
patients, 13 obtained satisfactory relief of pain with average
scores reduced by 60%, 50%, and 57% at 1 month, 3 months,
and 6 months, respectively. Only two patients in the placebo
group obtained relief; pain scores of the placebo subjects were
unchanged from baseline. Yin and colleagues186 used dual
injection into the sacroiliac joint intraosseous ligament to
diagnose sacroiliac joint pain. Of patients, 64% reported a
minimum of 60% subjective pain relief for a minimum of 6

months ater sensory stimulation–guided sacral lateral branch
radiofrequency neurotomy. he remainder of this clinical
outcome literature is reviewed elsewhere.227

Summary
Sacroiliac joint pain is a signiicant cause of chronic low back
pain that is diagnosable and treatable with precision injection
techniques. he prevalence of sacroiliac joint pain, based on a
dual diferential block protocol, ranges from 10% to 38%; for
single, uncontrolled blocks, the false-positive rate is 54%.177–181
he sacroiliac joint as a pain generator is no longer disputed.
Current research also suggests that the sacroiliac joint is a
signiicant source of persistent pain ater lumbar fusion and
may be a cause of grat donor site pain.199–201 Although motion
is limited and complex, the joint is known to rotate less than
4 degrees and to translate less than 1.6 mm. Anatomic studies
have elucidated the innervation to the joint, with most practitioners directing diagnostic and therapeutic interventions to
the L5 dorsal ramus and S1–S3 lateral branches.185,187 Sacroiliac
joint pain is now thought to emanate from the joint itself but
also from extraarticular dorsal ligamentous sources. Interventionalists are just beginning to diagnose and treat putative
extraarticular pain generators.
In contrast to the history and physical examination for
zygapophyseal joint pain, certain diagnostic features for
sacroiliac joint pain have been validated by controlled
blocks. Maximal pain below L5 coupled with pointing to
the posterior superior iliac spine has a predictive value of
60%.202,205 Although no single physical examination test has
been shown to be of satisfactory diagnostic value in isolation, using the dual-block paradigm, several studies have
shown high sensitivity (85–91%) and speciicity (78–79%)
for accurately identifying the sacroiliac joint as the source of
pain by combining three or more provocative maneuvers.179,181
Speciicity increases to 87% if the patient’s pain cannot be
centralized.204 Diagnostic imaging of sacroiliac joint pain
has not been shown to be helpful other than excluding
nonmechanical causes of sacroiliac joint pain. he sensitivity of bone scans for detecting sacroiliac joint pain is poor
(range 12–46%).215,217 CT scan of the sacrum in a patient with
persistent low back or buttock pain ater lumbar fusion may
be useful, particularly if the synovial joint has been violated.
In these patients, severe degenerative changes were found on
CT scan.199
he current standard for diagnosis of sacroiliac joint pain
is approximately 70% relief of pain for 1 to 2 hours ater
lidocaine block and 3 to 4 hours ater bupivacaine block. Total
volume should be limited to 1.5 mL. he interventionalist
should carefully study the joint arthrogram for any evidence
of extravasation via the dorsal sacral foramina, superior joint
recess and ith lumbar epiradicular sheath, or ventral capsule
to the lumbosacral plexus because this can cause false-positive
responses. Not all patients obtain relief from intraarticular
joint injections, and extraarticular sources of pain must be
evaluated as well. Other techniques for diagnosis and treatment of the sacroiliac joint include targeting the L5 dorsal
ramus and S1–S3 lateral branches.
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Middle Compartment: Selective Nerve
Root Blocks
Radicular Pain and the Role of Selective Nerve
Root Blocks
Patients with clinically signiicant radicular pain unresponsive
to conservative care and medications may be ofered a therapeutic injection, including local anesthetic and corticosteroids.
he injection can be performed using an interlaminar, transforaminal, or combined approach and can be performed at all
suspected levels using volumes of injectant that cover all
suspected symptomatic levels. If the patient has convincing
pain relief for 1 week or longer, it is likely that the cause of
pain is reversible and secondary to inlammation.34 More
important, if the patient reports minimal or very short-term
relief of extremity pain, the pain has been present for greater
than 1 year, and the ofending pathology is unconvincing, the
pain may be neuropathic or referred somatic pain.34 If pain
relief is satisfactory and lasts several weeks or longer, one may
use additional therapeutic injections to facilitate conservative
care, and there may be no need to proceed with exactly identifying the symptomatic level. When pain recurs or is poorly
responsive to therapeutic injections and the clinical and
imaging studies are inconclusive or indicate more than one
potential pain level, diagnostic transforaminal injections may
be considered. Box 16.1 summarizes indications for diagnostic
selective nerve root blocks.
Despite the growing sophistication of modern imaging,
the source of extremity pain is not always clearly apparent.
Extremity pain may also be referred from the hip, buttock,
or shoulder secondary to intrinsic pathology in these

structures. Radicular pain can be secondary to entrapment
by bone, ligament, or disc or result from leakage of noxious
cytokines from either the disc or an inlamed zygapophyseal
joint without evidence of compression. Segmental instability,
albeit diicult to detect or prove, may cause repetitive dynamic
irritation of the dorsal root ganglion leading to chronic dorsal
root ganglion hypersensitivity. Advanced MRI oten shows
multilevel degenerative pathology, abnormalities on the side
opposite the patient’s symptoms, or abnormalities that are
asymptomatic.228–230 Except for the most profound structural
abnormalities, MRI provides morphologic information only;
correlations must be made with clinical presentation in order
to establish the signiicance of imaging indings.231 Confounding the diagnosis further, pain patterns may not follow classic
referral distributions.232,233
Before considering surgical interventions, one should have
a clear diagnosis with concordant imaging studies that show
a surgically correctable lesion compressing the spinal nerve
root, dorsal root ganglion, or ventral ramus. Pain referral
patterns and physical examination indings should also be
consistent with the suspected level of pathology. Most singlelevel entrapments are obvious. If not, further diagnostic
information may be considered, such as selective nerve root
blocks. Some interventionalists and surgeons still ind myelography useful because MRI may miss a sequestered fragment
or the MRI cuts may not be ine enough to detect the pathologic lesion.
Selective injection of local anesthetic around the spinal
nerve within or near the intervertebral foramen has long been
used to help surgeons conirm or refute a hypothesis that a
particular spinal nerve root is the source of pain. Selective
nerve root blocks are distinguished from transforaminal epidural steroid injections. With a selective nerve root block, a
small volume of contrast medium, approximately 0.5 mL, is
injected with the goal of outlining the exiting spinal nerve and
ventral and dorsal roots (Figs. 16.16 to 16.18); then, the same
volume of local anesthetic is injected such that epidural low
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BOX 16.1

Indications for diagnostic selective nerve root blocks

1. Patients with radicular pain without localizing signs to indicate
which level is involved
2. Patients without obvious nerve root entrapment on high-quality
imaging studies
3. Patients with chronic radicular pain present for ≥1 year, resistant to
usual care and being considered for surgery
4. Patients with persistent pain after surgery or status following
multiple surgeries
5. Patients with radicular symptoms in more than one distribution with
multilevel structure impingement
6. Patients with atypical extremity pain
7. Nondiagnostic or conlicting results of imaging studies, discography,
or electromyography

“Safe” triangle

Dorsal root
ganglion
Spinal nerve

Ventral ramus
Dorsal ramus

FIG. 16.16 Spinal nerve within the intervertebral foramen. The spinal nerve
is a short segmental structure that quickly divides into ventral and dorsal
rami. A selective nerve root block places local anesthetic no further than the
6 o’clock position on the pedicle. (From Bogduk N, Aprill C, Derby R. Epidural
steroid injections. In: White AH, ed. Spine Care. Vol. 1: Diagnosis and
Conservative Treatment. St. Louis: Mosby; 1995:322–343.)
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If pain persists, new techniques have also been described
for blocking the interosseous sacral ligaments.220 Regarding
the predictive value of diagnostic sacroiliac joint injection for
sacroiliac joint arthrodesis, some case studies show poor
results for arthrodesis; other studies using novel techniques
report better results.222–225 Evidence exists for the efectiveness
of neurotomy of sacroiliac joint lateral branches ater diagnostic block.227 Other researchers have also shown promising
results with periarticular blockade.193
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C7 spinal
nerve

FIG. 16.17 Anteroposterior view of a right C7 selective nerve root block
(arrow). The C7 nerve root is outlined by contrast dye and is located in the
C6–C7 foramen. A 1.5-inch, 25-gauge needle was used to inject 0.3 mL of
contrast dye. There is no spread of contrast dye around the pedicle and into
the epidural space. (Courtesy Richard Derby, MD.)

LT L5

FIG. 16.18 Left L5 selective nerve root block. Note how 0.5 mL of injected
contrast dye surrounds and outlines the root and dorsal root ganglion.
There is a cutof of contrast dye at the lower and medial border of the
pedicle because of scar tissue from prior surgery (arrow).

to adjacent nerve root levels does not occur234 in order to
maintain speciicity to the single nerve root in question. With
selective nerve root blocks, relief of pain does not determine
the cause of pain. Greater or lesser relief of pain may occur
even if the cause of pain is peripheral entrapment or if the
blocked nerve innervates a painful structure, such as the hip.
Relief of pain for the duration of the local anesthetic may
occur even if the root has irreversible damage.

History
Spine surgeons began using diagnostic root blocks in the late
1960s to help locate sources of radicular pain not well

visualized with myelography.233,235–238 Provocation of symptoms, pattern of the neurogram, and relief of pain were used
to identify hidden pathology that was later conirmed or
refuted during surgical exploration. A high degree of correlation was found between “positive” blocks and surgical indings.
In addition, some early studies began reporting the surgical
outcome based on selective nerve root block indings.236 he
routine use of CT and MRI improved the identiication of
structural causes of root compression, and some surgeons
began using root blocks in diicult cases in which provocation
and relief of pain helped to determine the operated level.239–242
Surgeons noted that although MRI and CT improved visualization of pathology, imaging did not correlate with cause of
pain and it did not correlate the abnormal anatomy with actual
symptoms.239
Structural conirmation of suspected pathology and
subsequent pain relief ater surgery were reported in mostly
retrospective case series. hese studies also reported that
selective nerve root blocks were better able to identify a
symptomatic root compared with CT and MRI in “diicult”
cases.231,240,241,243,244 Of particular note was a inding that
although outcome of patients diagnosed with various nerve
root entrapment syndromes was excellent, patients diagnosed
with scarring or arachnoiditis had very poor outcomes.239,241
All studies reported “successful” surgery to a greater or lesser
extent in approximately 90% to 95% of patients following pain
relief ater selective nerve injections if patients having prior
surgery, scarring, and arachnoiditis were excluded. In the two
studies that evaluated surgical outcome on patients with less
than approximately 95% relief ater injection, surgical results
were modest to poor.239,243
In an observational study in 1971, Macnab235 analyzed the
causes of nerve root involvement in 68 patients who had
undergone a “negative exploration” for presumed radicular
pain caused by a herniated disc. Various pathologies were
described, including migration of a disc fragment into the
intervertebral foramen, nerve root kinking by the pedicle,
articular process impingement, and extraforaminal lateral
disc herniation. In the case of pedicular kinking, Macnab235
described a technique of placing a 25-gauge needle into the
intervertebral foramen and injecting 0.5 to 1 mL of oil-soluble
contrast material. he provocation of concordant pain by
striking the nerve with the needle, the characteristic contrast
outline of the “kinked” nerve root within the foramen, and
subsequent relief of pain ater injection of 1 mL of 2% lidocaine were used to establish the diagnosis and led to “excellent
results” in the six studied patients. Macnab235 also described
two patients with an undiscovered extraforaminal lateral disc
herniation who underwent successful operation ater relief of
pain with a selective nerve root block. Likewise, Schutz and
colleagues237 in 1973 described the use of selective root blocks
in 23 patients. In 13 of 15 patients who underwent surgery,
the positive results of the selective nerve root blocks were
conirmed.
Using a selective nerve root block technique similar to
Macnab, Tajima and colleagues238 in 1977 described various
contrast patterns ater injection of 2 mL of water-soluble contrast media, including cutof patterns of contrast low within
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incomplete relief included one patient who was diabetic with
probable neuropathy causing failed surgery; the other three
patients had pathology at other levels, and only one of the
three had a satisfactory surgical outcome. In patients who had
no reproduction and incomplete relief, only ive of 14 cases
were relieved of symptoms, and the authors recommended
that patients with this group of responses should undergo
careful reevaluation.
In 1988, Jonsson and colleagues245 reported total relief of
pain in 51% of patients undergoing diagnostic lumbar “root
anesthesia” in 100 cases of sciatic pain with normal indings
on myelography, CT, or MRI. he patients experiencing pain
relief underwent surgical root decompression with short-term
surgical outcome comparable to conventional surgery in more
obvious cases.
In 1990, Stanley and colleagues240 likewise reported outcomes based on response to injection in which they included
only positive and negative responses. Positive responses
required pain provocation and relief of pain with 1 mL of 1%
lidocaine; a negative response was deined as nonconcordant
pain provocation immediately and only partial relief or no
relief of pain ater the expected duration of onset of lidocaine.
At least two roots were studied in each patient. Of 20 patients
with positive responses, 19 underwent operation, and Stanley
and colleagues240 found that “nerve root iniltration” identiied the symptomatic level in 18 of 19 cases. CT scan and
myelogram identiied the correct level in only 14 of 19 cases
and 12 of 19 cases, respectively.
In 1989, Herron241 reported the use of spinal nerve root
blocks with pain provocation immediately and pain relief ater
1 mL of 0.5% bupivacaine. A positive response included
reproduction of pain and at least 75% pain relief. Herron241
divided outcomes into good, fair, and poor. A good outcome
was deined as 75% pain relief and return to previous work
status with minimal medications and minimal or no restrictions of physical activities. In the previously unoperated disc
herniation group, 15 of 18 patients had good results, and three
had fair results. In nine patients, the imaging studies were
positive at two levels, but surgery was performed only at one
symptomatic level identiied with a root block. here were
seven good results and two fair results. In patients with previous unoperated spinal stenosis, 19% had a poor outcome
versus 52% poor outcomes in patients with prior stenosis
surgery. Herron241 noted that in most patients with radiculopathy, selective nerve root blocks are not needed because the
level was readily apparent on clinical examination and imaging
studies; however, root blocks were useful for patients with
equivocal indings, previous surgery, and multilevel structural
pathology.
Porter and colleagues242 used CT-guided root blocks,
employing a two-needle technique to place an inner needle
adjacent to the target nerve. In contrast to previous authors,
these authors did not include provocation and injected 1.5 mL
of 0.5% bupivacaine. Porter and colleagues242 reported that, of
the 18 patients undergoing surgery, 78% had a good outcome;
two patients had unsuccessful surgeries.
he study in 2005 by Sasso and colleagues243 is the most
comprehensive, albeit retrospective, evaluation of the value of
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the foramen and lateral recess indicating stenosis or block by
a herniated disc. Provocation and pain relief ater injection of
3 mL of 1% lidocaine conirmed the diagnosis, which was later
proven during surgical exploration in this small case series.
Kikuchi and colleagues233 published a larger case series comprised of 332 patients in 1984, in which they performed nerve
root iniltration in all patients and correlated the resulting
neurogram with anatomic indings of cadaveric dissections. In
most patients, pain was relieved by injection at a single level.
he cadaveric studies revealed the following causes of atypical
pain: congenital or acquired abnormalities of nerve and nerve
roots, sensory rootlets communicating with adjacent nerves,
conjoined nerves, and the common occurrence of the nerve
exiting much more commonly at the L4 than L5 level and
giving branches to the lumbosacral trunk and femoral and
obturator nerves. Kikuchi and colleagues233 also described the
descent of the vertebral pedicle associated with disc collapse,
degenerative changes of the articular zygapophyseal joint, and
compression of the nerve at diferent sites.
Krempen and Smith236 in 1974 were the irst to report
surgical outcomes based on provocation and pain relief ater
injection of the nerve root with 1 mL of 1% lidocaine. hey
also described and included radiographs of neurogram patterns of extraforaminal disc herniations, pedicle kinking,
articular process impingement, and scar tissue. hese authors
used the injections to diagnose pain in 21 patients with prior
lumbar laminectomies and commented that most patients
were able to pinpoint the level of the lesion to either of two
injected levels. Of the 16 operated patients, three had excellent
results, nine had good results, and four had moderate results.
he technique involved inserting an 18-gauge spinal needle
4 cm above the transverse process and approximately 6 cm
from midline, directed downward and medially to strike the
nerve. In the 1980s, Haueisen and colleagues244 used Krempen
and Smith’s technique of spinal nerve injections to diagnose
pain in diicult-to-diagnose patients, including 57% who had
previous lumbar surgery. Of 63 operated patients, Haueisen
and colleagues244 conirmed compression of the suspected
nerve root in 93% of the cases; at an average follow-up of 20
months, 73% of patients had no pain, slight pain, or some
pain. Myelography and electromyelography aided in correct
diagnosis of the lesion in only 24% and 38% of the cases.
Dooley and colleagues239 used provocation and relief of
pain ater selective nerve root block to review retrospectively
the results of 63 patients undergoing operations based on
positive pain reproduction and pain relief ater injection of
1 mL of 1% lidocaine correlated with surgical indings and
outcome. he authors presented results according to whether
the patients had full or incomplete pain relief and whether pain
was reproduced. Of patients with reproduction and full pain
relief, 45 of 46 had an anatomic diagnosis made at the time of
surgery. Eight patients had herniated nucleus pulposus and all
were relieved of leg pain at follow-up. At follow-up, 17 patients
had bony entrapment and 14 (82%) were asymptomatic. Only
one of 11 patients found to have arachnoiditis was pain free
at follow-up, although ive of seven patients found to have
periradicular adhesions but without intraneural scarring were
asymptomatic at follow-up. Patients with reproduction but
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selective nerve root injections to predict lumbar and cervical
surgical outcomes. hese authors studied 101 patients culled
from an institutional database from 1996 to 1999. Injections
were performed by placing the needle tip just below the
superior pedicle without intentional pain provocation. Additionally, a stimulating electrode to locate the needle close to
the exiting nerve was employed. A neurogram was obtained,
and a volume of 0.5 to 0.75 mL of 2% lidocaine was injected
with the requirement of greater than 95% pain relief during
postblock provocative testing in order to be considered “positive.” Conirmatory injections were performed when pain
relief was rated as 80% to 95%. Surgical follow-up occurred at
a mean of 16 months, with 18 patients undergoing cervical
surgery and 83 patients undergoing lumbar surgery. Of
patients with positive selective nerve root injections, 91% had
a good surgical outcome deined as a follow-up VAS of 2 or
less and a positive patient satisfaction score. In 10 patients
with negative selective nerve root injections, only 60% obtained
a good surgical outcome. Patients undergoing surgery at a
level with a positive block were 9.1 times more likely to have
good outcomes than patients who had surgery at negative
selective nerve root injection levels. When the indings
between selective nerve root injection and MRI difered (n =
20), surgery at a level consistent with the selective nerve root
injection was more strongly associated with a good surgical
outcome than surgery based on MRI. For selective nerve root
injection, the positive predictive value was 91.2% with a negative predictive value of 40% compared with 88.4% positive
predictive value of MRI. Subgroup analysis of lumbar and
cervical results was not reported.
Finally, Derby and colleagues34 in 1992 reported the correlation between immediate leg pain relief ater lumbar block
and 1-year surgical outcomes. he authors segregated 78
patients undergoing epidural injections with a minimum of
80% immediate postblock leg pain relief into two dichotomous
groups: patients with 50% or greater subjective leg pain relief
lasting for 1 week or longer and patients with duration of
extremity pain lasting 1 year or longer. Regardless of immediate pain relief, 85% of patients who had pain for less than 1
year had a positive surgical result deined as 50% or greater
pain relief at 1 year. More important, 95% of the patients who
did not respond to the block had a poor surgical outcome.
Derby and colleagues34 opined that the poor outcome might
be explained in some cases by an inadequate structural correction, inadequate stabilization, or functional reasons, but
most failures probably represented irreversible changes in the
neural structures. Although unstudied, thus unconirmed, the
results by Derby and colleagues34 are consistent with indings
reported by Kumar and colleagues246 that outcome ater spinal
cord stimulation in patients with failed back surgery syndrome
was superior to revision surgery.

Diagnostic Accuracy of Selective Nerve
Root Blocks
Diagnostic accuracy and ultimately utility depend on the
degree to which a selective nerve root block relieves pain
caused by any lesion within the nerve at or distal to the injection

site. A greater or lesser degree of pain relief caused by a lesion
afecting the nerve proximal to the injection site should also be
taken into account when determining value.99 Ideally, blocking
an unafected nerve would not relieve any pain. he degree to
which these goals are accomplished constitutes the diagnostic
accuracy as measured by sensitivity, speciicity, and predictive
value. Understanding these variables guides the clinician in
terms of either accepting or discarding the block results or
whether even to consider obtaining the information.
To study the diagnostic accuracy, one would select cases of
acute or subacute monoradiculopathy caused by an obvious
single-level lesion veriied by imaging studies, intraoperative
indings, and relief ater surgical intervention. he most
common gold standard lesion would be L4–L5 paracentral
herniation irritating the traversing L5 root.243 Blinding the
patient, the symptomatic root and presumably at least one
unafected root would be blocked at diferent sessions, and the
data would be prospectively collected. he lesion would be
conirmed at surgery and by postsurgical pain relief.
Although many prior studies retrospectively studied the
ability of provocation and relief of pain to predict structural
nerve entrapment and surgical outcome, only two studies
examined injections performed on symptomatic roots and
presumed asymptomatic roots with the expressed goal of
deining sensitivity and speciicity, and both studied only the
value of lumbar injections.247,248 From these two studies, particularly the more recent study by Yeom and colleagues,247 one
may estimate the diagnostic value of lumbar diagnostic root
blocks. An additional study evaluated the efect of needle tip
position on the accuracy of selective nerve root block (with
lack of epidural spread), and found that a needle tip position
lateral to the middle third of the pedicle produced an accurate
contrast pattern in 92% of cases, which fell to 70% when the
needle was advanced beyond the lateral third of the pedicle249

Assessment of Efect
Only the study by Yeom and colleagues247 determined the
optimal cutof level in the percent relief of pain reported by
a patient ater a procedure needed to qualify for a positive
response. Using receiver operator curves, these authors chose
a cutof of 70% subjective relief of pain ater a lumbar transforaminal block as the best value to provide optimal accuracy
but stated that this level could be adjusted depending on the
importance of avoiding false-negative versus false-positive
results.
We recommend adjusting the cutof criteria between 50%
and 90% depending on the importance of avoiding falsenegative versus false-positive blocks. In our opinion, it is
probably best not to treat results as a dichotomous variable but
rather as a data point that is more or less likely to indicate the
root is a source of pain. If a discrete cutof is required, 70% is
a good compromise. One might also consider requiring a
similar degree in change of VAS improvement or, if inconsistent with the patient’s subjective report of pain relief, asking
the patient why the discrepancy exists or performing a conirmatory injection. he patient oten reports a global relief of
pain, whereas diagnostically one is interested only in the
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Sensitivity
he most likely causes of low sensitivity or a high rate of falsenegative injections are inadequate blocks owing to poor spread
around the root, failure to reach the pathologic site, dilutional
efects with inadequate mass of anesthetic reaching the root,
or poor difusion because of scarring.247 van Akkerveeken248
found 100% sensitivity in 46 patients using 0.2 to 0.5 mL
of 0.5% bupivacaine (with provocation) and reported 100%
pain relief at 1 hour. Yeom and colleagues,247 using 1 mL of
2% lidocaine without considering provocation, calculated a
lower sensitivity of 57% (27 of 47) in all patients, increasing to
71% (25 of 35) when injections with inadequate spread were
excluded. he causes of the inadequate blocks were spread of
injectant into adjacent tissues in 4 of 10 patients, block by large
disc herniation in 4 of 10 patients, and intraepiradicular sheath
injection in 2 of 10 patients. Although Yeom and colleagues247
had no explanation in the remaining 10 cases, these falsenegative results might be explained by a paracentral herniated
disc, which, although afecting primarily the traversing root,
may also cause chemical irritation of the exiting root.
In addition, Dooley and colleagues239 found that the most
common reason for typical pain provocation during lumbar
block with incomplete pain relief is multilevel pathology. he
most probable cause in obvious cases is an inadequate block
performed at a location distal to the structural entrapment.
Diagnostic injections are oten performed in patients with
long-standing chronic pain and patients with prior surgery
who may have intraneural and extraneural scarring. In such
cases, local anesthetic may not penetrate the nerve efectively,
and incomplete relief would be expected. Using a more concentrated anesthetic or an anesthetic that preferentially blocks
nociceptors (e.g., bupivacaine) may reduce these false-negative
responses.

speciicity ater excluding seven patients with overlow of local
anesthetic. Although this overlow was thought to be a probable cause of false-positive blocks in 4 of 11 cases, 7 of 11 cases
were true negatives, indicating that the estimated overlow
when using 1 mL is about 20% (10 of 47) and with a potentially
clinically observable efect in less than 10%.
Furman and colleagues234 showed that even ater injecting
only 0.5 mL, the contrast pattern indicated nonselective low
in 30% of lumbar injections. he mass of drug overlowing at
these low volumes may not be signiicant and is consistent
with van Akkerveeken’s higher, approximately 90% speciicity.
North and colleagues99 reported an average 50% relief of
sciatic pain when blocking the medial branches at several
levels using a 3-mL volume, which would spread into the
neuroforamen and epidural space, making the putative medial
branch block nonspeciic.93 Nevertheless, sensory pathway
convergence may be an alternative explanation of less than
50% pain relief in some cases, and a nonspeciic “placebo”
response may explain some or most false-positive responses.

Predictive Value
Many, mostly retrospective, observational studies describe in
variable levels of detail the predictive value of lumbar spinal
nerve root blocks. One retrospective study included the surgical predictive value of cervical and lumbar spinal nerve root
injections.243 Another prospective, diagnostic cervical selective root block study compared the diagnostic value of imaging
with the short-term surgical predictive value of the test.243 No
studies to date support the use of diagnostic thoracic selective
root injections, although this is primarily because the thoracic
spine is not oten studied because of the low prevalence of
herniated thoracic discs.
In the only prospective outcome study, van Akkerveeken,248
in his doctoral thesis, presented a series of studies correlating
the value of selective root blocks to diagnosis of various
lumbar entrapment syndromes and later summarized the data
in a journal publication in 1993. A positive response was
provocation of concordant pain and “disappearance” of leg
pain ater 0.2 to 0.5 mL of 0.5% bupivacaine. He studied
patients with radiologic signs of nerve root entrapment but
without localizing neurologic signs who subsequently underwent surgical decompression. Excluding the patients who had
positive blocks and refused surgery, van Akkerveeken248
reported a positive predictive value of 95% with a 95% conidence interval of 77% to 100%.

Speciicity
Because surgery is oten less efective in patients with equivocal structural pathology, in patients with atypical, longstanding pain or prior surgery, one would ideally want to have
minimal or no pain relief ater the block of an asymptomatic
root. van Akkerveeken248 used a 0.2- to 0.5-mL volume of 0.5%
bupivacaine and required 100% pain relief for 1 hour. He
reported a speciicity of “around” 90%.248 In the lumbar spine,
using 1 mL of 2% lidocaine and a cutof value of greater than
or equal to 70% pain relief, Yeom and colleagues247 calculated
86% (50 of 58) speciicity, which increased to 91% (43 of 47)

Technical Considerations and Potential Pitfalls
Techniques used by diagnostic lumbar studies place a needle
varying in size from 22-gauge to 25-gauge into the foramen.
Although older studies located the root by producing paresthesias,233,235,238,239,241,242,244 more recent studies use a standard
Spine Intervention Society technique of placing the needle tip
just below the pedicle at the approximate 6 o’clock position
viewed in and oblique plane (approximately 25–35 degrees)
without purposefully provoking pain.17,147 he transforaminal
lumbar technique used by Macnab in the 1960s is similar to
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degree of pain relief of the particular extremity distribution
being evaluated. Relief or nonrelief of axial pain is important
information but not pertinent to the location of the patient’s
extremity pain and to surgical outcomes.
Although provocation of concordant pain was frequently
used in the past and perhaps is useful information, more
recent studies use techniques to avoid creating pain during
injection.243,247 Pain referral patterns obtained by electrical
stimulation may be considered as supplementary proof or
nonproof.243
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the current technique and the technique oten used by many
longer-term interventionalists, including the senior author
(R.D.).34,250 he needle is irst advanced to contact the transverse process beginning approximately 6 cm from the midline,
parallel to the transverse process and at an angle of approximately 30 degrees. he needle is advanced into the foramen at
a position that would be approximately 6 o’clock below the
pedicle.235,239
Another older described selective nerve root block technique used in the lumbar spine begins with needle insertion
approximately 6 cm from the midline and approximately 2 to
3 cm above the transverse process with needle advancement
into the foramen at a cephalad-caudad angle to contact the
ventral root at approximately the midpoint between the upper
and lower pedicles and slightly lateral to the foramen.233,238,244
A stimulating electrode can also be used to verify close
proximity of the needle tip to the nerve.243 Although this
technique has been referred to as a selective nerve root block,
it is actually a selective ventral ramus block or, if the dorsal
root ganglion is outside the foramen, additionally a dorsal
root ganglion block. A standard needle, blunt tip needle,
or a polytef (Telon)-coated (e.g., approximately 3.5-inch,
22-gauge) radiofrequency needle may be used to position
the needle tip within approximately 1 to 2 mm of the nerve,
which in many cases is adjacent to the dorsal root ganglion.
If a stimulating needle is used, observing motor stimulation
at 2 Hz and approximately 2 V helps position the needle, and
pain referral patterns can be noted using sensory stimulation
at 50 Hz at approximately 0.2 to 0.5 V. Using live luoroscopic
monitoring, a volume of contrast medium equal to that used
for local anesthesia is injected. he presence or absence of
axial, buttock–hip, and extremity provocation and the location
of contrast dye when provocation occurs should be recorded
(e.g., within the foramen or more proximal or distal to the
foramen). he pattern and extent of contrast low is recorded
via digital copy. Flow of contrast dye should show a negative
outline of the dorsal root ganglion, spinal nerve, and ventral
ramus. If spread of contrast dye is clearly outside the foramen
and does not surround the nerve, the needle can be repositioned and reinjected.
All prior lumbar studies except one242 used approximately
1 mL of contrast dye to outline the nerve. Most studies and
guidelines recommend visualizing contrast spread using live
luoroscopy during injection. In the cervical spine, some
authors advocate observing contrast low in an anteroposterior
view using digital subtraction luoroscopy to better recognize
potential injection into an artery coursing medially toward the
spinal cord.251,252
Some prior studies used a volume varying from 0.3 to
0.5 mL of 0.5% bupivacaine248 to 1.5 mL of 0.5% bupivacaine
in the lumbar spine,242 but most injected 1 mL of either 1% or
2% lidocaine. In the only diagnostic article that evaluated
cervical injections, Sasso and colleagues243 used 0.5 to 0.75 mL
of 2% lidocaine but varied volume depending on the observed
contrast dye distribution. No studies have evaluated the diagnostic value of thoracic injections.
We recommend limiting the volume to 0.5 to 1 mL in the
lumbar spine and 0.3 to 0.5 mL in cervical and thoracic spine.

Although many prior studies used 1% to 2% lidocaine, we recommend a higher concentration to ensure adequate block.243,247
At a minimum, 2% lidocaine should be used; however, an
equal combination of 4% lidocaine and 0.5% bupivacaine can
be used. he volume can be adjusted between the lower and
upper limit depending on the contrast low pattern. Higher
concentrations must, however, be used with caution as seizure
is a reported complication of local anesthetic injection in the
cervical transforaminal space using a subpedicular approach.253
Pitfalls regarding selective nerve root blocks include
complications of the procedure. Although complications
ater transforaminal injections are mostly minor,254–256 there
are growing concerns regarding the safety of cervical transforaminal injections257,258 and to a lesser extent thoracic and
lumbar injections based on published and unpublished cases
of neurologic damage ater the injection of local anesthetic
and corticosteroids into the neuroforamen.259–263 Reported and
unreported complications all involve the use of particulate
corticosteroids that are alleged to have been injected into
the vertebral or radicular artery. Some unpublished legal
cases are, however, consistent with direct injection into the
cord. Although legal cases claim that injury was secondary
to injection of particulate corticosteroids into a lumbar or
thoracic radicular artery, to our knowledge, there has been
no reported case of neurologic damage secondary to arterial
injection using nonparticulate corticosteroids. Nonparticulate
corticosteroids are now recommended when performing cervical transforaminal injections.264 Furthermore, as studies265,266
show little diference in therapeutic eicacy between particulate and nonparticulate steroids, there is a growing consensus
for the use of nonparticulate steroids for all transforaminal
injections. On the other hand, if steroid is not added to the
injectate for selective nerve root block, there should be no
risk of spinal cord infarction due to intravascular injection
of local anesthetic. Direct spinal cord injection is rare and
in cervical transforaminal injections is likely preventable by
using a shorter needle, always advancing the needle over bone
(superior articular process), checking an anteroposterior luoroscopy view before injection, and titrating patient sedation
appropriately.
Although current techniques strive to avoid contacting the
nerve, contact does occasionally occur, and probing for paresthesias was a common technique in the past. Lasting efects
are probably uncommon, and none of the prior reviewed
diagnostic block studies reported any complications. Injecting local anesthetic or contrast dye directly into the dorsal
root ganglion, nerve, or epiradicular sheath may cause a lare
in pain, however, lasting several days to several weeks.247
Permanent injury is probably rare and to our knowledge
unreported.
A needle placed too far medially can pierce the nerve
root sleeve surrounded by the dura contiguous with the
subarachnoid space. Injection may cause a high spinal block,
which may necessitate resuscitation if injected in the cervical spine and may potentially lead to some degree of cord
or root irritation secondary to added preservatives if depot
steroids are injected. Puncture of the dura may also cause
a low-pressure cerebrospinal luid headache, which usually
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Confounding Factors
Blocking the exiting spinal nerve anesthetizes several important neural elements. Receiving branches from the sympathetic
system, the sinuvertebral nerve emerges lateral to the foramen
and courses back through the foramen to innervate the posterior longitudinal ligament, the disc anulus at that level and
one or two levels above. he sinuvertebral nerve can also
innervate the contralateral side. In addition, lateral to the
dorsal root ganglion, the dorsal root branches innervate posterior structures, including branches to the zygapophyseal
joint at the same level and level below as well as the interspinous and supraspinous ligaments. Relief of pain may be due
to anesthesia of these structures, which are not typically
considered. Additionally, the furcal nerve, which typically
exits the L4 foramen, is a separate nerve with its own dorsal
root ganglion; it sends branches to the lumbosacral trunk,
femoral, and obturator nerves. Irritation of this nerve causes
seemingly aberrant pain distribution to the hip, groin, and
inner thigh.

Summary
When pain recurs or is poorly responsive to therapeutic injections and the clinical and imaging studies are inconclusive or
indicate more than one potential pain level, diagnostic transforaminal injections may be considered. As with all diagnostic
spine injections, preprocedural and postprocedural evaluation
should be performed with a standardized protocol by unbiased
personnel and conirmation by the physician. Using the same
testing protocol, the patient is tested at approximately 20 to 40
minutes ater block with lidocaine and approximately 40 to 60
minutes ater block with bupivacaine or ropivacaine. Additional testing at 1 to 3 hours postblock may help reduce both
false-positive and false-negative results. he block should last
for 2 hours if lidocaine is used and about 2 to 4 hours if
bupivacaine or ropivacaine is used. If the pain relief is less than
70%, one can return the patient to the interventional suite and
block one more additional suspected level. Diagnostic injection should be performed using one of the standard transforaminal approaches, preferably performed by an experienced
interventionalist or surgeon. he patient should be no more
than lightly sedated or sedated with a low dose of propofol
that has a very short half-life.
A low volume of a concentrated anesthetic solution should
be used that is limited to 0.3 mL or less in the cervical spine,
0.5 mL or less in the thoracic spine, and 1 mL or less in the

lumbar spine.234 One might consider using an equal mixture
of 1% and 4% lidocaine or 0.5% bupivacaine. If performing a
therapeutic injection, 0.5 mL of nonparticulate corticosteroid
(e.g., 5 mg dexamethasone) may be injected in the cervical
and thoracic spine approximately 1 to 2 minutes ater local
anesthetic injection, and either nonparticulate or a longeracting depot preparation may be injected in the lumbar spine
(e.g., approximately 20 mg of triamcinolone acetonide or
5–10 mg of betamethasone).
he immediate results and patients’ longer-term pain relief
are used to counsel them on their chances of obtaining relief
of extremity pain ater a surgical procedure. Patients who have
immediate pain relief ater one-level block of approximately
70% or greater and pain less than 1 year’s duration have an
85% or greater chance of a satisfactory result.239,240,243,247,248,250 If
the patient has had prior surgery, one might want to lower the
patient’s expectation from 85% to perhaps approximately 70%
or less depending on how convincing the structural pathology
appears on MRI or CT.241,244 Patients who have unconvincing
structural pathology, radicular pain greater than 1 year’s duration, relief of less than approximately 70% of pain ater block,
less than approximately 1 week of therapeutic pain relief, and
especially evidence of intraradicular or extraradicular scarring
should be referred for possible spinal cord stimulation or
other nonoperative treatment.34,239,241,247,248
Patients with clear structural nerve entrapment with
radicular pain less than approximately 1 year’s duration, with
no immediate or delayed longer-duration relief, may be ofered
surgery, but the patient should be counseled that there is an
approximately 60% chance of a good outcome.243 If the duration of the patient’s pain is greater than 1 year, perhaps the
patient should be told that there is an approximately 60%
chance of having partial pain relief but that the pain relief
would likely be less than 50%.34,243 Even if the same patient
with more chronic radicular pain had immediate pain relief
but no longer-term relief, and especially if there was suspected
neuropathic pain and a prior surgery, the patient should be
counseled that the chances of a good outcome are no greater
than approximately 50%.241 Finally, we emphasize that relief of
pain does not determine the cause of the pain, and if a patient’s
spinal nerve root pain is neuropathic, decompression with or
without stabilization would most likely not provide satisfactory relief of pain.268
PEARLS AND PITFALLS
1. Much is learned during the process of diagnosis, especially if
the process includes unpleasant diagnostic interventional
procedures.
2. Diagnosis is the process of elimination. Patients should be
counseled that negative responses are useful and important
information.
3. Beware of patients with chronic pain without convincing
structural pathology who consistently complain that they are
no better or worse after appropriate therapeutic interventional
procedures. Your reconstructive spine surgery may sufer the
same fate.
4. Indeterminate and negative diagnostic block results are more
common than clearly positive results.
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resolves spontaneously or can be treated with a routine blood
patch. Slipman and colleagues232 reported a case of recalcitrant
headache cured ater transforaminal blood patch. Infection
may occur, but is rare. If the patient has a foraminal disc
protrusion, inadvertently passing a needle into the disc may
occasionally occur and could lead to a disc space infection.267
If the operator knows that disc injection has occurred, use of
a small amount of intradiscal and intravenous antibiotics may
be considered (as would be the routine with discography).
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5. Chronic spinal pain is often caused by structures in diferent
columns and levels. Treating one source of pain often unmasks
pain from a diferent source. Failure to relieve other sources of
pain does not necessarily mean one’s surgery failed, but the
possibility of failure due to other sources is best identiied
before surgery.
6. When the diagnosis is not obvious and most of the pain is
axial and referred extremity pain, consider irst evaluating the
posterior elements. Blocking the medial and/or lateral
branches of the dorsal ramus will denervate most structures in
the posterior column.
7. Do not neglect to rule out shoulder and hip pathology.
8. Convincing relief of pain for several weeks or longer is
consistent with a reversible cause of pain.
9. Fusing to a painful sacroiliac joint is best avoided. Investigate
and discuss the possibility before surgery rather than after.
10. Chronic dynamic irritation of neuraxial structures can cause
buttock and axial pain in addition to referred extremity pain.
Relief of axial pain following selective epidural block(s) that
lasts several weeks or longer is consistent with pain due to
static or dynamic stenosis. If in doubt, diagnosis can be
conirmed by a negative response to medial branch block and
a negative response to pressure-controlled discography,
analgesic discography, or both.

KEY POINTS
1. Image-guided, precision injections (with local anesthetic and a
dual-block paradigm) are the current reference standard for
diagnosis of chronic spinal pain emanating from the middle and
posterior column. Current research shows that history, physical
examination, and advanced imaging indings have insuicient
sensitivity and speciicity for identifying the pain generator.
Ideally, as with sacroiliac pain, the reference standard will evolve
to include validated and accurate historical and physical
examination features; however, with radicular pain and
zygapophyseal joint pain, this is not yet the case.
2. Diagnostic injections are typically reserved as a tertiary
intervention for patients with chronic, disabling spinal pain that
is nonresponsive to conservative care and for patients with
atypical presentations in whom the history, physical
examination, and electrodiagnostic and imaging studies are
unrevealing or nondiagnostic.
3. During a diagnostic block, relief of pain is more convincing than
provocation of pain. The standard for percent relief is, at a
minimum, greater than 50%; however, greater than 70% is more
convincing.
4. Patients with psychosocial distress can have legitimate pain.
Often, the psychosocial distress resolves with appropriate
diagnosis and treatment of the pain generator.
5. Negative diagnostic blocks also provide useful information. A
negative response suggests alternate explanations: irst, the
structure evaluated may not be the source of pain and therefore
additional structures must be evaluated. Lack of relief may also
be due to the development of irreversible local damage (e.g.,
intraneural ibrosis) or neuropathic pain with signiicant
peripheral and central sensitization.
6. If rigorous technical and procedural performance standards are
adhered to, the response to diagnostic blocks has been shown
to predict good to excellent surgical and interventional
treatment outcomes. Fair or poor response to diagnostic blocks
can be used to counsel patients appropriately in terms of
surgical outcomes.
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Discography

C H A P T E R

Eugene Carragee
Michael Stauf

Provocative discography is a diagnostic test sometimes used
to evaluate the disc as a potential source of persistent back and
neck pain syndromes. In its simplest form, provocative discography is an injection into the nucleus of an intervertebral disc;
the test result is determined by the pain response to this
injection. If the injection reproduces the patient’s usual pain,
some authors have proposed that the “cause” of the axial pain
syndrome can be ascribed to that disc—that is, primary discogenic pain.
In 1948, Lindblom1 originally reported discography as a
method to identify herniated discs in the lumbar spine by
injecting contrast medium into the disc and following the
outline of contrast medium into the spinal canal. It was noted
as only a secondary consideration of the test that reproduction
of the patient’s usual sciatica sometimes occurred during the
disc injection. It was observed later that back pain was sometimes reproduced during the injection as opposed to sciatica.
Eventually, some clinicians began using the test to evaluate
discs as the source of axial pain in patients without radicular
symptoms.
Since the early use of discography, it has been unclear
whether reproduction of pain with injection indicated that
the injected disc is the true primary source of clinical back
pain, or whether the injection had simulated the usual pain in
an artiicial manner. Over time, attempts have been made to
determine the speciicity of the test and to reine the technique
to reduce the risk of false-positive or false-negative results.
Currently, this test remains highly controversial. Even the
staunchest proponents of the procedure state that “discography is a test that is easily abused.”2 Assessment of provocative
discography as a basic diagnostic test has found fundamental
problems with test reliability (i.e., does the test give the
same result on repeated testing?) and validity (i.e., does the
test prove what it purports to prove?). Also, it has not been
shown that using the test improves the outcomes in patients
receiving the test compared with patients not receiving the
test. More recently, the long-term safety of disc puncture and
injection has also been questioned. his chapter discusses the
rationale, technique, utility, and clinical efects of provocative
discography when used in patients with primary axial pain
syndromes.

Clinical Context
Back and neck pain are very common, and in most cases
determining the “cause” of a speciic episode of back or neck
pain is unimportant because these symptoms frequently
resolve in a short time or do not seriously interfere with function.1 Provocative discography may be described as representing a tertiary diagnostic evaluation, which should be considered
only in a select group of patients.
A primary diagnostic evaluation usually involves screening
for serious underlying disease (“red lags”) by history and
physical examination aimed at detecting systemic disease,
spinal deformity, and neurologic loss. In most patients, these
examinations are negative, and nonspeciic treatment alone is
recommended. In a patient who does not recover good function in 6 to 12 weeks, a secondary diagnostic survey may be
indicated. his follow-up evaluation should identify serious
psychosocial barriers to recovery (“yellow lags”) and deinitively rule out serious conditions that may result in neurologic
injury; structural failure; or progression of a visceral disease,
systemic infection, or malignant process. Diagnostic tests for
serious structural disease, including blood tests and imaging
studies, have become so sensitive that these serious conditions
are usually identiied in the early stages.
Establishing a more speciic pathoanatomic diagnosis than
“nonspeciic back pain syndrome” or “persistent back pain
illness” becomes important only if speciic therapy directed to
common age-related structural changes is considered because
of continued serious symptoms and functional loss. At this
point, if the primary and secondary evaluations have revealed
neither serious structural pathology nor signiicant confounding psychosocial or neurophysiologic factors, a tertiary diagnostic evaluation may be undertaken. his evaluation may
occasionally uncover a clear degenerative cause of symptoms,
such as unstable spondylolisthesis or progressive degenerative
deformity, such as degenerative scoliosis.
he most common structural degenerative changes (e.g.,
loss of disc height, loss of nuclear signal, minor facet arthrosis,
anular issures) may be very diicult to reconcile with the
severity of apparent symptoms and pain behavior, however,
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because many people with minimal or no spinal symptoms
have similar mild degenerative indings. he question is why
do individuals with such benign indings sometimes report
severe and persistent pain and impairment? he rationale of
provocative discography in the tertiary evaluation is to separate anatomic spinal changes causing serious primary pain
illnesses from similarly appearing common degenerative
changes that do not cause serious illness. As this chapter
shows, it is unclear that this goal is routinely achievable with
provocative discography.

Discography Technique
Discography is performed using local anesthetic and mild
sedation. he objective is percutaneous injection of a nonirritating radiopaque dye, under luoroscopic guidance, into
one or more intervertebral discs. he technique involves
using a long, ine-gauge needle to penetrate the nucleus from
a posterolateral approach in the thoracolumbar spine and
anterolaterally in the cervical spine. In the lumbar spine, the
needle passes posterior to the exiting nerve root and anterolateral to the traversing root. Sometimes a bend of the needle or
introducer is required to place the needle accurately, especially
at L5–S1.
he passage of the needle in skilled hands should be quick
and atraumatic. When the position is veriied in two planes
using luoroscopy, the dye is slowly injected into the nucleus
of several lumbar discs with the patient blinded to the timing
and site of injection. he spread of the dye in the disc is noted
on the images, and the patient’s response to the injection is
documented. he patient is queried at each injection or at
random intervals as to whether or not the procedure is painful
and is asked to rate the pain against a standardized scale (e.g.,
0–5, 0–10, none to unbearable). If the injection is painful, the
patient is asked to describe the discomfort provoked qualitatively. he injection is usually rated as exactly the same as,
similar to (concordant), or dissimilar to the patient’s usual
back or neck pain.

Criteria for Positive Test
In an efort to improve the speciicity of discography in diagnosing so-called discogenic pain, some investigators have used
additional criteria beyond pain reproduction on injection. he
criteria for establishing a positive discogram are controversial.
he primary criteria for a “positive” disc injection are pain of
“signiicant” intensity on disc injections (usually deined as
≥6 out of 10 pain scale) and a reported similarity of that pain
to the patient’s usual, clinical discomfort (concordant pain).
Walsh and colleagues proposed these basic criteria in their
experimental work in 1990.3 In this study, “signiicant pain”
was deined as 3 out of 5 (or 6 out of 10) on an arbitrary pain
thermometer. “Bad pain” was deined as 3 out of 5 pain, and
“moderate pain” was described as 2 out of 5 pain. he authors
did not stringently deine concordance of pain reproduction.
Some investigators have proposed additional and sometimes
idiosyncratic criteria for positive injections (Table 17.1).

Pain Generator Concept and
Provocative Discography
he diagnosis made by a “positive provocative discogram”
should indicate that the disc identiied is the primary or only
cause of the patient’s back pain illness, or the pain generator.
he idea of a pain generator, however, has proven to be problematic. In a patient with persistent symptoms and a secondary
workup with only degenerative indings, the task of identifying
a speciic isolated pain generator can be formidable. Most
patients have multiple indings of disc changes and facet
arthrosis, oten at multiple levels. To determine which degenerative inding is associated with a patient’s severe axial back
pain can be diicult. Many people have occasional back or
neck ache with common activities or episodic axial pain
without impairment. he question is not whether any previous
or possible future back or neck pain may be coming from a
certain spinal structure because it may be assumed that most
people with degenerative change of the axial skeleton may
have occasional discomfort from several sites alone or at the
same time.
he pertinent question is whether or not a suspected local
anatomic structure (e.g., disc, facet, sacroiliac joint) is causing
serious, disabling axial pain illness or is only a minor contributor to a generalized pain-sensitivity syndrome (e.g.,
ibromyalgia), a central pain-processing syndrome, an overuse
syndrome related to posture or activity, or other conditions. It
is hoped that some diagnostic test can identify whether or not
a speciic local spinal pathoanatomic structure adequately
explains the severity of clinical symptoms. As a matter of
practical deinition, for a pathoanatomic diagnosis to be clinically relevant requires that the identiied pain generator not
only be capable of causing some discomfort under any circumstances (e.g., puncture and injection of a disc) but also
that this structure is a primary independent cause of the
patient’s apparent severe illness.
When only degenerative changes are found, it is controversial that a discrete local pain generator can be identiied as the
cause of serious back pain illness. Some clinicians believe that
serious axial pain and disability can be so multifactorial
(mechanical, psychological, social, and neurophysiologic
contributors) that it is unreasonable to expect speciic diagnostic studies to conirm an anatomic “diagnosis” for axial
pain illness in every patient.4–6 Even if a pain generator is
suspected, it is unclear how this can be reliably conirmed as
the cause of the patient’s perceived pain, impairment, and
disability in the face of complex social, emotional, and neurophysiologic confounders.
Other clinicians believe that identifying a pain generator is
central to spine evaluations because it meets patients’ expectations and leads to an optimal treatment that focuses on an
anatomic structure. In this model, social issues such as disability, litigation, psychological distress, and pain intolerance
are believed to be secondary issues to the structural pathology.1,7–13 hese clinicians generally believe that although the
history and physical examination may be helpful in suggesting
serious underlying pathology, such as infection and tumor,
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Suggested Criteria for Positive Provocative Discographic Injection
Positive Test Threshold

Comments

Pain response (intensity)

≥6/10 or 3/5
“Bad” pain or worse on pain thermometer
≥7/10

Subjective and arbitrary scale. No data on reliability. Data
on validity in small groups of asymptomatic subjects
without psychosocial comorbidity are good (speciicity
>90%). Data in several studies of subjects with increased
psychosocial or chronic pain comorbidity indicate
validity in these subgroups is poor (speciicity 20–60%).

Qualitative pain assessment (concordant pain)

“Concordant pain” usually including “similar”
but not exact pain
“Exact” pain only

Subjective response. Data on reliability are unknown. Data
on validity in small study of experimental nondiscogenic
low back pain indicate that validity is questionable.

Anular disruption

Dye must show issure to or through outer
anulus

Tested only in clinical studies without follow-up to
conirm outcome or other gold standard. Radiologic
reliability best with computed tomography scan after
disc injection compared with radiograph alone. Validity
of additional criteria as conirming true-positive test
unknown; positive injection in discs without anular
disruption more common in psychologically disturbed
subjects.

Control disc injections

“Negative” injection (minimal or discordant
pain) required adjacent to proposed
“positive” disc
“Normal” injection (i.e., no pain)
Some authors insist that adjacent “control
disc” must also have grade 3 anular issure,
which is “relatively painless” at equal or
higher pressures than “positive disc”

Injections in morphologically normal discs seem to be
reliably negative even in subjects with serious
psychological distress and no back pain. Reliability in
other disc morphology unknown. Validity of this
additional criterion as conirming true-positive test
unknown.

Demonstration of pain behavior

Facial expressions of pain must be observed
to conirm verbal pain report

Reliability and validity of this criterion as conirming
true-positive test unknown.

Pressure-controlled injection

Disc injections should be classiied into low
(<15 or <20 psi) or high (>50 psi) pressures
at time of signiicant pain response;
responses at pressures in between are
indeterminate

Small outcomes series suggest that low-pressure sensitive
discs are better treated with interbody fusion
techniques. Reliability and validity unknown.

Volume-controlled injections

“Excessive volume” or speed to injection
invalidates injection

Unvalidated concept based on anecdotal evidence.
Primary data unavailable to analyze.

Maximum one or two positive disc injections

More than one or two positive disc injections
invalidates study (all are indeterminate)

Assumption is made that generalized hyperalgesic efect
may lead to multiple positive discs around single pain
generator.

Quantify pain tolerance by response to
bufered anesthetic injection

Subjects with poor pain tolerance may not
be “ideal” candidates for discography; needs
to be detected

It is unclear that pain tolerance to intradermal anesthetic
injection is valid test to determine “pain tolerance” in
patients with long-standing axial pain.

Needles should be inserted from
asymptomatic or least symptomatic side

Theoretically may decrease confusion
between injection and insertion pain

Some data suggest this is not an important technique.
No gold standard conirmation was applied.

Any positive disc injection must be repeated
with similar outcomes before accepting
result as “positive”

Intraprocedure reliability test

No data available on whether this improved or decreased
test accuracy.

these methods are not helpful in determining the true pain
generator among many degenerative structures.

Diagnostic Injections and Modulation of Pain
Perception in Axial Pain Syndromes
Provocative discography relies on a patient’s subjective perception and report of pain ater a progressive pressurization
injection of a disc. Alternatively, a disc may be injected with
an anesthetic agent with subsequent documentation of the

patient’s subjective pain relief ater activities that usually
provoke pain. hese diagnostic injections seek to identify a
primary pain generator by provocative testing (stimulating a
potential site of pain, as in discography) or by temporary local
anesthetic relief. hese are subjective tests of pain perception
and are subject to the efects of volitional and neurophysiologic
modulation at multiple points along the neuraxis. Many
common factors are known to have potential dampening or
amplifying efects on the perception of back and neck pain.
hese factors must be considered when evaluating the validity
of diagnoses determined by diagnostic injections.14–19
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Adjacent Tissue Injury
Injury to adjacent tissues may increase the perception of pain
in surrounding structures by a local hyperalgesic efect. his is
a well-known phenomenon that occurs with any tissue
damage; it may amplify pain perception by increasing local
inlammatory processes with secondary neurologic sensitization in areas not directly injured, such as the area surrounding
a burn or a fracture that is sensitive but without any thermal
or mechanical injury. his is an important phenomenon in
patients with low back pain and signiicant disease at one or
more levels, which may sensitize the adjacent segments to
provocative testing (e.g., a spine that has undergone multiple
operations).14,20

Local Anesthetic
Local anesthetic injections may decrease the perception of
pain at a local site. his is the speciic, active efect used in
diagnostic blocks. his decrease in pain perception can also
be a source of confounding efects if the exact placement of
the agent is not well controlled. In addition to this direct local
efect, a nonspeciic placebo efect and a neurophysiologic
modulation efect may occur. A relevant example is the efect
of local anesthetic blockade on the perception of painful
stimulus along the neuraxis proximal to the injection. A local
anesthetic injection in the lower extremity may be perceived
as relieving sciatica owing to disc herniation.21 his is not a
placebo efect (i.e., the phenomenon is seen only with an
active anesthetic agent) but rather an efect on neuromodulation. his efect is important in diagnostic anesthetic blockade
as a source of false-positive and false-negative indings.22

Tissue Injury and Nociception in Adjacent or
Same Sclerotome
Tissue injury having the same or adjacent sclerotomal aferents
as lower spinal elements may increase pain sensitivity at any
given site. his efect is thought to be due to physiologic and
anatomic changes at the level of the dorsal root ganglion or
spinal cord ascending tracts. In animal models, single aferent
neurons from a dorsal root ganglion may innervate three
adjacent discs and a wide range of adjacent structures. his
efect is important in considering the speciicity of discography
at sites of similar embryonic derivation to a known pathologic
structure (e.g., nonunion, spondylolisthesis, painful iliac crest
bone grat site). he confounding efect of this phenomenon
in discography has been experimentally and empirically
shown (discussed later).14,23

Chronic Pain Syndromes
Chronic pain syndromes may complicate the evaluation of low
back pain. Chronic pain from regional sites that are near the
lumbar spine (chronic pelvic pain, irritable bowel syndrome,
failed hip arthroplasty) or distant to the lumbar spine (chronic
neck pain, chronic headache, temporomandibular joint syndrome) may increase pain sensitivity at lower spinal elements.

his efect may be regional or global and may be related to
neurophysiologic changes at multiple levels along the neuraxis.
Preexisting chronic pain syndromes are also associated with
depression, narcotic use, and habituation, which have independent pain perception efects. his efect has been shown to
have an impact on the pain intensity from discography in
experimental subjects.14,23

Narcotic Analgesia and Habituation
Narcotic medications act at multiple levels to decrease pain
sensitivity thresholds, intensity, and afective response.
Administration of a narcotic medication may act as a common
confounder for diagnostic techniques that require accurate
feedback of pain perception from a patient.14,24,25 Chronic
narcotic habituation may act to decrease pain tolerance in
the absence of increased narcotic intake. Narcotic habituation decreases endogenous abilities to modulate peripheral
nociceptive input. his efect is multifactorial. Chronic narcotic habituation is also associated with depression and sleep
disturbances.

Depression, Anxiety, and Somatic Distress
Clinical depression, anxiety disorders, and increased somatic
awareness may be seen as predisposing factors to chronic low
back pain syndromes or reactions to the pain and disability
of chronic low back pain illness, or both. In either event,
psychological distress usually decreases the pain threshold
perception and increases perceived pain intensity and afective
response.5,24,26 hese efects are likely due to central neurochemical changes and systemic efects and have been shown
to afect pain responses in discographic evaluation.

Social Imperatives
Overriding social imperatives may result in a decreased pain
perception or a dissociation of pain perception and functional
loss. A decreased pain perception or even an absence of pain
perception despite injury can be seen during some short-term
stressful events, such as in accident victims, soldiers in combat,
or individuals in certain training environments. Even over
long periods, social and cultural factors reinforce low painperception reporting and muted or absent pain behaviors.

Social Disincentive
Secondary gain issues may exaggerate pain responses of all
types. When the intensity of pain behavior and report is correlated with a real or perceived social beneit or monetary
compensation, the reported pain perception and pain behavior may be increased. his situation can have direct efects
on provocative testing (e.g., discography) and the need for
a speciic anatomic diagnosis to establish social validity of
an ongoing “sick role.” A real-world example of social disincentive exists in patients who have sustained a work-related
injury that requires an extended course of evaluation and
treatment.
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When considering the diagnostic certainty of a possible pain
generator in chronic axial pain illness, it is necessary to view
the aforementioned confounding factors for contribution to
the illness behavior observed (Table 17.2). An injured soldier
with facial trauma, ater narcotic administration and in the
heat of combat, may mask the perception of a signiicant low
back pain injury that otherwise could be clearly symptomatic.
In this case, a bona ide local pain generator results in little
pain perception. Conversely, a very minor nociceptive input
(common backache) from a disc can be ampliied in the case
of a patient with multiple chronic pain syndromes, narcotic
TABLE 17.2

habituation, depression, and compensation issues (social disincentives). In this case, a common mild backache pain generator is ampliied to become a catastrophic illness.

Evidence for Validity and Usefulness of
Provocative Discography
Sackett and Haynes have described the criteria for an evidencebased evaluation of diagnostic test validity.27 Four phases of
scientiic scrutiny and evidence in discography research are
shown in Table 17.3. hese phases of evidence progress from
the simple comparison of testing in subjects known to have

Neurophysiologic Factors Inluencing Result of Diagnostic Injections

Modulator of Diagnostic
Injection Efect

Type of Efect on Pain Perception at Site of Injection

Diagnostic Efect

Adjacent tissue injury

Increased regional pain perception

Decreased speciicity in provocative injection

Local anesthetic

Decreased pain perception at depot site and sometimes in
sclerotomal or referral pattern

Decreased speciicity in provocative injection

Tissue injury in adjacent or same
sclerotome

Increased regional pain perception

Decreased speciicity in provocative injection

Chronic pain syndrome

Increased generalized pain perception

Decreased speciicity in provocative injection

Narcotic analgesia

Decreased generalized pain perception and afective response

Decreased sensitivity and increased speciicity
of provocative injections

Narcotic habituation

Increased pain perception and exaggerated afective response

Decreased speciicity in provocative injection

Depression, anxiety, and somatic
distress

Decreased generalized pain perception and unpredictable
afective response

Decreased speciicity in provocative injection

Social imperatives

Decreased pain perception, suppressed afective response

Decreased sensitivity and increased speciicity
of provocative injections

Social disincentives

Speciic increased pain reporting and demonstration of pain
behavior

Decreased speciicity in provocative injection

TABLE 17.3

Four Phases of Evidence-Based Criteria for Evaluation Diagnostic Tests

Phase of Study

Strategy

Discography Evidence

Phase I

Diagnostic test compared in subjects with index
disease vs. results in complete normals
(experimental setting)

Few painful disc injections in completely normal asymptomatic subjects (e.g.,
normal psychometric testing, normal disc morphology, no chronic pain
issues, no compensation issues)
Examples: Walsh et al., 19903; Carragee et al., 200016

Phase II

Evaluation of range of test results in subjects with
disease (establishes positive result guidelines)
compared with known normals

Wide range of pain reactions to injections in asymptomatic subjects
depending on psychological status, disc morphology, chronic pain issues,
compensation issues. Wide overlap between asymptomatic subjects and
patients with presumed discogenic pain.
Examples: Carragee et al., 200016; O’Neill and Kurgansky, 200423; Carragee
et al., 200638

Phase III

Diagnostic test applied in clinical subjects likely to
have disease (clinical setting of test application in
subjects with similar presentation, signs,
symptoms, and risk factors)

Poor validity testing subjects with persistent low back pain with known
nondiscogenic pain syndromes (e.g., iliac crest pain) or asymptomatic disc
pathology (i.e., previous disc surgery). PPV approximately 50% in ideal
patient, PPV <50% in typical discography patient (outcome indings).
Examples: Carragee et al., 199915; Carragee et al., 200035; Derby et al., 200536;
Carragee et al., 200237; Carragee et al., 200643

Phase IV

Does having the diagnostic test result improve
outcomes compared with management without
test result (controlled trial)?

Little to no evidence of provocative discography improving outcomes
compared with modern diagnostic techniques.40 Substantial evidence
provocative discography is worse than anesthetic injection alone.42
Substantial evidence discography may worsen outcomes in certain at-risk
groups.44–46

Data from Sackett D, Haynes R. Evidence base of clinical diagnosis: The architecture of diagnostic research. BMJ. 2002;324:539–541.
PPV, positive predictive value.
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a disease with subjects who are completely normal without
any signs, symptoms, or morbidity associated with the disease
(phase I) to the blinded study of a diagnostic test in determining outcomes in actual clinical therapeutic intervention
(phase IV).
An example of a phase I diagnostic study is the classic study
of discography by Walsh and colleagues3 in asymptomatic
healthy young men without signiicant degenerative disease
or comorbidities associated with chronic low back pain illness
(e.g., depression, chronic pain behavior, compensation issues).
Discography seemed to perform well in this phase I study, with
little pain provocation in the subjects with a lack of disease (one
of 10 subjects [10%; 95% conidence interval, 0–40%] had pain
intensity rated “bad”). In phase II and III studies, comparing
subjects without low back pain illness but with signiicant
comorbidities, discography did not perform as well.15,16
Generally, there has been limited high-quality evidence
supporting provocative disc injections. Despite the limited
evidence, some authors believe that primary discogenic pain
is the most common cause of chronic low back pain
illness.12,13,28,29 As is shown subsequently, a major constraint in
this research has been a failure to use a bona ide gold standard
for primary discogenic pain causing low back pain illness
against which investigators document that the diagnosis suggested by discography is correct.

Validity of Discography
Discography purports to diagnose the presence or absence of
a disc lesion responsible for the syndrome of chronic low back
pain illness caused by primary discogenic pain. here is no
commonly used gold standard or criterion to determine who
actually has chronic low back pain illness from primary discogenic pain. here are well-accepted standards, however, for
who does not—someone with no evidence of signiicant low
back pain. Similarly, someone with new pain resulting from
another process (pelvic fracture) does not have “chronic low
back pain illness caused by primary discogenic pain.” Provocative discography can be assessed by the results of disc injections in subjects who deinitively do not have chronic low back
pain illness caused by primary discogenic pain.
Alternatively, a patient’s response to treatment may be
considered a surrogate gold standard if the treatment deinitively removes the pain generator (the disc) and adjustments
can be made for surgical and nonspeciic limitations of the
treatment. he following section describes a series of clinical
and experimental studies that have attempted to deine the
speciicity of discography in diferent at-risk subgroups.

Speciicity of Positive Discography: Testing on
Subjects With No Axial Pain History
Careful technique and the standardization of discography
were believed by many discographers to have reduced the
false-positive rate to a negligible level in experienced hands. In
1990, Walsh and colleagues3 performed a carefully controlled
set of discographic lumbar injections in 10 paid volunteers,

all asymptomatic young men (mean age, 22 years) with little
disc degeneration. Of 30 discs injected in this asymptomatic
group, ive produced “minimum” pain (16.7%), two produced
“moderate” pain (6.7%), and one produced “bad” pain (3.3%).
Based on these data, the authors believed that the risk of
false-positive injections was very low. his study is frequently,
and incorrectly, cited to conirm a 0% false-positive rate.
In 1997, a review of one discography practice26 found cases
that seemed to be clinically apparent false-positive cases. hese
injections were believed to meet full criteria for discogenic
pain, with concordant, painful injections and negative control
injections. Clinical follow-up revealed other causes of the
patients’ back pain illness, however, including spinal tumor,
sacroiliac joint disease, and emotional problems. Block and
colleagues30 related abnormal Minnesota Multiphasic Personality Inventory (MMPI) testing and Ohnmeiss and colleagues31
related abnormal pain drawings with “nonorganic” features,
suggesting possible false-positive discographic injections.
Other authors performed thoracic32 and cervical33 injections
in subjects asymptomatic for pain in those areas. Signiicantly
painful injections were found to occur in approximately 30%
of these volunteers.
Following the Walsh protocol, Carragee and colleagues16
examined 30 volunteer subjects with no history of low back
pain who were recruited to undergo a physical examination,
magnetic resonance imaging (MRI), psychometric testing,
and provocative discography. he results showed that little
pain was elicited by injection of any anatomically normal disc.
Discs with advanced degenerative anular issuring with dye
leakage to the outer (innervated) anular margins were more
commonly painful ater discography than less degenerative or
normal discs. he intensity of the pain reported by the subjects
with anular disruption was predicted by the presence of
chronic nonlumbar pain and abnormal psychological scores.
Only 10% of subjects without any other pain processes had a
positive disc injection by the Walsh criteria, but 50% of subjects with nonlumbar chronic pain had at least one positive
disc injection.
he interaction between pending compensation claims and
discographic pain was also signiicant in this select group of
volunteers. Of the 10 subjects with positive injections, 8 had
contested workers’ compensation or personal injury claims,
with resulting litigation. Conversely, of 9 subjects with disputed litigation claims, 8 had positive injections (P < .0001).16
It was not found, however, that all subjects involved in previous work injury claims had similar rates of positive disc
injection. A history of an uncontested claim from a past
compensation injury and no pending legal action did not
predict signiicant pain on disc injection. Given that no subject
in this study stood to have any secondary gain from positive
discography, the increased pain reporting in subjects with
unrelated but contested compensation claims is intriguing. It
is possible that the efect of the prolonged social turmoil
associated with a litigation dispute has the efect of diminishing one’s resilience to irritative stimuli. Another explanation
could be that persons with abnormally low pain tolerance are
more likely to have a legal dispute regarding the signiicance
and damages associated with previous minor injury.
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Provocative discography is frequently used to evaluate persistent or recurrent low back pain syndromes in patients who
have had a posterior discectomy. he validity of interpreting
painful injections ater herniation is unknown despite its
common usage. Heggeness and colleagues34 reported on 83
postdiscectomy patients and found that 72% had a positive
concordant pain response on injection of the previously operated disc. his study did not address the possibility of falsepositive injections. All positive injections were assumed to be
true-positive injections for identifying the source of the
patient’s pain.
Using the same methodology developed by Walsh and
colleagues,3 a large study of discography in asymptomatic
patients ater discectomy for sciatica was performed.35 Painful
disc injections were frequently seen in the asymptomatic
postdiscectomy group. As in previous studies, a higher rate of
painful injections was seen in patients with abnormal psychological proiles.

Validity of Concordance Report
Provocative discography is considered positive only when the
injection elicits the patient’s usual pain in quality and in location. he reliability of the test would be substantially supported
if patients could identify the quality of pain coming from a
particular disc and diferentially compare that sensation with
their usual pain. It is unclear to what extent similar neurologic
and behavioral factors may inluence the results in provocative
discography. It is possible that the disc stimulation in discography may also provoke a “concordant” pain response without
actually having located a true pain source. As discussed earlier,
there have been reported cases of individuals undergoing
discography who were diagnosed as having discogenic pain as
the source of their illness on the basis of positive concordant
disc injections, but who were subsequently shown to have
nonspinal sources for their pain.26
his issue was investigated using an experimental model
to determine the response to disc injection in patients known
to have nonspinal back pain.15 Subjects were recruited to
participate in this study if they had no history of back pain
and were scheduled to undergo posterior iliac crest bone grat
harvesting for nonspinal problems, including appendicular
fracture nonunions or bone tumors. Most of these patients
experienced low back and buttock pain from bone grating
for several months postoperatively; this pain was in a similar
distribution to what is normally considered discogenic lumbar
pain. Discography was performed several months ater bone
grat harvesting; subjects were asked to compare the quality
and location of the disc injection pain with their usual iliac
crest pain.
Eight volunteer subjects were studied using the same
protocol as the Walsh and colleagues study.3 All subjects had
some disc degeneration on MRI, and 24 of the discs were
injected. Of the 14 disc injections causing some pain response,
ive were believed to be “diferent” (nonconcordant) pains

(35.7%), seven were “similar” (50%), and two were “exact” pain
reproductions (14.3%). he presence of anular disruption was
correlated with concordant pain reproduction (P < .05). Of
10 discs with anular tears, injection of seven elicited “similar”
or “exact” pain reproduction to the pain at iliac crest bone
grat harvest sites. By the strict criteria for positive discography, four of the eight patients (50%) had positive injections:
he pain on a single disc injection was “bad” or “very bad,”
and the pain quality was noted to be exact or similar to the
usual discomfort. All subjects had a negative control disc. All
positive disc injections had anular issures. Half of the positive
disc injections occurred at low pressures (< 20 psi).15

Discography in Subjects With Minimal Low
Back Symptoms
he ability of a test such as discography to discriminate a true
pain generator disc responsible for causing serious disabling
low back pain illness from another disc that causes only trivial
or clinically inconsequential backache is critical to the test’s
validity in clinical practice. Derby and colleagues36 performed
discography in a group of 16 subjects with occasional or
minimal low back pain, none of whom required current
medical care or were experiencing disability because of low
back pain. Of the 16 subjects, ive (31%) had a pain response of
5 out of 10 or greater, and two (12.5%) had a pain response of
6 out of 10 or greater. he subjects with more frequent benign
low back pain had more painful injections. None of these
subjects had abnormal psychological proiles, compensation
issues, or chronic pain syndromes or had signiicant secondary gain motivation to underreport pain. In this study, there
were signiicant confounding methodologic issues that made
the results open to criticism. hese issues include using the
investigators’ employees and staf as the subjects of the study.
In another study, the Stanford group performed experimental discography on 25 volunteer subjects with no clinical
back pain illness; these volunteers had persistent low backache
unassociated with any physical restrictions that was not bad
enough to seek medical care.37 All subjects had normal psychological proiles, but half had other chronic pain syndromes
that are risk factors for positive injections. In 36% of these
subjects with common backache, discographic injection of
one or more discs was signiicantly painful and concordant.
All positive discs had anular disruption, and all had negative
control discs. By the usual proposed criteria, these were positive disc injections for clinically signiicant discogenic pain
illness. Discs sensitive to low-pressure injections were found
in 28% of subjects.

Pressure-Sensitive Injections and
Discography Validity
In some cases, dye injected at low pressures may cause signiicant pain. Derby and colleagues9 labeled these “chemically”
sensitive discs as opposed to discs that are painful only on
injection with high pressures. hese authors theorized that
“chemically” sensitive discs are painful because of the exposure
of anular nerve endings or nearby neural structures to the
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and anular disruption strongly predict painful injections.
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FIG. 17.1 Hypothetical responses to pressurization of degenerative disc
depending on pain sensitivity and reporting biases of the patient.

leakage of irritating substances. It is postulated that this pain
is incited by chemical leakage from the disc during daily
activities. Some theorize that the disc injections simulate this
chemical leakage. Low-pressure–positive discs are arbitrarily
deined as discs found to be painful at pressures less than 15
or 22 psi greater than opening pressures.9,23 Derby and colleagues9 postulated further that disc injections eliciting pain
at higher pressures (> 50 psi), called “mechanically” sensitive
discs, physically distend the anulus and simulate mechanical
loading. In these discs, it is presumed that a mechanical
deformation of the anulus is the inciting painful event.
he use of pressure measurements has been postulated as
a means to decrease the risk of false-positive injections. his
assertion would be true if injections were rarely, if ever, positive at low pressures in subjects without true low back pain
illness. Previous neurophysiologic considerations suggest that
a pain and pressure proile for a given disc lesion may depend
on individual pain sensitivity and local pain processes not
related to the disc. Hypothetically, the pain and pressure
proile may be depicted as shown in Fig. 17.1. he presence of
the factors enumerated in Table 17.2 thought to have a desensitizing efect would move the curve down and to the right,
whereas factors that increase pain sensitivity may move the
pain and pressure curve up and to the let.
Experimental work has corroborated this hypothetical
pain response. Discographic injections have been performed
with pressure measurements in asymptomatic or minimally
symptomatic volunteers.3,16,35–37 Fig. 17.2 shows the proportion of painful injections at low pressures in volunteers with
varying risk factors for increased pain sensitization. It seems
from these and other data38 that low-pressure injections are
more likely positive in subjects with some type of chronic
pain state, psychological distress, and, presumably, a generalized sensitization to irritable stimuli. An increased perception
of pain at low-pressure injections seems to afect the pain
response even when the chronic pain state is not in the low
back region.

Young
men

Older +
DDD

Spine
Society

Chronic
pain

Post-op

Disc
somatization

Increasing risk factors
FIG. 17.2 Discography testing in asymptomatic subjects with varying risk
factors. Proportion of painful disc injections and painful injections at low
pressures seems to increase with increasing risk factors. DDD, degenerative
disc disease; LBP, low back pain; Post-op, postoperative. (Data from
references 15, 20, 29, and 36.)

Evidence That Discography in Clinical Practice
May Improve Outcomes
Many case series report that provocative discography is helpful
in management of patients with chronic low back pain illness.
hese are uncontrolled studies, however, and the relationship
of discography indings to clinical outcome ater surgery is
speculative. When encountered, good outcomes may be the
result of nonspeciic efects, natural history of the condition
independent of diagnosis or treatment, scrupulous patient
selection, or confounding indings on standard imaging
studies. In a retrospective literature review, Cohen and Hurley39
compared outcomes of spinal fusions in studies that included
patients who had preoperative discography versus those who
did not have preoperative discography. he outcomes were not
signiicantly diferent.
In the era before routine MRI use, Colhoun and colleagues40
retrospectively compared a series of fusions planned with and
without preoperative discography. In this study on patients
having surgery in the 1970s and early 1980s, there were no preoperative dynamic radiographs, MRI, or computed tomography
(CT). he authors reported better results in the discography
group. he two groups were not similar at baseline, however,
and the authors did not examine or account for potential biases.
One important bias in the study population is the fact that some
patients had preoperative discography, whereas some did not.
In the era before contemporary imaging techniques, this study
suggested that discography might assist in the evaluation of
patients before surgery. Even if this conclusion was true, this
paradigm is currently unusual given the widespread availability
of advanced imaging modalities in modern medicine.
Madan and colleagues41 did a retrospective review of consecutive patients undergoing spinal fusion performed by the
same surgeons, with and without preoperative discography.
he two groups seemed well matched for demographic, psychometric, and radiographic features. At a minimum of 2-year
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FIG. 17.3 Randomized clinical trial by Ohtori and colleagues comparing
the proportion of good outcomes for pain and function after single-level
spinal fusion in patients selected by best clinical judgment and provocative
discography with best clinical judgment plus anesthetic disc injection.
These were best-case scenario subjects in many respects: no worker’s
compensation cases, no road traic accident litigation cases, no high
somatic distress cases, no depression cases, all selected by very experienced
spinal surgeons in Japan. Outcomes are clearly inferior when discography is
used to select patients for fusion. ODI, Oswestry Disability Index, VAS, visual
analog scale. (Data from Ohtori S, Kinoshita T, Yamashita M, et al: Results of
surgery for discogenic low back pain: a randomized study using
discography versus discoblock for diagnosis. Spine. 2009;34:1345–1348.)

follow-up, there was no signiicant diference in outcome
between the two groups. he addition of discography to
radiographs and MRI did not improve outcomes compared
with radiographs and MRI alone.
A more recent randomized clinical trial compared outcomes of subjects having single-level fusion based on preoperative evaluation using provocative discography with subjects
having an anesthetic disc injection.42 In many ways, these
subjects were the best-case scenarios given the lack of psychological distress, depression, workers’ compensation cases, or
traic accident litigants. he discography was performed
using low-pressure injections. he outcomes in the discography group were uniformly worse than the group using an
anesthetic block to diagnose discogenic pain (Fig. 17.3).
Despite the number of diferent studies on provocative discography, a phase IV evaluation (based on evidence-based criteria
as described by Sackett and Haynes27) of discography has not
been performed to date (see Table 17.3).

Clinical Outcome as a Gold Standard in
Provocative Discography
From the evidence reviewed in this chapter, discography has
been shown to be frequently positive in asymptomatic subjects
and in subjects with pelvic pain owing to iliac crest harvesting.
It has also been shown to be frequently fully concordant in
subjects with clinically insigniicant backache. hese indings
suggest that there is limited experimental evidence to support
the premise that discography can accurately identify clinically
signiicant lesions responsible for a patient’s chronic low back

pain illness. Direct assessment of a positive test against an
accepted gold standard, conirming a true-positive result, has
not been performed.
A common empirical gold standard would involve comparing
the test results with clinical surgical outcomes, assuming that
an excellent clinical outcome would conirm a true-positive
test. here is concern, however, that an excellent clinical result
may overestimate the number of true-positive results because
of a placebo or nonspeciic efect of spinal fusion or other
intervention. here is also concern that clinical outcomes may
underestimate the number of true-positive tests because the
ability to achieve outstanding results is limited by patient-speciic
variables (psychological distress or social issues preventing
recovery despite surgical cure of the lesion). Other concerns
include results tempered by operative morbidity or technical
limitations, which, in the best of cases, cannot achieve 100%
success in the ideal situation of an accurate diagnosis.
An attempt was made to control these variables (patientspeciic variables and operative comorbidities) in a prospective
controlled study of spinal fusion for presumed diagnoses of
unstable spondylolisthesis versus discogenic pain diagnosed
by discography. Identical operative techniques were used, and
patients had no psychosocial comorbidities.43 Both groups
included only highly selected patients with 6 to 18 months of
severe low back pain, normal psychological testing, no previous
or concomitant pain syndromes, and no workers’ compensation or personal injury claims. All patients had either positive
discography at one level only and at low pressures (< 20 psi) or
unstable spondylolisthesis by strict radiographic criteria. All
patients were working full time before their low back problem,
and no patient was taking daily narcotic medications.
Both groups underwent an anterior spinal fusion with
posterior instrumentation and fusion. Two years ater surgery,
only 27% of patients in the discography group met stringent
criteria for clinical success compared with 71% of the spondylolisthesis group. Success was deined as full return to work
and recreational activities, pain scores on a visual analog pain
scale less than 2, Oswestry Disability Index score less than
15, and no daily medications for back pain. Even using less
rigorous outcome measures, 43% of the discography group
compared with 91% of the spondylolisthesis group reported at
least moderate improvement. Even ater controlling for operative
morbidity, the maximum proportion of true-positive discograms
in a best-case scenario (i.e., assuming normal psychometric
testing, no other chronic pain history, no compensation issues
or litigation, and single-level degeneration) was 40% to 60%,
with a false-positive rate of approximately 50%.
For less “ideal” patients, provocative discography may be
an extremely poor tool to select appropriate operative candidates. Freeman and colleagues,44 used CT and provocative
discography to select a wide range of typical low back pain
subjects for an intradiscal electrothermal therapy trial, including patients with psychometric distress and compensation
claims. hese investigators found no improvement compared
with control subjects. In a similarly designed trial, Pauza and
colleagues45 reported only slightly better outcomes even
though they excluded patients with psychological abnormality, workers’ compensation claims, or litigation claims.

S E C T I O N

70

309

II

310

DIAGNOSIS
18
16
14

PCS improvement (1 year)
PCS improvement (2 year)

12
10
8

Minimum clinically important
difference for PCS

6
4
2
0
Abnormal MCS

Normal MCS

FIG. 17.4 Outcomes of spinal fusion when discography was used in
patient selection. Subjects with a positive discogram in the setting of
abnormal mental component scores (MCS) in the 36-Item Short Form
Health Survey were highly unlikely to improve or reach even minimum
clinically important change in physical outcomes. In contrast, subjects with
more normalized mental component scores had signiicantly better
improvement in outcomes (P < .005). In this study, positive provocative
discography result in clinical subset of psychologically distressed patients
seems to select patients unlikely to improve with surgical treatment. PCS,
pain catastrophizing scale.

Even more striking, Derby and colleagues46 found such
poor outcomes for spinal fusion ater provocative discography
in patients with abnormal mental component scores on the
36-Item Short Form Health Survey that the discography
seemed to preselect patients who were extremely unlikely to
have a satisfactory outcome. hese results, illustrated in Fig.
17.4, may be substantially worse than using alternative patient
selection strategies without discography (e.g., radiographs,
MRI, patient interview, or psychological screening).

Complications
Although there are many potential complications of any
invasive procedure, several potential complications of discography warrant speciic discussion:
1. Infection: here is a small but deinite risk of discitis ater
percutaneous puncture and injection. he absolute risk is
diicult to calculate, but modern methods likely limit this
risk to much less than 1%. Double-needle techniques for
insertion, less irritating dye, and intravenous or injectable
antibiotics all have been postulated to decrease the infection risk.
2. Prolonged pain episode: Occasionally, patients may experience a prolonged episode of pain ater a disc injection. One
reason given for this phenomenon is the hypothetical displacement of ibrous repair over anular issures owing to
disc pressurization.2 Other work has shown that 40% of
subjects with psychological distress at the time of injection
can have markedly increased back pain for 1 year ater
discography. his efect was not seen in subjects with
normal psychological proiles.47
3. Misleading diagnosis resulting in inappropriate or inefective
invasive treatments: As discussed previously, subjects with
one or more risk factors for false-positive testing may be

misdiagnosed as having primary discogenic pain as the
cause of their persistent low back pain illness. Patients
with abnormal psychometric testing undergoing surgery
based on this test are extremely unlikely to have substantial
beneit from disc-directed interventions (see Fig. 17.4)
and are exposed to the hazards and morbidity of these
procedures.46
4. Accelerated disc degeneration: In animal models, disc
puncture with a needle has provided a reliable model to
initiate rapid disc injury with structural changes similar
in some respects to naturally occurring disc degeneration.
Working with a large animal model, Korecki and colleagues48 showed that relatively minor disruption in the
disc from even a 25-gauge needle puncture injury had
“immediate and progressive mechanical and biologic
consequences with important implications for the use of
discography….” Similarly, Nassr and colleagues49 showed
that needle puncture in cervical discs during cervical spinal
surgery localization radiographs was apparently associated
with a threefold risk of rapid disc degeneration. Carragee
and colleagues50 performed a prospective, matched-cohort
study of disc degeneration progression over 10 years
with and without baseline discography. he investigators
performed a protocol MRI and L3–L4, L4–L5, and L5–S1
provocative discography at baseline in 75 subjects without
serious low back pain illness. he investigators enrolled a
matched group at the same time and performed the same
protocol MRI examination. Subjects were followed for 10
years. At 7 to 10 years ater baseline assessment, eligible
discography and control subjects underwent another protocol MRI examination. MRI examinations were scored
for qualitative indings (Pirrmann grade, herniations,
endplate changes, and high-intensity zone). Loss of disc
height and loss of disc signal were measured by quantitative
methods (Fig. 17.5). he investigators found that modern
discography techniques with small-gauge needle and
limited pressurization resulted in accelerated disc degeneration, disc herniation, loss of disc height and signal, and
development of reactive endplate changes compared with
matched controls. he clinical follow-up of these patients
demonstrated even more concerning indings in the study
subjects through 10 years.51 Despite some attrition related
to a 10-year study, 110 of 150 subjects were available for
all interval assessments. In these subjects, there was a
statistically signiicant increase in the number of medical
visits, lumbar CT/MRI tests, and lumbar spine surgery in
the cohort exposed to provocative discography compared
to the control cohort (Fig. 17.6). hese data suggest that
lumbar provocative discography leads to an increased risk
of harm to exposed subjects.

Conclusions Regarding Provocative
Discography
As for most diagnostic tests, the usefulness of discography is
afected by the characteristics of the population being studied.
As a provocative test depending on the subjective reporting of
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FIG. 17.5 Progression of disc degeneration in matched cohorts of subjects, discography (Disco) versus
nondiscography controls. Baseline versus 10-year follow-up magnetic resonance imaging studies were
compared for (A) progression of Pirrmann grade, (B) development of new disc herniations, (C) loss of disc
height and nuclear signal, and (D) development of new Modic indings or high-intensity zones (HIZ). In all
parameters, degeneration was greater in discography group. (Data from Carragee EJ, Don AS, Hurwitz EL, et al:
Does discography cause accelerated progression of degeneration changes in the lumbar disc: a ten-year
matched cohort study. Spine. 2009;34:2338–2345.)

pain with injection, the central factors inluencing reliability
and validity of discography have to do with the neurophysiologic, psychological, and social factors that afect pain perception and expression. In the subset of patients without
signiicant confounding factors, the test may be more likely to
identify accurately a local pain generator as a primary cause
of disabling axial pain illness. In subjects with signiicant
psychosocial risk factors or confounding neurophysiologic
factors, even the theoretical basis of the test is in doubt. Finally,
the ability of the test to improve clinical outcomes has not
been proven, and studies so far have been disappointing.
Serious risks of accelerated disc degeneration are also suspected ater disc puncture/injection and more recent clinical
data have corroborated this concern. he risk and beneits of
this procedure must be carefully weighed.
PEARLS
1. Patient selection for discography is of primary importance in
determining the accuracy and utility of the test.
2. Results need to be interpreted in the context of the patient’s
entire medical history, including other chronic pain issues.
3. It is extremely unlikely that a disc with a negative injection,
normal morphology, and no pain with the injection would be a
primary cause of serious low back pain illness.
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4. In the best-case scenario of a patient with no known risk factors
for a false-positive test, the positive predictive value of the test
is not greater than 50%.
5. Most low back pain syndromes are multifactorial.
PITFALLS
1. During injection, it is important to avoid high-pressure injections
(> 100 psi) because these may cause gross mechanical motion
of the segment or injure the endplate directly.
2. In patients with psychological distress, disputed compensation
claims, or multiple chronic pain syndromes, the reported pain
responses to disc injection have not been shown to be reliable
or valid.
3. There is clear risk of accelerated disc degeneration with
discographic injections and this disc degeneration may lead to
clinically signiicant sequelae.
4. Disc injections in patients with psychological distress may result
in an increase in back pain for weeks or months.

KEY POINTS
1. Provocative discography is a diagnostic test that may identify
primary “discogenic” pain if present in psychologically normal
patients without confounding pain or compensation issues.
2. Patient responses to disc injection are subjective and strongly
inluenced by pain sensitivity and reporting variables, including
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Cervical Spine: Surgical Approaches
Hamid Hassanzadeh
Varun Puvanesarajah
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he cervical spine is a complex structure with many sensitive
anatomic elements. Successful surgical manipulation of the
cervical spine requires an in-depth understanding of how
vascular, neural, and musculoskeletal elements interweave in
order to prevent dire complications. his chapter irst examines the anatomy of the cervical spine, focusing on surface
anatomy, osseous anatomy, bony articulations, ligaments,
intervertebral discs, neurovascular structures, musculature,
and triangles of the cervical spine. In the second section, the
applied surgical anatomy is explored, with descriptions of
both anterior and posterior approaches to the cervical spine.

Surgical Anatomy
Surface Anatomy and Skin
Surface landmarks are the key to successful localization of
speciic vertebral levels. For example, prominent musculoskeletal structures—namely, the hyoid bone, thyroid cartilage, and
cricoid cartilage—delineate C3, C4, and C6, respectively.1 he
transverse processes can generally be palpated, with the transverse process of the atlas prominently featured anterior and
inferior to the mastoid process. he Chassaignac tubercle, the
anterior prominence of the transverse process of C6, is another
important landmark that can be palpated. When palpating in
a cranial-to-caudal direction along the posterior midline, the
spinous process of the second vertebra is the irst bony prominence that can be felt. Due to the natural lordosis of the cervical spine, the next palpable spinous process is typically of the
sixth or seventh vertebra, with the seventh vertebra being
particularly prominent.
When considering anterior approaches, surgical incisions
should fall in line with skin creases to facilitate healing and
prevent more noticeable scarring. In the lower neck, skin
creases are transverse. Moving cranially, skin creases become
more oblique in orientation. Skin on the front of the neck is
generally soter, more mobile, and well vascularized, in contrast to skin on the back of the neck. As such, the typical
longitudinal midline skin incision used on the posterior neck
results in increased scar formation because of trapezius muscle
tension.

Osseous Anatomy and Bony Articulation
he cervical spine comprises the irst seven vertebrae in the
spinal column. he bony anatomy and articulations of the
upper cervical spine (occiput–C1–C2) are unique and distinct
from the remaining lower ive cervical vertebrae (C3–C7).
he atlas, or C1, is a ringlike structure lacking a body
and a spinous process. It consists of two thick lateral masses
plus an anterior and posterior arch. he longus colli muscle
and anterior longitudinal ligament attach to the anterior
tubercle of the atlas, whereas the posterior tubercle serves as
the bony attachments for the rectus minor muscle and suboccipital membrane. he superior and inferior oblique muscles
attach to the large transverse processes. he vertebral artery
passes through the foramen transversarium located within
the transverse process and courses posteriorly within a sulcus
on the superior aspect of the posterior arch of the atlas. In
15% of the population, the sulcus for the vertebral artery can
be completely covered by an anomalous ossiication, which
has been called the ponticulus posticus and may have surgical
implications when identifying anatomic landmarks for bony
ixation of C1.2
he axis, or C2, is characterized by an odontoid process,
or dens, that projects upward anteriorly, articulating with the
posterior aspect of the anterior arch of the atlas as a synovial
joint. At its narrowest portion, at the base of the dens, the
coronal and sagittal plane diameters are 8 to 10 mm and 10
to 11 mm.3,4 Posteriorly, the axis has a large lamina and a
biid spinous process, which serve as attachments for the
rectus major and inferior oblique muscles. he zone between
the lamina and the lateral mass of the axis is indistinct, and
posteriorly the neural arch connects to the body by large
pedicles that are 8 mm wide and 10 mm long.5 Lying directly
anterolateral to the pedicle is the vertebral artery, which runs
through the foramen transversarium. he pedicle of the axis
projects 30 degrees medially and 20 degrees superiorly from
a posterior-to-anterior direction.4
he bony articulations of the upper cervical spine (occiput–
C1–C2) are unique and warrant special attention (Fig. 18.1).
he atlanto-occipital articulation is a shallow ball-and-socket
joint allowing for considerable motion mostly in lexion,
extension, and lateral bending. he greatest degree of lexion
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FIG. 18.1 Coronal cryomicrotome section of the upper cervical spine. Note
articulation between occiput (O) and atlas (A). The atlantoaxial joint is
identiied by the arrow.

and extension of any cervical articulation occurs at this level
(25 degrees).6 Lateral displacement is minimized because the
lateral wall of the cup-shaped articulation of the atlas is higher
than the medial wall. he superior articular surface of the atlas
projects cephalad and medially, articulating with the occipital
condyle, which projects caudad and laterally. Conversely, the
inferior articular surface of the atlas projects caudad and
medially and articulates with the laterally projecting superior
facet of the axis. As a result of this bony coniguration, axial
loads on the atlas tend to result in horizontal displacement of
the lateral masses.7
he atlantoaxial articulation provides about 50% of rotatory motion of the cervical spine.6,8 he transverse ligament,
which spans across the arch of the atlas, holds the odontoid
process against the anterior arch of the atlas, creating a pivot
joint with a synovial membrane and capsular ligaments anteriorly and posteriorly to the dens. his transverse ligament is
the principal stabilizing structure for the atlantoaxial articulation and averages 21.9 mm in length.9 he transverse ligament
has superior and inferior extensions, which form the cruciform
ligament of the atlas, connecting it to the anterior edge of the
foramen magnum and posterior aspect of the C2 body. To
allow more rotatory motion, the inferior facets of the atlas are
latter and more circular than the superior facets, and face
inferiorly to articulate with the axis.
he lower cervical vertebrae are morphologically similar
and increase in dimension as they proceed inferiorly from
C3 to C6, with C7 as the transitional vertebra into the thoracic spine. he vertebral bodies are small and oval, with
the mediolateral diameter greater than the anteroposterior
diameter.
he inferior surface of the vertebral body is convex in
the coronal plane and concave in the sagittal plane, with the
anterior lip occasionally overlapping the inferior vertebra.9
Conversely, the superior surface of the vertebral body is convex
or straight in the sagittal plane and concave in the coronal
plane, creating projections on either side of the lateral superior

surface, called the uncus, or hook. hese processes project
upward and conform to small grooves in the inferolateral
border of the cephalad vertebra, forming the uncovertebral
joints, or joints of Luschka. he width and depth of the vertebral surfaces average 17 mm and 15 mm from C2 to C6 and
increase to about 20 mm and 17 mm at C7. Vertebral heights
on the posterior wall in the mid-sagittal plane range from 11
to 13 mm.10
he pedicles project posterolaterally from the vertebral
body and join the lamina to form the vertebral arch. From C3
to C7, the angulation of the pedicles varies from 8 degrees
below to 11 degrees above the transverse plane, and decreases
from 45 degrees to 30 degrees in relation to the sagittal plane.10
he width and height of the pedicles increase slightly in size
from C3 to C7, and average diameters are 5 to 6 mm and
7 mm. he lateral wall of the pedicle is thinner than the medial
wall and should be taken into consideration if attempts at
pedicle ixation are considered in this region.11–13
At the junction of the pedicle and lamina, the anterior
tubercle of the transverse process projects laterally and is connected to the posterior tubercle by the costotransverse lamella
(bar), creating the foramen transversarium. Passing through
the foramen transversarium is the vertebral artery and venous
system.
In the lower cervical spine, the neural foramina are bounded
anteriorly by the uncinate process, the posterolateral aspect of
the intervertebral disc, and the inferior portion of the vertebral
body; posteriorly by the facet joint and superior articular
process of the vertebral body below; and superiorly and
inferiorly by adjacent pedicles. Vertebral notches located on
the superior and inferior aspect of each pedicle contribute to
the size of the neural foramina, which are 9 to 12 mm in
height, 4 to 6 mm in width, and 4 to 6 mm in length, and are
aligned 45 degrees to the sagittal plane.14,15 hey can be visualized radiographically with oblique views, with the right neural
foramina outlined on the let posterior oblique view and the
let neural foramina outlined on the right posterior oblique
view.
he spinal canal is triangular and at all levels in the cervical
spine is signiicantly greater in the medial-to-lateral dimension than in the anterior-to-posterior dimension. he crosssectional area of the spinal canal is largest at C2 and smallest
at C7, with a sagittal diameter of about 23 mm at C1 and
20 mm at C2, decreasing to 17 to 18 mm at C3–C6 and to
15 mm at C7.8 his is one reason that the passage of sublaminar wires is safer in the upper cervical spine than in the lower
cervical spine.
he lateral mass, an important structure for posterior
cervical plate-screw systems, forms at the junction of the
lamina and the pedicle and gives rise to the superior and
inferior articular processes. hese processes project upward
and downward and are angled approximately 45 degrees
cephalad from the transverse plane, gradually assuming a
more vertical position as they descend into the thoracic region
(Fig. 18.2). he articular process of the superior facet faces
posteriorly, whereas the inferior facet of the upper vertebra
faces anteriorly; the facets oppose one another to form a
zygapophyseal joint. he facet joints are true diarthrodial
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FIG. 18.3 Midsagittal microtome section at the upper cervical spine. The
transverse ligament (T) acts as a stabilizer of the atlantoaxial joint by
helping to restrain the odontoid (O) from posterior translation. The spinal
cord (S), ligamentum lavum (L), and posterior arch of atlas (A) are also
identiied.

Ligaments
FIG. 18.2 Parasagittal cryomicrotome section of facet joints. The lateral
mass of C7 is more elongated from superior to inferior and thinner from
anterior to posterior. The facet joint angle is roughly 45 degrees from the
transverse plane and assumes a more vertical position distally.

joints, with articular cartilage and menisci surrounded by a
ibrous capsule lined by a synovial membrane. he interfacet
distances are relatively constant between levels, with individual
variations ranging from 9 to 16 mm (average, 13 mm).5,16
Posteriorly, the spinous processes project inferiorly and are
biid from C3 to C6; the C7 spinous process is large and not
biid, and is oten called the vertebra prominens. he junction
between the spinous process and lamina, the spinolaminar
line, is an important anatomic landmark during spinous
process wiring. Inadvertent penetration of the wire anterior to
this line may result in spinal cord impingement.
he cervicothoracic junction is a transition region, with C7
having similar anatomic characteristics as T1 and T2. he
dimensions of the vertebral body and the sizes of the transverse processes and spinous processes are larger at C6 and C7.
Additionally, dimensions of the spinal canal decrease at C6
and C7, representing a distinct transition to the thoracic
region. he articulating facet joint between C7 and T1
resembles the thoracic facet joint, and the lateral mass of C7
is thinner than that of upper levels. Morphologic characteristics of pedicles of C7, T1, and T2 were obtained with respect
to diameters, depths, and medial angulations. Inner diameters
of the pedicles at C7, T1, and T2 from medial to lateral plane
averaged 5.2, 6.3, and 5.5 mm. Medial angulations were 34, 30,
and 26 degrees at C7, T1, and T2, respectively.10,17 hese
morphologic characteristics should be remembered when
performing transpedicular procedures in the cervicothoracic
region.

In addition to the bony anatomy, the ligamentous attachments
provide support to the cervical spine and associated articulations. In the atlanto-occipital complex, two membranous
attachments, the anterior and posterior atlanto-occipital
membranes, connect the anterior and posterior arch of C1 to
the margins of the foramen magnum. he anterior atlantooccipital membrane is the superior continuation of the anterior
longitudinal ligament, whereas the posterior membrane is the
superior continuation of the ligamentum lavum.
he transverse ligament is the major stabilizer of the atlantoaxial complex (Fig. 18.3). It attaches laterally to tubercles
located on the posterior aspect of the anterior arch of C1,
where it blends with the lateral mass. Secondary stabilizers
include the thick alar ligament, which arises from the sides of
the dens to the medial aspects of the condyles of the occipital
bone, and the apical ligament, which arises from the apex of
the dens to the anterior edge of the foramen magnum. In some
individuals, an anterior atlantodental ligament exists connecting the base of the dens to the anterior arch of the atlas.18 he
tectorial membrane, the superior continuation of the posterior
longitudinal ligament, covers the dens and all the occipitoaxial
ligaments and extends from the posterior body of C2 to the
basilar portion of the occipital bone and the anterior aspect of
the foramen magnum.
he bodies of the lower cervical vertebrae (C3–C7) are
connected by two longitudinal ligaments and the intervertebral discs. he anterior longitudinal ligament is a strong band
that attaches from the skull, as the anterior atlanto-occipital
membrane, and continues caudad over the entire length of the
spine down to the sacrum. he anterior longitudinal ligament
is thinner and more closely attached at the intervertebral disc
margins than at the anterior vertebral surfaces.19 he anterior
longitudinal ligament also sweeps around and envelops the
lateral aspect of the vertebral bodies under the longus colli
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muscle, and the lateral extension is continuous with the deep
layer of the posterior longitudinal ligament in the region of
the intervertebral foramina.
he posterior longitudinal ligament, lying within the vertebral canal on the posterior aspect of the vertebral body and
intervertebral disc, is wider in the upper cervical spine than
the lower cervical spine.19 Superiorly, it is continuous with the
tectorial membrane; as it descends, it widens over the intervertebral discs and narrows behind each vertebral body. he
posterior longitudinal ligament supplies additional strength
and stability to the posteromedial ibers of the anulus. here
is an area of relative weakness in the posterolateral corners of
the disc, however, at the junction of the posterior longitudinal
ligament and uncinate process. As a result, it is the site of most
cervical disc herniations.20 According to Hayashi and colleagues,21 the posterior longitudinal ligament is double-layered,
and the deep layer sends ibers to the anulus ibrosus and
continues laterally to the region of the intervertebral foramina.
he supericial or more dorsal layer of the posterior longitudinal ligament is adjacent to the dura mater and continues as
a connective tissue membrane, which envelops the dura mater,
nerve roots, and vertebral artery, suggesting that this membrane may serve as a protective barrier.
he ligamentum lavum of the cervical spine attaches to the
anterior surface of the lamina above and to the superior
margin of the lamina below and extends laterally to the articular processes, contributing to the boundary of the intervertebral foramen. he ligamentum lavum consists primarily of
elastic ibers, whose numbers lessen with aging, resulting in
anterior buckling that can contribute to symptoms of spinal
cord compression. A gap in the midline of the ligamentum
lavum allows for the exit of veins.
he interspinous ligament of the cervical spine is thin and
less well developed than in the lumbar region. It attaches in
an oblique orientation from the posterosuperior aspect to
the anteroinferior aspect of the spinous process. here is no
separate supraspinous ligament in the cervical region. he
ligamentum nuchae, a ibroelastic septum, is the superior continuation of the supraspinous ligament of the thoracolumbar
spine and extends from the external occipital protuberance
to C7.

and posterior longitudinal ligaments and are irmly attached
to the adjacent vertebral endplates. he ibers of the lamella
run perpendicular to the ibers of the adjacent lamella. he
collagen ibers in the posterior portion of the disc run more
vertical than oblique; this may account for the relative frequency of radial tears seen clinically. he discs are shaped to
conform to the surface of the bodies; the superior surface of
the disc is concave, and the inferior surface of the disc is
correspondingly convex in the coronal plane. he discs are
also slightly thicker anteriorly than posteriorly, which contributes to the lordotic posture of the cervical spine. he cervical
intervertebral discs allow some translational movement in the
sagittal plane, but the uncinate processes resist lateral movement. he uncinate process, located in the posterolateral
aspect of the disc, also helps prevent disc herniations in this
area. Degeneration of the anulus ibrosus (Fig. 18.4) in the
cervical region is similar to the lumbar region in that concentric, transverse, and radial tears of the anulus occur, and the
radial tear in the posterior aspect of the disc may be more
clinically signiicant.
he cartilaginous endplate is a layer of hyaline cartilage
resting on the subchondral bone and serves as a barrier
between the pressure of the nucleus pulposus and the adjacent
vertebral bodies. his cartilage is a growth plate and responsible for endochondral ossiication during growth (Fig. 18.5).
he cartilaginous endplates also allow the insertion of the
inner ibers of the anulus ibrosus and the difusion of nutrients from the subchondral bone to the disc.

Intervertebral Discs
Intervertebral discs are present between all vertebrae except at
the atlantoaxial level. Each intervertebral disc is an avascular
structure that consists of the nucleus pulposus at the interior
of the disc, the outer anulus ibrosus, and the cartilaginous
endplates adjacent to the vertebral surfaces. he nucleus pulposus functions as a shock absorber, and the anulus ibrosus
maintains the stability of the motion segment. With increasing
age, the margin between the nucleus pulposus and anulus
ibrosus becomes less distinct. Oten, by age 50 years, the
nucleus pulposus has become a ibrocartilaginous mass similar
to the inner zone of the anulus ibrosus.22
he anulus has an outer collagenous layer, in which the
ibers are arranged in oblique layers of lamellae. he outermost
ibers of the anulus ibrosus are contiguous with the anterior

FIG. 18.4 Midsagittal cryomicrotome section of a degenerative cervical
spine showing degeneration of anulus ibrosus and herniation of nucleus
pulposus posteriorly with impingement of the spinal cord.
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FIG. 18.5 Midsagittal microtome section of the cervical spine showing
nucleus pulposus (n) and outer anulus ibrosus (a) of the intervertebral disc.
Arrows identify a cartilaginous endplate.

Neural Elements
he cervical cord emerges from the foramen magnum as a
continuation of the medulla oblongata. here is considerable
variation in size of the spinal cord; however, in general, owing
to the increased nerve supply to the upper limbs, the cervical
cord enlarges from C3 and becomes maximal at C6. Maximal
transverse diameters of 13 to 14 mm have been reported,23
with transverse areas ranging from 58.3 ± 6.7 mm3 at C624 to
85.8 ± 7.2 mm3 at C4–C5.25
he spinal cord includes the outer white matter and the
inner gray matter. he white matter of the spinal cord contains
nerve ibers and glia, and is divided into the posterior, lateral,
and anterior columns. he posterior column includes the
fasciculus cuneatus laterally and fasciculus gracilis medially,
mediating proprioceptive, vibratory, and tactile sensations.
he lateral column contains the descending motor lateral
corticospinal and lateral spinothalamic fasciculi. he anterior
funiculus contains the ascending anterior spinothalamic tract
and other descending tracts. he lateral spinothalamic tracts
cross through the ventral commissure to the contralateral side
of the cord, conveying pain and temperature sensations. he
anterior spinothalamic tract conveys the crude touch sensation.
he gray matter of the spinal cord contains cell bodies
of eferent and internuncial neurons. he somatosensory
neurons are located in the posterior horn, and the somatomotor neurons are found in the anterior horn of the gray
matter. he visceral center of the gray matter is found in the
intermediolateral horn. In the center of the spinal cord is the
central ependymal canal for the passage of cerebrospinal luid.

he spinal cord is covered by the pia mater, which is the
outer lining of the cord, and transparent arachnoid membrane
that contains the cerebrospinal luid. he dura mater is the
outer covering of the spinal cord, which becomes the inner
layer of the cranial dura at the level of the foramen magnum.
he cervical cord is anchored to the dura by the dentate ligaments that project laterally from the lateral side of the cord to
the arachnoid and dura at points midway between exiting
spinal nerves. By suspending the spinal cord in the cerebrospinal luid, the dentate ligaments cushion and protect the
cord, while minimizing the movement of the cord during
range of motion (ROM). he epidural space contains fat,
internal vertebral venous plexus, and loose connective tissue.
his venous plexus may be involved in spreading infection or
neoplasm. here is a potential space between the dura and the
arachnoid, and the subarachnoid space is between the arachnoid and the pia. he subarachnoid space contains the cerebrospinal luid (CSF), spinal blood vessels, and nerve rootlets
from the spinal cord.
he dorsal sensory rootlets enter the cord through the
lateral longitudinal sulcus, and the ventral motor rootlets exit
the cord through the ventral lateral sulcus. he six or eight
rootlets at each level leave the spinal cord laterally to lie in
the lateral subarachnoid space bathed in the CSF. he rootlets
join to form the dorsal and ventral root, which together enter
a narrow sleeve of arachnoid and pass through the dura to
become a nerve root at each level. he cervical nerve roots
that form from the ventral and dorsal nerve rootlet extend
anterolaterally at a 45-degree angle to the coronal plane and
inferiorly at about 10 degrees to the axial plane.15 he nerve
roots enter the intervertebral foramina by passing directly laterally from the spinal canal adjacent to the corresponding disc
and over the top of the corresponding pedicle. he anterior
root lies anteroinferiorly adjacent to the uncovertebral joint;
the posterior root is close to the superior articular process.
he nerve root is positioned at the tip of the superior articular
process in the medial aspect of the neural foramen; it courses
more inferiorly to position over the pedicle in the lateral
aspect of the neural foramen (Fig. 18.6).
he roots occupy about one-third of the foraminal space in
the normal spine but much more in the degenerative spine.
he roots are located in the inferior half of the neural foramen
normally, but the nerve roots occupy a more cranial part of
the foramina, and the size of the foramen is diminished if the
neck is fully extended.26 he upper half of the neural foramen
contains fat and small veins.27 he nerve root is enlarged in
the distal aspect of the intervertebral foramen, and the dorsal
root ganglion is located just distal to the foramen.28 he dorsal
root ganglion is located between the vertebral artery and a
small concavity in the superior articular process. Just distal to
the ganglion and outside the intervertebral foramen, the
anterior and posterior roots join to form the spinal nerve. he
spinal nerve divides into dorsal and ventral primary rami
branches.
he gray rami from the sympathetic cervical ganglion join
the ventral primary rami. here are interconnections between
gray rami, the perivascular plexus around the vertebral artery,
and the sympathetic trunk, all of which give contributions
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FIG. 18.6 Parasagittal cryomicrotome section of the lateral aspect of the
neural foramen shows a nerve root coursing more inferiorly lying over a
pedicle as it begins to exit the foramen.

to the ventral nerve plexus to innervate the anterior longitudinal ligament, outer anulus ibrosus, and anterior vertebral
body.29,30 he dorsal nerve plexus receives contributions from
the sinuvertebral nerves, which originate from the gray rami
and perivascular plexus of the vertebral artery. he dorsal
nerve plexus innervates the posterior longitudinal ligament,
and the sinuvertebral nerves give branches to the posterior
part of the anulus and the ventral part of the dura. he
sinuvertebral nerves innervate two or more discs or motion
segments.
he irst cervical nerve or suboccipital nerve exits the
vertebral canal above the posterior arch of the atlas and posteromedial to the lateral mass, and lies between the vertebral
artery and the posterior arch. he posterior primary ramus
of the irst cervical nerve enters the suboccipital triangle
and sends motor ibers to the deep muscles. he anterior
primary ramus of the irst cervical nerve forms a loop with
the second anterior primary ramus and sends ibers to the
hypoglossal nerve. he cervical plexus receives ibers from
anterior primary rami of C1–C4. he cervical plexus is located
opposite C1–C3, ventral and lateral to the levator scapulae and
middle scalene muscles. he cervical plexus has distributions
to the skin and muscles, such as the rectus capitis anterior
and lateralis, longus capitis and cervicis, levator scapulae, and
middle scalene. he cervical plexus forms loops and branches
to supply the sternocleidomastoid and trapezius muscles. It
has communications with the hypoglossal nerve from C1
and C2, and leaves this trunk as the superior root of the
ansa cervicalis, which is a nerve loop that is formed with the
inferior root from C2 and C3.

he second cervical nerve lies on the lamina of the axis
posterior to the lateral mass; the posterior primary ramus or
the greater occipital nerve pierces the trapezius about 2 cm
below the external occipital protuberance and 2 to 4 cm
from the midline. Trauma or irritation to any of the three
terminal nerves (the greater and lesser occipital nerve and
the greater auricular nerve) can produce pain, headache, or
hyperesthesia in their dermal distribution over the occiput
and around the ear.
Cutaneous branches of the posterior primary rami of C2–
C5 are consistently present in the skin of the nuchal region;
the largest cutaneous nerve in this region is the greater occipital nerve. he lesser occipital nerve is a branch from the
anterior cervical plexus, running upward and lateral to the
greater occipital nerve. he posterior primary ramus of C3, or
the third occipital nerve, pierces the trapezius more inferiorly
and about 1 cm medial from the midline. he cervical nerve
exits over the pedicle that bears the same number except the
C8 cervical nerve lies between the C7 and T1 vertebrae. he
posterior primary rami of cervical nerves send motor ibers to
the deep muscles and sensory ibers to the skin, but the irst
cervical nerve has no cutaneous branches. he anterior
primary rami of C1–C4 form the cervical plexus, and the rami
of C5–T1 form the brachial plexus.

Vascular Structures
he major blood supply of the cervical cord and cervical spine
is the vertebral artery. Variations of the course of the vertebral
artery have been reported.31 In most cases, the vertebral artery
originates from the irst part of the subclavian artery and
begins its ascent behind the common carotid artery between
the longus colli and the anterior scalene. In the lower cervical
spine, the vertebral arteries are crossed by the inferior thyroid
artery and on the let by the thoracic duct. he vertebral arteries course anterior to the ventral rami of the seventh and
eighth cervical nerves and the C7 transverse process before
entering the C6 transverse foramen, where they ascend within
the transverse foramen of C6–C2.
he surgeon should remember that the vertebral artery
is located lateral to the uncinate process and in line with
the middle one-third of the vertebral body just anterior to
the nerve root. During anterior exposure of the vertebral
body and intervertebral discs, too far lateral dissection on the
inferior half of the vertebral body and uncovertebral joints
would endanger the vertebral artery and spinal nerve around
the intervertebral foramen. he vertebral artery may also be
involved in patients with severe cervical spondylosis when it
may be impinged by the osteophyte. At the level of the atlas,
the artery winds posteromedially around the lateral mass and
over the posterior arch of the atlas before passing through
the posterior atlanto-occipital membrane into the foramen
magnum, joining the other vertebral artery to form the basilar
artery.
In the foramen magnum region, the vertebral artery gives
branches anteriorly that join to form the single anterior spinal
artery, whereas the paired posterior spinal arteries are branches
from the posterior inferior cerebellar arteries. he anterior
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Musculature
he musculature of the cervical spine can be grouped into
the anterolateral and posterior muscle groups. he anterolateral muscles of the neck include the platysma muscle,
sternocleidomastoid muscle, hyoid muscles, strap muscles of
the larynx, scalene muscles, longus colli muscle, and longus
capitis muscle. he posterior musculature is subdivided into
supericial, intermediate, and deep muscle groups.33
he platysma is a thin muscle underneath the subcutaneous
tissue that spans from the deltoid and upper pectoral fascia
and crosses over the clavicle and passes obliquely upward and
medially to insert to the mandible, muscles of the lip, and skin
of the lower part of the face. he platysma depresses the lower
jaw and the lip, and tenses and ridges the skin of the neck.
he sternocleidomastoid originates from the sternum and
the medial clavicle to the mastoid process and the lateral
half of the superior nuchal line of the occipital bone. he
second cervical nerve and the spinal accessory nerve innervate
the sternocleidomastoid, which functions to draw the head
toward the ipsilateral shoulder and rotate it and point the chin
craniad toward the contralateral side. he sternocleidomastoid
muscles together lex the head and raise the thorax when the
head is ixed.
Muscles that attach to the hyoid bone include the digastric,
stylohyoid, mylohyoid, geniohyoid, and omohyoid muscles;
the strap muscles of the larynx include the sternohyoid and
sternothyroid muscles. hese muscles do not control the cervical spine but are important in controlling the movement of
the hyoid and larynx, and are important landmarks in the
anterior approach to the cervical spine.
he longus colli and longus capitis are the prevertebral
muscles of the neck. he longus colli spans from C1 to T3 and
extends laterally to attach to the anterior tubercles of the

transverse processes of C3–C6. he longus capitis originates
from the anterior tubercles of the transverse processes of
C3–C6 and attaches on the inferior surface of the basilar part
of the occipital bone. Underneath the longus capitis, the rectus
capitis anterior spans from the lateral mass of the atlas to the
base of the occipital bone. he rectus capitis lateralis runs
laterally from the transverse process of the atlas to the inferior
surface of the jugular process of the occipital bone.
he scalenus anterior originates from the anterior tubercles
of the transverse processes of C3–C6 and inserts on the irst
rib. he scalenus medius originates from the posterior tubercles
of the transverse processes of C2–C7 and inserts on the irst
rib. A vascular impingement of the subclavian artery may
occur as it runs between the scalenus anterior and scalenus
medius, as seen in the thoracic outlet syndrome. he scalenus
posterior originates from the posterior tubercles of the transverse processes of C4–C6 and inserts on the second rib.
he posterior muscles of the neck are divided into supericial, intermediate, and deep groups.33 he most supericial
muscle is the trapezius, which originates from the external
occipital protuberance and the medial nuchal line of C7–T12
spinous processes and inserts on the spine of the scapula, the
acromion, and the lateral aspect of the clavicle. he trapezius
is innervated by the 11th cranial nerve and functions to extend
the head. he intermediate muscles beneath the trapezius
muscle are the splenius capitis and splenius cervicis, which
originate from the spinous processes of the lower cervical and
upper thoracic spines and insert on the transverse processes of
the upper cervical spine and the mastoid process. In the deep
layer, the erector spinal muscles continue into the cervical
region, which includes the iliocostalis laterally; the longissimus cervicis and longissimus capitis centrally; and the spinalis
cervicis, semispinalis capitis, and semispinalis cervicis medially. Beneath the semispinalis muscles lie the multiidus from
C4–C7 and rotatores muscles, which cross only one segment
from the transverse processes to the spinous processes.
In the upper cervical spine, suboccipital muscles attach at
the occiput to the second vertebra. he rectus capitis posterior
major originates from the C2 spinous process and inserts to
the inferior nuchal line of the occiput, and the rectus capitis
posterior minor originates from the posterior tubercle of the
atlas and inserts to the occiput. he obliquus capitis inferior
originates from the C2 spinous process and inserts on the
transverse process of the atlas, and the obliquus capitis superior originates from the transverse process of the atlas and
inserts on the occiput between the superior and inferior
nuchal lines. Most posterior muscles are involved in producing extension of the neck and head, and some muscles produce
rotation and lateral lexion. he posterior deep muscles are
innervated by the posterior primary rami, and the blood
supply is by the deep cervical vessels.

Fascial Layers
he key to understanding the anterior approach to the cervical
spine lies in recognizing the fascial layers of the neck, which
invest the muscles and viscera and separate them into diferent
compartments.20 Anteriorly, the cervical fascia is divided into
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and posterior spinal arteries are the major blood supplies of
the spinal cord. he posterior spinal arteries give rise to
plexiform channels that are arranged transversely on the
dorsum of the cord. he anterior spinal artery supplies most
of the spinal cord, except the posterior columns.32 he spinal
cord also receives blood supplies from radicular arteries or
medullary feeders from the vertebral arteries and ascending
cervical arteries.32 he segmental arteries that are branches of
the vertebral artery are present at each level to supply the
vertebrae and surrounding tissues, but only a few segmental
vessels give rise to radicular arteries or medullary feeders to
the spinal cord. hese vessels have a variable distribution, but
medullary feeders are more commonly present at C6 and C3
from the let and C5 and T1 from the right.19
Venous blood returns from the cord through three veins
posteriorly and three veins anteriorly. he venous system
within the spinal canal consists of valveless sinuses in the
epidural space. he venous plexus is most apparent anteriorly
just medial to the pedicles over the mid-portion of the vertebral bodies and anastomoses with the veins from the opposite
side and with the basivertebral sinus, which is located in the
space between the posterior longitudinal ligament and the
posterior aspect of the vertebral body.

323

III

324

SURGICAL ANATOMY AND APPROACHES

one supericial and four deep layers. he supericial fascia
contains fat and areolar tissue, including the platysma muscle,
external jugular vein, and cutaneous sensory nerves. he
deep cervical fascia, including the outer investing layer of
deep fascia, middle cervical fascia, and prevertebral fascia,
compartmentalizes the structures deep to the supericial
fascia. he supericial layer of the deep fascia extends from
the trapezius muscle over the posterior triangle and splits to
enclose the sternocleidomastoid muscle. he middle layers of
the deep cervical fascia enclose the strap muscles and omohyoid and extend as far laterally as the scapula. he deeper
middle layer is the visceral fascia that surrounds the thyroid
gland, larynx, trachea, pharynx, and esophagus. he alar fascia
spreads behind the esophagus and surrounds the carotid
sheath structures laterally. he carotid sheath encloses the
carotid artery, internal jugular vein, and vagus nerve. he
deepest layer of the deep fascia is the prevertebral fascia,
which covers the scaleni muscles, longus colli muscles, and
anterior longitudinal ligament.
Understanding these fascial planes also helps localize the
source of cervical infections. Abscesses originating from either
the vertebral body or the intervertebral disc generally start in
the midline, whereas abscesses that are pharyngeal in origin
tend to occur lateral to the midline. his is because the prevertebral fascia and alar fascia are fused laterally over the
transverse processes, but not in the midline. If this infection
breaks through the prevertebral fascia, it can spread inferiorly
between the alar fascia and prevertebral fascia into the posterior mediastinum. With pharyngeal infections, the opposite
occurs because the visceral fascia and alar fascia are fused in
the midline; these abscesses tend to occur laterally, on either
side of the midline.

Triangles of the Neck
he cervical region is divided into two anatomic compartments, the anterior and posterior triangles, by the sternocleidomastoid. he anterior triangle is formed by the midline
anteriorly, the anterior border of the sternocleidomastoid
posteriorly, and the inferior border of the mandible superiorly.
he posterior triangle is bound anteriorly by the posterior
border of the sternocleidomastoid, posteriorly by the anterior
border of the trapezius, and inferiorly by the middle third of
the clavicle. Understanding the structures within the triangles
and their complex relationship helps the surgeon to learn these
important landmarks during surgical approaches to the neck.6
he anterior triangle is subdivided further into the digastric
(submandibular), carotid, and muscular triangles. he digastric triangle, so called because it is bound by the two bellies of
the digastric muscle as well as the inferior border of the
mandible, contains the submandibular gland; facial artery and
vein; mylohyoid artery and nerve; and, posteriorly, a portion
of the parotid gland and external carotid artery. Lying deeper
in the digastric triangle is the internal carotid artery, jugular
vein, and glossopharyngeal and vagus nerves. he carotid and
muscular triangles are separated by the superior belly of the
omohyoid muscle. he carotid triangle contains the carotid
artery and its bifurcation; the superior thyroid, lingual, and

facial branches of the external carotid artery; and the internal
jugular vein. It also contains the ansa cervicalis; portions of
cranial nerves X, XI, and XII; and the larynx, pharynx, and
superior laryngeal nerve.
he posterior triangle is subdivided into the occipital and
supraclavicular triangles by the inferior belly of the omohyoid
muscle. he posterior triangle contains the accessory nerve,
the brachial plexus, the third part of the subclavian artery, the
dorsal scapular nerve, the long thoracic nerve, the nerve to the
subclavius, the suprascapular nerve, and the transverse cervical artery.19
he brachial plexus travels behind the inferior belly of the
omohyoid, crossing between the anterior and middle scalene
muscles and over the irst rib and beneath the clavicle. Its
location in the posterior triangle can be identiied by drawing
a line from the posterior margin of the sternocleidomastoid at
the level of the cricoid cartilage to the midpoint of the clavicle.
he accessory nerve lies on the levator scapula on the loor
of the posterior triangle. Emerging from behind the posterior
border of the sternocleidomastoid muscle are the lesser occipital, greater auricular, and supraclavicular nerves. he subclavian artery lies inferior to the inferior belly of the omohyoid
in the subclavian triangle and courses behind the anterior
scalene laterally toward the border of the irst rib.

Surgical Approaches
Although surgical approaches to the cervical spine are well
described in the literature, certain approaches are more commonly used than others. A decision to use a particular
approach should take into account the site of the pathologic
process, the health of the patient, and the skill and comfort
level of the surgeon with that speciic exposure. An understanding of the advantages and limitations of each surgical
exposure can help improve patient outcome and reduce
complications. In this section, anterior and posterior operative
approaches from the occiput to the cervicothoracic junction
are described with their associated complications.

Anterior Approaches to Upper Cervical Spine
he complex anatomy of the upper neck makes adequate and
safe exposure of the upper cervical spine challenging. he two
main techniques are transoral and retropharyngeal exposures.
If necessary, both techniques can be combined with a mandibulotomy or dislocation of the temporomandibular joint to
gain additional local exposure.
he transoral approach provides anterior exposure to the
atlantoaxial complex. Inferior exposure down to C3–C4 can
be obtained with the addition of a lip-splitting approach with
mandibulotomy, whereas superior exposure up to the clivus
of the occiput can be obtained by splitting the uvula, sot
palate, and posterior pharyngeal wall.34,35 If necessary, a
portion of the hard palate can also be cut with a rongeur.
houghtful placement of a self-retaining retractor system also
facilitates exposure by retraction of the hard and sot palate
and tongue.
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Transoral Technique
he transoral technique requires broad-spectrum antibiotic
administration prior to incision. Antibiotics should cover
both gram-positive and gram-negative bacteria.39 It is further
recommended to continue antibiotics for 3 days following
surgery. Care must be exercised during this approach to stay
in the midline and develop full-thickness pharyngomucosal
laps. A vertical incision is made through the posterior pharyngeal mucosa, the constrictors, and the longus colli muscle
with the anterior arch of the atlas as the landmark. he incision should be directly down to bone. In total, the incision
should be 3 to 5 cm in length, with its midpoint approximately
1 cm caudal to the anterior tubercle of C1. Ater adequate
superior and inferior exposure is obtained, subperiosteal
lateral dissection is done to expose the medial edge of the
C1–C2 facet joint and can extend as far laterally as the lateral
masses. Dissection beyond the lateral edge of the C1–C2 facet
risks injury to the vertebral artery, which usually lies at a
minimum of 20 mm from the midline.40
In a pure transoral approach, exposure is limited by
the interdental distance and the degree of neck extension.
Recommended interdental distances to allow an appropriate surgical corridor should be at least 25 mm. Associated
pathologies, including temporomandibular joint stifness,
cervical kyphosis, and basilar invagination, can hinder the
surgical approach. Use of a Mayield retractor and a roll
beneath the shoulder blades can allow appropriate neck
hyperextension to facilitate the approach. he addition of
a mandibulotomy can further increase exposure. he mandibulotomy is achieved with a midline incision of the lower
lip around the chin in a C-shaped fashion and then straight
down to the hyoid bone to expose the mandible subperiosteally.41 Titanium plates are then it for later closure; screw holes
should be drilled before the actual osteotomy is performed, as
this all decreases the risk of postoperative malocclusion. he
mandible is then osteotomized between the central incisors,
without overt removal of an incisor. Another incision is then
made to divide the inferior mouth mucosa, with the incision
falling between the submaxillary duct oriices and beneath
the tongue. he divided mandible is then retracted laterally.
If the decision is made to split the tongue as well, this should
be done in the midline, with care taken not to injure the
epiglottis.41

Complications
Reported results with this exposure are variable. Although
access to the upper cervical vertebra through this approach is
relatively direct, the potential for signiicant morbidity and
mortality exists owing to the risk of infection by pharyngeal
lora, the conined working area, and the lack of extensile
exposure.42 Complications can be minimized with careful
patient selection and proper surgical technique.
Infection is a frequently reported complication with the
transoral approach,43 particularly with extensive resections
and use of bone grat. Direct contamination and septic
encephalomeningitis can occur through direct exposure or
opening of the dura. In a series reported by Fang and Ong43
in six patients who underwent extensive vertebral body resection and bone grating, four developed wound infections, and
one developed encephalomeningitis. In a separate study of 10
patients in whom the transoral approach was used to treat
irreducible craniovertebral junction anomalies, one patient
had a retropharyngeal infection, which was ultimately treated
with saline irrigation, reclosure, and antibiotics.44 Using perioperative antibiotics, limiting the use of bone grat when
possible, and minimizing the exposure and resection can help
decrease these risks. he use of a nasogastric tube postoperatively for 5 days until evidence of mucosal healing may
decrease wound contamination.
Diiculty with wound closure may also occur. In the Lee
et al series,44 two patients were noted to have wound dehiscence that required resuturing. Dehiscence is a particular risk
if the incision extends down to C3, where the overlying tissues
can be thin and intimately adherent to the underlying vertebral
body. Diiculty with wound closure can also occur if bone
grating is excessive or placed improperly. his diiculty can
be managed by ensuring that the grats are recessed beyond
the anterior margin of the vertebral body or by creating lateral
laps to help provide additional tissue length to assist in
coverage.
Vascular complications are also an inherent risk of this
procedure. Venous hemorrhage from epidural veins can typically be controlled with the use of cellulose and cottonoid
patties. Arterial hemorrhage owing to injury to the vertebral
artery or its branches can be more problematic. Excessive or
uncontrolled bleeding can occur if the dissection is not performed subperiosteally or strays too lateral into the vertebral
arteries. Life-threatening hemorrhage or basilar artery ischemia can result, especially in elderly patients. Tamponade of the
bleeding with hemostatic agents and bone wax may result in
a false aneurysm or late bleeding, requiring urgent surgery or
balloon embolization.40 Uncontrolled bleeding oten requires
emergent balloon embolization or immediate surgical exposure of the vertebral artery in the foramen transversarium for
ligation.
Ater surgery, the airway remains at risk from edema,
hemorrhage, or continued drainage. Due to this risk, some
patients may require endotracheal (ET) tube retention for a
full day following surgery. ET tube retention is oten determined by assessment of sot tissue swelling on postoperative
lateral cervical radiographs. A nasogastric tube is also placed
and retained for 5 to 7 days to prevent relux.45 Careful
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Several variations to the retropharyngeal exposure have
been described, which can be divided into anteromedial and
anterolateral approaches depending on the relationship of the
dissection to the carotid sheath.36–38 he anteromedial retropharyngeal approach uses the interval medial (anterior) to the
carotid sheath, whereas the anterolateral approach uses the
plane lateral (posterior) to the carotid sheath. In both cases, a
thorough understanding of the local anatomy is imperative.
For right-handed surgeons, the approach is typically from the
patient’s right side. At this level, above C5, the recurrent
laryngeal nerve has already crossed the surgical ield from
lateral to medial and runs safely within the tracheoesophageal
groove.
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intraoperative placement of retractors to ensure that the
tongue and lips are not trapped and the application of topical
hydrocortisone can help decrease postoperative oropharyngeal edema. If a tongue-splitting approach is planned, a tracheotomy should be considered.

Anteromedial Retropharyngeal Technique
Described by deAndrade and McNab in 196937 and later by
McAfee and colleagues in 1987,36 the anteromedial retropharyngeal approach is the superior extension of the anteromedial
approach to the lower cervical spine, as described by Southwick and Robinson.46 Similar to the anteromedial approach to
the lower cervical spine, familiarity with the fascial planes is
vital to understanding the approach. hese planes include (1)
the supericial fascia containing the platysma; (2) the supericial layer of the deep fascia extending from the sternocleidomastoid anteriorly and enclosing the trapezius posteriorly; (3)
the middle layer of the deep fascia covering the strap muscles
and omohyoid and visceral fascia surrounding the thyroid
gland, larynx, trachea, pharynx, and esophagus; and (4) the
deep layer of the cervical fascia, which includes the alar fascia
connecting the two carotid sheaths laterally and fusing in the
midline to the visceral fascia and the prevertebral fascia covering the scaleni and longus colli muscles and the anterior
longitudinal ligament (Fig. 18.7).
A transverse submandibular incision is used in this
approach, extending from the mastoid process and extending
to the midline at the level of the hyoid. To complete a T-shaped
incision, the opening is extended along the anterior aspect of
the sternocleidomastoid muscle (Fig. 18.8A). he platysma

A

and the supericial layer of the deep cervical fascia are divided
in line with the incision to expose the anterior border of the
sternocleidomastoid (Fig. 18.8B). With the help of a nerve
stimulator, the marginal mandibular branch of the facial nerve
(cranial nerve VII) is isolated and protected. Because the
branches of the mandibular nerve are supericial to the lateral
crossing veins, ligating the retromandibular vein as it joins the
internal jugular vein and keeping the dissection deep and
inferior to the vein during the exposure help protect the
supericial branch of the facial nerve.
Next, the supericial layer of the deep cervical fascia is
incised anterior to the sternocleidomastoid, and the carotid
sheath is identiied by palpating for the carotid pulse. he
digastric lymph nodes and submandibular gland are resected,
and the salivary duct is sutured to prevent a istula. he stylohyoid and digastric muscle are identiied and ligated to help
mobilize the hyoid bone to improve exposure. Injury to the
facial nerve may occur with excessive superior traction of the
stylohyoid muscle. he nerve stimulator is used to identify and
completely mobilize the hypoglossal nerve, which is retracted
superiorly.
he retropharyngeal space is entered by using blunt dissection to develop the plane between the carotid sheath laterally
and the visceral fascia containing the larynx and pharynx
medially. Exposure can be improved by sequentially ligating
tethering branches of the carotid artery and jugular vein,
which may include the superior thyroid artery and vein,
lingual artery and vein, ascending pharyngeal artery and vein,
and facial artery and vein (Fig. 18.8C). he superior laryngeal
nerve is identiied, protected, and mobilized as it travels from
its origin near the nodose ganglion into the larynx.

B
FIG. 18.7 Anteromedial approach to the upper cervical spine. (A) Dissection is done through a
retropharyngeal approach as an extension of the Southwick-Robinson approach to the lower cervical spine.
(B) The longus colli muscle is retracted to expose the anterior tubercle of the atlas and body of axis.
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FIG. 18.8 (A) Right-sided submandibular transverse incision. (B) The anterior border of the sternocleidomastoid
muscle is mobilized, and the digastric tendon is divided. The submandibular salivary gland and jugular digastric
lymph nodes are resected. The hypoglossal nerve is identiied and mobilized. (C) The carotid sheath is opened,
and the arterial and venous branches are ligated. (D) The superior laryngeal nerve is identiied and protected.

he prevertebral fascia overlying the vertebral body, intervertebral disc, and longus colli are now visible (Fig. 18.8D).
he two longus colli converge in the midline on the anterior
tubercle of the atlas. Because the hypoglossal, glossopharyngeal, vagus, and accessory nerves and the internal carotid
artery and jugular vein are tethered to the occiput as they exit
their respective foramina, they can be injured with vigorous
retraction or greater than 2 cm lateral dissection from the
midline. Additionally, excess anterior retraction of the pharynx
can result in injury to the pharyngeal and laryngeal branches
of the vagus nerve. At this point, a midline incision over the
basiocciput, atlas, and axis can be performed, and the anterior
longitudinal ligament and longus colli muscle can be dissected
subperiosteally to obtain lateral exposure to the cervical spine.

Anterolateral Retropharyngeal Technique
Described by Whitesides and Kelly,47 the anterolateral retropharyngeal approach provides exposure of the upper cervical
spine by partially transecting the sternocleidomastoid and
proceeding laterally and posterior to the carotid sheath (Fig.
18.9). As a result, the major branches of the external carotid
and laryngeal nerves are not disturbed. Although this exposure allows for distal extension to include T1, its superior
extension is limited to the ring of the atlas. Because the internal
carotid artery; jugular vein; and vagus, accessory, and hypoglossal nerves are tethered to the skull, adequate retraction
necessary to expose the basiocciput would result in injury to
these structures.
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A

C

B
FIG. 18.9 Anterolateral retropharyngeal approach. (A) A skin incision is made from the mastoid along the
anterior aspect of the sternocleidomastoid. (B) This approach involves dissection anterior to the
sternocleidomastoid but posterior to the carotid sheath. (C) Neurovascular structures that are encountered in
this approach include the carotid contents and branches, superior laryngeal nerves, hypoglossal nerve, and
ansa cervicalis.

A longitudinal skin incision is made from the mastoid
extending distally and anteriorly along the anterior aspect of
the sternocleidomastoid muscle. he external jugular vein is
identiied and ligated, and the greater auricular nerve running
parallel to the external jugular vein is spared if possible. he
sternocleidomastoid now is prominent; if only a limited
exposure (C1–C2) is required, consideration can be given to
preserving the sternocleidomastoid. In most cases, the sternocleidomastoid and splenius capitis muscles are detached from
the mastoid, leaving a fascial edge for later repair. he spinal
accessory nerve enters the sternocleidomastoid approximately
3 cm distal to the mastoid tip, which should be identiied and
protected.47

Next, one can proceed laterally and posterior to the carotid
sheath and dissect it free from the sternocleidomastoid. he
carotid contents are retracted along with the hypoglossal
nerve anteriorly and the sternocleidomastoid muscle and
accessory nerve posteriorly. he plane between the alar and
prevertebral fascia is developed with blunt dissection to expose
the transverse processes and anterior aspect of C1–C3. he
most pronounced bony prominence laterally is the transverse
process of C1. Although the basiocciput, clivus, and sphenoid
may be palpated through this approach, they are poorly
visualized.
When the appropriate level is identiied, a midline longitudinal incision is made in the middle of the vertebral body, and
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Complications
Complications common to the anterolateral and anteromedial
retropharyngeal approaches include airway obstruction,
hemorrhage, and nerve injury. Airway obstruction and diiculty swallowing secondary to hematoma or edema of the
pharynx and larynx can be an immediate life-threatening
complication. Typically, nasotracheal intubation is adequate;
however, a tracheostomy can be considered either preoperatively or postoperatively for airway management if this complication is expected or encountered. Hemorrhage from the
carotid artery, jugular vein, or their branches can occur and
can be diicult to control.
Laryngeal and pharyngeal dysfunction can result from
retraction of the laryngeal nerves. Patients should be advised
preoperatively to expect diiculty with phonation and swallowing, especially in the early postoperative course. Problems
can persist if the external branch of the superior laryngeal
nerve is sacriiced or transected. In three of ive cases reported
by deAndrade and McNab,37 persistent postoperative hoarseness, laryngeal fatigue, and inability to produce high tones
persisted. Nerve injury to the spinal accessory nerve can occur,
particularly with the anterolateral retropharyngeal approach.
Care should be taken to identify and protect this nerve intraoperatively as iatrogenic damage can result in weakness of the
sternocleidomastoid and trapezius muscles postoperatively.
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Vertebral
fascia

Sternocleidomastoid m.
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Vertebral a.

FIG. 18.10 Verbiest’s approach. The sternocleidomastoid and carotid
sheath are identiied and retracted laterally, and visceral structures are
retracted medially. The anterior tubercle of the transverse process is
identiied by palpation. Muscular insertions of the longus colli, longus
capitis, and anterior scalene are dissected sharply to the bone, and the
anterior tubercle is cleared of soft tissues. The costotransverse lamellae can
be resected to provide exposure to the vertebral artery and spinal nerve
lying posteriorly.

C5
C3

Anterior Exposure of Lower Cervical Spine
Similar to approaches to the upper cervical spine, anterior
exposures to the lower cervical spine can be divided into
anterolateral and anteromedial approaches based on their
relationship to the carotid sheath. First described by Southwick and Robinson,46 the anteromedial approach employs the
interval between the sternocleidomastoid laterally and the
strap muscles and tracheoesophageal complex medially and is
used in most cases. In special circumstances, the anterolateral
approach described by Henry48 and Hogson49 may be used.
Hogson49 described an approach to the lower cervical spine in
which dissection was done posterior to the carotid sheath to
expose the anterior and lateral aspects. Verbiest50 described a
modiication of the original approach for the exposure of the
vertebral artery. Dissection anterior to the carotid sheath, as
in the anteromedial Smith-Robinson technique, provides
more lateral exposure to the cervical spine and may be better
in cases in which the lesion is localized more laterally or if the
vertebral artery must be exposed. he spinal nerve can also be
identiied posterior to the vertebral artery (Fig. 18.10).
To minimize injury to the recurrent laryngeal nerve, the
cervical spine is oten approached from the let, particularly
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the ligament and overlying muscles are dissected subperiosteally and laterally. Alternatively, if more lateral exposure is
needed, the longus colli and capitis muscles can be separated
from their bony insertion on the transverse process and
retracted anteriorly. his provides direct exposure to the nerve
roots, transverse processes, and vertebral artery, but disturbs
the sympathetic rami communicantes and may cause Horner
syndrome.
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C7-T1

FIG. 18.11 Surface anatomy can help identify the approximate level of
vertebral bodies in the cervical spine. The hyoid bone overlies C3, thyroid
cartilage overlies C5, the cricoid ring is at C6, and the supraclavicular level is
in the C7–T1 region.

at the C6–T1 region. Although a right-handed surgeon may
prefer the right-sided approach, the recurrent laryngeal nerve
is at greater risk of injury because it may leave the carotid
sheath at a higher level on the right side. he hyoid bone
overlies the third vertebra, the thyroid cartilage overlies the
C4–C5 intervertebral disc space, and the cricoid ring is at the
C6 vertebra (Fig. 18.11).6 In many cases, when the neck is in
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a signiicantly extended position, these landmarks may be
displaced inferiorly in relationship to the vertebral bodies;
moving the incision slightly higher can help accommodate for
the shit. A horizontal incision is used in most cases, but a
vertical incision anterior to the sternocleidomastoid may be
necessary in cases in which multiple levels need to be exposed.

Anteromedial Approach
A transverse incision in line with the skin crease is made from
the midline beyond the anterior aspect of the sternocleidomastoid muscle. he skin and subcutaneous tissue are undermined slightly, and division of the platysma muscle is
completed. he platysma muscle may be divided either horizontally or vertically. Retraction of the divided muscle exposes
the sternocleidomastoid muscle laterally and strap muscles
medially. he anterior and external jugular veins may be
encountered and can be ligated to improve exposure. he deep
cervical fascia is divided between the sternocleidomastoid
muscle and strap muscles, and blunt inger dissection is done
through the pretracheal fascia while palpating and retracting
the carotid sheath laterally.
A self-retaining retractor is positioned to expose the prevertebral fascia and longus colli muscles. One must be careful
not to enter the carotid sheath laterally to avoid injury to the
carotid artery, internal jugular vein, or vagus nerve. Great
caution should also be exercised medially because the strap
muscles surround the thyroid gland, trachea, and esophagus.
he surgical dissection should not enter the plane between
the trachea and esophagus because the recurrent laryngeal
nerve is at risk. A sharp self-retaining retractor should be
avoided to prevent perforation of the esophagus medially.
It is also important to check for the temporal arterial pulse
when the retractor is spread because prolonged occlusion of
the carotid artery may cause brain ischemia and stroke. he
superior thyroid artery is encountered above C4, and the inferior thyroid artery is seen below C6. hese vessels should be
identiied and ligated as necessary. One should also be aware
of the thoracic duct below C7 during the let-sided approach.
Further dissection is performed by palpating the prominent
disc margins (“hills”) and concave anterior vertebral bodies
(“valleys”).
A hemostat is clamped to the perivertebral fascia to localize
the level, and a lateral radiograph is taken. When the correct
level is conirmed, the exposure is completed by dividing the
pretracheal fascia and anterior longitudinal ligament in the
midline to minimize bleeding and prevent injury to the sympathetic chain and subperiosteal mobilization of the longus
colli laterally. Too vigorous lateral dissection may damage the
vertebral artery or nerve roots, especially at the level of the
intervertebral disc space.20 At the level of the vertebral body,
the anterior aspect of the foramen transversarium ofers some
protection to the vertebral artery.

Anterolateral Approach
By performing the dissection posterior to the carotid sheath,
the anterolateral approach avoids the thyroid vessel, vagus

nerve, and superior laryngeal nerve, and provides access to the
anterior and lateral aspect of the cervical spine. Superior
extension of this approach allows access to the upper cervical
spine as described by Whitesides and Kelly47 (see “Anterolateral Retropharyngeal Technique”). A transverse or oblique
skin incision is made from the right side. he subcutaneous
tissue and the platysma muscle are divided, and the branches
of the external jugular vein are ligated, but the cutaneous
nerves should be protected if possible. he posterior border of
the sternocleidomastoid muscle is identiied; blunt dissection
should follow the fat pad through the posterior triangle of the
cervical spine. he dissection should stay anterior to the
anterior scalene muscle and anterior to the anterior tubercle
of the transverse process to avoid injuries to the vertebral
artery or nerve root. If retraction of the sternocleidomastoid
muscle is diicult, the posterior third and the omohyoid
muscle can be divided to enhance exposure. he cervical
sympathetic plexus on the lateral aspect of the prevertebral
musculature should be identiied and protected. he prevertebral fascia and longus colli muscle are incised in the midline
for subperiosteal exposure of the cervical spine. Ater palpation of the anterior tubercle of the transverse process, the
anterior tubercle can be removed to gain access to the vertebral
artery and venous plexus.
Complications
he most devastating complication is neurologic deterioration. Most spinal cord or nerve root injuries are associated
with technical mishaps. In myelopathic patients, attention
should be paid to proper positioning of the neck, iberoptic
nasotracheal awake intubation, and intraoperative monitoring
of the spinal cord function. Utmost care should be taken when
removing osteophytes and disc material in the lateral corner
near the uncovertebral joint to avoid nerve root injury. If
removal of the posterior longitudinal ligament or osteophytes
is necessary because of perforating disc fragments or large
osteophytes, an operating microscope should be used. If
neurologic complications are discovered postoperatively, one
should administer dexamethasone and obtain a lateral radiograph to determine the position of the bone grat. Computed
tomography (CT) or magnetic resonance imaging (MRI) may
be valuable in determining hematoma or cord contusion. If
hematoma or bone grat is suspected to be the cause of postoperative myelopathy, expeditious re-exploration is required.
Airway obstruction ater extubation may occur in the
postoperative period. One must be certain that the patient
can exchange air before extubation. In cases in which multiple
vertebrectomy has been performed with retraction of sot
tissues for a prolonged period, intubation should continue
for a few days until retropharyngeal edema subsides. Corticosteroids may be used to decrease edema in these cases.
Postoperatively, a patient who underwent a prolonged operation for decompression of the spinal cord should be intubated
for 2 to 3 days until retropharyngeal edema subsides. Corticosteroids may decrease severe edema in the postoperative
period. Airway obstruction and diiculty with swallowing
because of retropharyngeal edema may require reintubation
or tracheostomy.
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he incidence of nonrecurrent laryngeal nerve on the right
side can be as high as 2.7%.55
If hoarseness persists for more than 6 weeks ater anterior
cervical surgery, laryngoscopy should be done to evaluate the
vocal cord and laryngeal muscles. Treatment of the inferior
laryngeal nerve should include waiting at least 6 months for
spontaneous recovery of function to occur. Further treatment
or surgery by the otolaryngologist may be necessary in persistent cases.
Injury to the sympathetic chain may result in Horner
syndrome. he cervical sympathetic chain lies on the anterior
surface of the longus colli muscles posterior to the carotid
sheath. Subperiosteal dissection is important to prevent
damage to these nerves. Horner syndrome is usually temporary but may be permanent in some cases. he incidence of
permanent Horner syndrome is less than 1%. Ophthalmologic
consultation may be needed for treatment of ptosis.

Anterior Approach to Cervicothoracic Junction
Anterior approaches to the cervicothoracic junction are
challenging because of the proximity of the great vessels
and overlying sternum and clavicle (Fig. 18.12). hree main
approaches have been described to address access in this
region: the modiied anterior approach, the sternal-splitting
approach, and the transthoracic approach.56–58 Each approach
has its own advantages and disadvantages, thus should be
chosen accordingly. heoretically, the modiied anterior
approach can provide visualization and access to the anterior spinal structures from C4 to T4, but requires resection
of the medial clavicle and sternoclavicular joint. Similarly,
the sternal-splitting approach, when combined with the
anteromedial approach to the neck, ofers access from C4
to T4 through retraction of the great vessels. Although the
transthoracic approach provides adequate exposure to the
upper thoracic spine, access to the cervical spine is limited to
C7 at best. Given inherent accessibility challenges, multiple
algorithms dependent on imaging and demographic variables
have been developed to assess accessibility.59,60

Modiied Anterior Approach
he patient is positioned supine on the operating table with a
bump between the scapula. Typically, an angled incision is
used for this approach. he transverse limb is made 2 cm
proximal to and parallel to the let clavicle extending from the
midline to the lateral border of the sternocleidomastoid. he
transverse limb is generally let sided, as the let recurrent
laryngeal nerve has a less variable path.61 he vertical limb
runs from the medial aspect of the transverse incision and
extends just distally past the manubriosternal junction. he
platysma is divided in line with the skin incision and undermined proximally and distally to mobilize the muscle. In some
instances, the supericial veins and external jugular vein are
mobilized. However, they may need to be cauterized as necessary for exposure.
he strap muscles and sternocleidomastoid are dissected
and divided subperiosteally of the medial clavicle and
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Serious bleeding complications ater anterior cervical
surgery are rare, but hematoma-related wound complications are common, with an incidence of 5.6% in one series.51
Arterial bleeding from the superior or inferior thyroid artery
can be prevented by careful identiication and ligation during
surgery. Care should be taken not to dissect too far laterally because the vertebral artery is in danger along with the
nerve roots. Tears on the vertebral artery should be repaired
by direct exposure of the vessel in the foramen rather than
merely packing the bleeding site. Injuries to the carotid artery
or internal jugular vein are exceedingly rare. A hematoma
rarely may be responsible for airway obstruction or spinal
cord compression. he patient should have the head elevated
in the immediate postoperative period because the source
of bleeding is frequently venous. Meticulous hemostasis
and placement of a drain should be routine to prevent these
complications.
Esophageal perforation is a rare but serious complication
of anterior cervical spine fusion, occurring in about 1 of 500
procedures. Sharp retractors must be avoided, and gentle
handling of the medial sot structures is mandatory. In revision cases, the use of a nasogastric tube may help identify the
esophagus intraoperatively. If perforation is suspected during
surgery, methylene blue can be injected for better visualization. he perforation is frequently not recognized until the
patient develops an abscess, tracheoesophageal istula, or
mediastinitis in the postoperative period.52 he usual treatment consists of intravenous antibiotics, nasogastric feeding,
drainage, débridement, and repair. Early consultation with
head and neck surgeons is recommended.
Minor hoarseness or sore throat ater anterior cervical
fusion may be due to edema or endotracheal intubation, and
occurs in nearly half of the patients. Recurrent laryngeal nerve
palsy may be the cause of persistent hoarseness in a few
patients, however. As many as 11% of patients may experience
some degree of recurrent laryngeal nerve palsy following
anterior cervical spine surgery,53 with permanent hoarseness
occurring in 2% to 4% of patients.54 he superior laryngeal
nerve is a branch of the inferior ganglion of the vagus nerve,
and travels along with the superior thyroid artery to innervate
the cricothyroid muscle. Damage to this nerve may result in
hoarseness, but oten produces symptoms such as easy fatiguing of the voice. he inferior laryngeal nerve is a recurrent
branch of the vagus nerve that innervates all laryngeal muscles
except the cricothyroid.
On the let side, the recurrent laryngeal nerve loops under
the arch of the aorta and is protected in the let tracheoesophageal groove. On the right side, the recurrent nerve travels
around the subclavian artery, passing dorsomedial to the side
of the trachea and esophagus. It is vulnerable as it passes from
the subclavian artery to the right tracheoesophageal groove.
he recurrent laryngeal nerve should be located when working
from C6 downward. he best guideline to its location is the
inferior thyroid artery. he nerve usually enters the tracheoesophageal groove where the inferior thyroid artery enters the
lower pole of the thyroid. It is also more common for the right
inferior laryngeal nerve to be nonrecurrent where it travels
directly from the vagus nerve and carotid sheath to the larynx.
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FIG. 18.12 Anterior access to the cervicothoracic junction is complicated by proximity of the great vessels and
associated neural structures.

manubrium, and retracted proximally. With care taken to
avoid the subclavian vein, the clavicle is osteotomized at the
junction of the middle and medial third and disarticulated
from the manubrium with division of the irst costal cartilage.
In some cases, the inferior thyroid vein may lie medially in the
surgical ield and require ligation for exposure.
Next, the interval is developed between the carotid sheath
laterally and the strap muscles, esophagus, and trachea medially. he recurrent laryngeal nerve muscle must be identiied
from the right-sided approach, whereas the thoracic duct must
be protected and spared with the let-sided approach. At this
level, the recurrent laryngeal nerve already lies safely within
the tracheoesophageal groove with a let-sided approach.
With the use of hand-held retractors, the cervicothoracic
junction can now be accessed by carefully mobilizing the
esophagus, trachea, and right brachiocephalic artery and vein
toward the patient’s right, while the let carotid sheath and
brachiocephalic and subclavian veins are retracted to the let.

he prevertebral fascia overlying the anterior aspect of the
vertebrae from C4 to T4 can now be visualized.

Sternal-Splitting Approach
Combined with the anteromedial approach to the cervical
spine, the sternal-splitting approach provides access to the
cervicothoracic junction from C4 to T4, particularly in obese
or muscular patients. A vertical skin incision is made anterior
to the let sternocleidomastoid muscle and extended along
the midline from the suprasternal notch proximally to the
xiphoid process distally. Proximally, ater division of the platysma muscle and supericial cervical fascia, blunt dissection
is performed between the laterally situated carotid sheath
and medial visceral structures. Distally, the subcutaneous
sot tissue over the sternum is divided in line with the skin
incision, and the retrosternal space is developed with blunt
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Transthoracic Approach
With the patient in the let lateral decubitus position, the right
chest is prepared and draped. he bony prominences are
padded accordingly, and a let roll is placed in the axilla to
prevent neurovascular compromise to the let upper extremity.
A right-sided approach is preferred because of the location of
the great vessels and heart in the let-sided approach. A standard thoracotomy centered on the third rib provides access to
the upper thoracic vertebra, but exposure to the low cervical
region is restricted. A irst or second rib level entry does not
improve access because these ribs are much shorter, and the
scapula interferes posteriorly.
he incision is made beginning at the anterior axillary line
and extending posteriorly to the lateral border of the paraspinal muscles. he scapula is retracted laterally by dividing the
trapezius and latissimus dorsi muscles. he subscapular space
is developed with blunt dissection, and the third rib is identiied by counting down from the thoracic inlet.
While protecting the intercostal neurovascular bundle, the
appropriate rib is subperiosteally dissected out and resected
anteriorly and posteriorly as far as possible. A rib spreader is
inserted, and the lung is retracted anteriorly. he parietal
pleura is incised overlying the vertebral artery, making sure to
identify the segmental vessels.
Complications
Postoperative weakness secondary to weakness of the shoulder girdle musculature from the joint resection can occur.
he thoracic duct should be identiied if approached from the
let. If damaged, the thoracic duct should be doubly ligated
proximally and distally to prevent chylothorax. Great caution
should be taken to avoid injuries to the sympathetic nerves,
the cupola of the pleura at the level of T1, the great vessels,
and the thoracic duct, which passes into the let venous angle
between the subclavian artery and the common carotid artery.
Potential complications of this approach include restriction
of scapular movement and paralysis of intercostal muscles
owing to the muscle-splitting aspects of this dissection. We
recommend use of this approach in older patients and perhaps
in patients with malignant conditions.

Posterior Approaches
Posterior exposures to the cervical spine are among the safest
and most used exposures for management of cervical spine
disorders, allowing direct access to the posterior elements
from the occiput to the thoracic spine.6,62 he particular
anatomy of the upper cervical spine and the transitional
anatomy of the cervicothoracic junction should also be understood when approaching these regions posteriorly.

Posterior Approach to Upper Cervical Spine
he posterior approach to the upper cervical spine grants
exquisite access to the posterior elements of the occiput, atlas,
and axis, allowing for easy atlantoaxial and occipitocervical
decompression and fusion. he exposure begins with a midline
incision extending from the inion to the C4 spinous process,
an incision length that can be tailored depending on the
treated pathology. he incision should fall along an internervous plane in the midline that separates the muscles from the
segmental innervation supplied by the right and let posterior
rami of the cervical nerves. Staying in the midline, within the
avascular plane of the ligamentum nuchae minimizes bleeding
and the risk of injury to surrounding muscle tissue and neurovascular structures, while providing a stout tissue layer for
tissue closure at the end of the case. his principle is especially
important in the cervical spine as the posterior cervical musculature is particularly vascular.
If the location of pathology is at the occipitocervical junction, that is, in the case of basilar impression, fracture of the
odontoid with C1 fracture, or tumor, bone landmarks can be
used to determine the appropriate level. he external occipital
protuberance and the spinous process of C2 can typically be
easily palpated, with the incision made from the inion caudad
approximately 8 cm. As discussed earlier, the dissection is
continued through the ligamentum nuchae, and the paraspinal
muscles are stripped from C3 to the occiput. he surgeon
should be cautious when dissecting at the inferior edge of the
foramen magnum because uncontrollable bleeding from a
group of veins present in this location may be encountered.
Sharp subperiosteal dissection of the external occipital protuberance and lamina is performed, and care is taken to protect
the vertebral arteries at the lateral border of the atlas. With a
ine curet or an elevator, the posterior atlanto-occipital ligament can be separated from the posterior lip of the foramen
magnum if necessary.
he greater occipital nerve (C2) and the third occipital nerve
cross the ield and course laterally in the paracervical muscles.
Subperiosteal dissection and avoidance of vigorous lateral dissection should prevent injury to these nerves. If occipital ixation is required, the inion is thickest at its prominence near the
ridge, and the passage of wires is possible without violating
both tables of the occiput. If screw ixation is being used,
bicortical purchase is recommended for the occiput, and screw
lengths of typically 10 to 12 mm can be accepted in this region.63
If access to the posterior elements of C1–C2 is necessary,
the incision can be extended inferiorly. Palpation of the large
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inger dissection. his helps relect the parietal pleura from
the posterior surface of the sternum and costal cartilage. he
sternum is cut longitudinally with an oscillating saw. he
inferior thyroid vein located just proximal to the suprasternal
notch must be avoided. A self-retainer is inserted to split the
sternum.
Blunt dissection is performed from the cranial toward the
caudal portion until the let brachiocephalic vein is exposed.
As in the modiied anterior approach to the cervicothoracic
junction, the esophagus, trachea, let carotid sheath, let subclavian artery, and brachiocephalic vein are retracted to the
patient’s let, whereas the esophagus, trachea, and right brachiocephalic artery and vein are mobilized to the right. he
prevertebral fascia can now be divided in the midline to
provide access to the C4–T4 vertebral bodies.
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C2 spinous process and the posterior C1 ring conirms the
correct level. he posterior arch of the atlas is deeper anteriorly
than the occiput and C2 spinous process, and the facet joint
of C1–C2 lies about 2.5 cm anterior to the C2–C3 joint. A
large broad elevator is used to dissect the posterior paracervical muscles from the arches of C1 and C2, and caution should
be taken to avoid plunging instruments into the spinal canal.
A small curet can be helpful to remove the muscular attachments on the biid spinous process of C2 while stabilizing the
arch of C2. Capsular ligaments of the facets should be preserved to maintain stability.
he passage of sublaminar wires at the C1–C2 level is
common because the spinal canal at this level is capacious, but
passage at lower cervical levels is associated with increased
risk of neurologic injury. he removal of the atlantoaxial ligament or atlanto-occipital membrane is not required except for
laminectomy cases. Careful separation of the membrane or
ligament from the bone is all that is usually needed to pass
sublaminar wires. his separation can be performed with a
small-angled curet or a small Freer elevator. Slight head lexion
can also help by opening the space between the ring of C1 and
the occiput. he mean thickness of the posterior ring is 8 mm,
and the cortical bone is thin.64 Great care must be taken not
to fracture the posterior ring of C1 while dissecting the ligamentum lavum.
An additional technique to expose the lateral aspect of C1
or C2 is to elevate the periosteum with a small Freer elevator.
his allows the vertebral artery to be protected at the lateral
aspect of the C1 arch. Lateral dissection should not exceed
greater than 1.5 cm from the midline in an adult and 1 cm in
a child due to risk of injury to the vertebral artery.65,66 he
vertebral artery courses over the arch of the atlas and pierces
the lateral angle of the posterior atlanto-occipital membrane,
although preoperative imaging should be obtained to evaluate
the course of the vertebral artery and rule out anomalous
vascular anatomy.
Brief consideration is given here to the regional anatomy
for the C1–C2 transarticular screw ixation (Magerl) technique,67–69 C1 lateral mass and C2 pedicle screw (Harms)
technique,69,70 and C2 translaminar screw.69,71 A thin-cut CT
scan with sagittal reconstructions and/or MRI imaging are
necessary to fully track vertebral artery course and structure.
his imaging is especially important to obtain in rheumatoid
patients in whom an anomalous or enlarged foramen transversarium is common, which may place the vertebral arteries
at increased risk with this technique. Attention should be paid
to the presence of a ponticulus posticus, an anomalous ossiication overlying the vertebral artery as it runs in the superior
sulcus of C1, which can occur in 15% of the population.
Regardless of the technique used, the intraoperative use of
anteroposterior and lateral luoroscopy can inform screw
inclination in the coronal and parasagittal plane.
Because of the amount of cephalad angulation required to
place the C1–C2 transarticular screw, subperiosteal exposure
should extend down to C4.65 he main landmark is the medial
part of the isthmus of the axis, which can be visualized directly
by subperiosteal dissection of the C2 lamina proceeding along
the bony contour around the spinal canal until the maximum

width in the coronal plane is reached. A Kirschner wire
(K-wire) can be used to retract the sot tissues containing the
greater occipital nerve and accompanying the venous plexus.
he point of entry can be approximated as 3 mm cranial to
the C2–C3 facet joint and 3 mm medial to the lateral border
of the C2 inferior facet. he drilling for the screw is strictly
sagittal and extends through the pars interarticularis, before
perforating the atlantoaxial joint approximately in the posteromedial part entering the lateral mass of the atlas.72 Lateral
drill excursion should be avoided to prevent additional risk of
injury to the vertebral arteries.
In the case of placement of a C1 lateral mass screw, the
C1–C2 joint is the key anatomic landmark to be identiied.70
his identiication can be facilitated by caudal retraction of the
C2 nerve, which exposes the posterior aspect of the lateral
mass of C1.69 Subperiosteal dissection must be carried out on
the inferior edge of the posterior arch of C1. he starting point
of the C1 lateral mass screw lies directly in the midportion in
the lateral mass. Oten, a small emissary vein is located at this
point. he C2 pedicle screw is identiied by delineating the
medial border of the isthmus and pars of the axis, as in the
C1–C2 transarticular screw. However, the trajectory of the C2
pedicle screw is more medial and follows the path of the
pedicle, as would be expected.69,70
Technical challenges associated with the C1–C2 transarticular screw and C2 pedicle screw placement led to the
development of the C2 translaminar screw. Use of this screw
is possible because of the predictably large size of the C2
lamina combined with the fact that the use of this screw
eliminates the possibility for vertebral artery injury.69,71 he
starting point is identiied as the junction of the C2 spinous
process and the lamina, and the trajectory of the screw parallels the down slope of the dorsal aspect of the contralateral
lamina. Care should be taken not to breach the ventral aspect
of the lamina, resulting in placement of the screw within the
spinal canal and to ensure that the C2–C3 facet joint is not
violated by placement of a screw that is too long.71

Posterior Approach to Lower Cervical Spine
A reverse Trendelenburg position minimizes venous bleeding
and reduces CSF pressure (Fig. 18.13). he posterior approach
uses a longitudinal midline incision that extends above and
below the segments required for the procedure. his extension
of the skin and subcutaneous tissues is necessary because the
skin of the posterior neck is less mobile and thicker for retraction. he skin is incised sharply, and electrocautery is used to
incise the ligamentum nuchae in the midline. With a wide, lat
periosteal elevator such as a Cobb, the dissection is carried
subperiosteally down the spinous processes. Inadvertent penetration of instruments into the spinal canal can be minimized
by examining preoperative ilms for evidence of spina biida and
other bony defects and by realizing that, in the cervical spine,
the laminae do not override each other as much as in the thoracic
spine, resulting in wider interlaminar spaces. Care should be
taken to stay subperiosteal because the biid nature of the spinous
processes may result in a bulbous expanse, and the dissection
may err into the paraspinal musculature. A supericial plexus of
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FIG. 18.13 Standard prone positioning for posterior cervical procedures.
The reverse Trendelenburg position minimizes venous bleeding and reduces
cerebrospinal luid pressure.

veins may be encountered, which should be cauterized as
needed. In general, subperiosteal dissection should be performed
in a caudal-to-cephalad direction to minimize bleeding.
Subperiosteal dissection of muscles is performed to expose
the spinous processes, lamina, lateral mass, and facet joints.
Dissection should extend laterally to the medial third of the
facet joint, with preservation of the capsule unless a fusion
is planned. Extreme caution is needed during the exposure
of the lamina and the interlaminar space to prevent dural
tear and CSF leakage. Care should be taken at the lateral
edge of the joint because the nerve root and vertebral artery
lie anterior to the spinolamellar membrane of the adjoining
transverse processes. Vigorous decortication or stripping may
damage the thin bone and subsequently the nerve root and
vertebral artery. he segmental artery at the lateral edge of
the facet joints may be cauterized as it exits between the transverse processes. Various retractors may be used to facilitate
exposure. For fusion cases, one should expose only the levels
to be fused because creeping fusion extension is common.
Supplementation of the fusion with posterior lateral mass
plating may obviate the need for a halo vest postoperatively.
First popularized by Roy-Camille and colleagues,73 placement of posterior cervical screws requires a thorough understanding of the lateral mass anatomy to minimize injury to
associated neurovascular structures. Diferent entry points
and screw orientations have been recommended. In the original description by Roy-Camille and colleagues,73 the entry
point was the center of the lateral mass, with the screw angled
10 degrees laterally (Fig. 18.14), whereas Magerl recommended
the drilling angle to be 25 degrees laterally and 45 degrees
superiorly. An and colleagues5 found that, by orienting the
screw 15 degrees cephalad and 30 degrees laterally with an
entry point 1 mm medial to the anatomic center of the lateral
mass, the facet joint and nerve root are avoided.

Posterior Approach to Cervicothoracic Junction
Lesions of the cervicothoracic junction are generally anterior,
for which extensive anterior approaches with or without

10°

FIG. 18.14 The Roy-Camille technique for lateral mass screws. The entry
point is at or near the anatomic center of the lateral mass and directed 10
degrees laterally.

posterior ixation are usually required. Lesions that may
require posterior stabilization include lesions resulting from
tumors, trauma, postlaminectomy instability, or infection. If
the posterior elements are intact, the simple triple-wiring
procedure can be done for a short fusion, or rods may be used
for a longer fusion, using a standard posterior approach.
Pedicle screw ixation is an alternative technique if the
posterior elements are deicient. he transpedicular technique
at the cervicothoracic junction is an exacting procedure with
very little margin for error. hrough cadaveric studies, the
pedicle landmarks and anatomic characteristics of the cervicothoracic region were found. A standard posterior approach
is used with the dissection performed to expose the lateral
mass and to the tips of the transverse processes of the upper
thoracic vertebrae. he facet joint to be fused is cleaned of its
capsule, and the articular margins are identiied. he entry
point of the pedicle lies at the intersection of a horizontal line
at the midportion of the transverse processes and a vertical
line at the lamina–transverse process junction. his pedicle
entrance point is 1 mm inferior to the facet joint and the
middle point from the medial to the lateral margins of the
facet joint. he outer cortex is decorticated at this point with
a small bur, and a small Penield elevator or straight curet is
used to probe bluntly and enter the pedicle. A 2.5-mm drill
may be used to enter the pedicle when it is identiied. Medial
angulation is required for entry of the pedicle into the vertebral
body. Medial angulation has been observed to vary between
individuals, thus it must be measured preoperatively in preparation for surgery. An et al. most recently reported that medial
angulation averages 35.85 degrees at C7, 31.65 degrees at T1,
and 23.35 degrees at T2.74 Compared with the pedicles of the
lumbar spine, the superoinferior diameter of the thoracic
pedicles at the cervicothoracic junction is greater than its
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mediolateral diameter, which leaves little margin for error in
the mediolateral plane.74
Complications
Complications associated with posterior approaches to the
upper and lower cervical spine are uncommon but can be
catastrophic. Bleeding can be minimized by staying subperiosteal and within the midline to prevent entering into the
paraspinous musculature. he arch of the atlas should be
dissected laterally only approximately 1.5 cm because the
vertebral artery is at risk. One should minimize dissecting at
the inferior edge of the foramen magnum to prevent uncontrollable venous bleeding.
Neurologic injury is a devastating complication of spine
surgery. Care is required during passage of sublaminar wires
or application of the screws to prevent injury to the brain
or spinal cord. Dissection on the ring of the atlas must be
done in a gentle manner because the direct pressure may
result in fracture or slippage of an instrument into the spinal
canal. A thorough understanding of the size, orientation,
and relationship of the pedicles and lateral masses to surrounding neurovascular structures is imperative before the
use of spinal instrumentation is undertaken. Posterior fusion
without decompressive laminectomy tends to compress the
spinal canal.
PEARLS
1. The anterior tubercle of the transverse process of C6 is an
important palpable surface landmark for anterior cervical
approaches.
2. The key to understanding the anterior approach to the cervical
spine lies in recognizing the various investing fascial layers of
the neck.
3. Placement of the deep retractors anteriorly should be deep to
the longus colli to reduce the risk of injury to the sympathetic
chain.
4. Posteriorly, the irst bony prominence palpated inferior to the
occiput is the spinous process of C2.
5. Reformatted ine-cut CT scans of the cervical spine help to
improve understanding of the bony anatomy.
PITFALLS
1. The variable course of the vertebral artery as it ascends through
the cervical spine places it at risk for injury during the anterior
and posterior cervical approach.
2. The incorrect approach may be chosen without careful
preoperative imaging review.
3. Increased rates of injury to surrounding structures may be observed
if a modiied anterior approach to the cervical spine is not used.
4. Increased bleeding is likely with dissection away from the
midline that is not subperiosteal.
5. Airway obstruction after extubation may occur in the
postoperative period after anterior and posterior cervical
procedures.

KEY POINTS
1. Understanding the surgical anatomy of the cervical spine
requires knowledge of the bony, ligamentous, muscular, and
neurovascular anatomy of the neck and the complex
relationship these structures have to one another.

2. The surgical approach selected should take into account the site
of the pathologic process, the health of the patient, and the skill
and comfort level of the surgeon with each particular exposure.
3. Understanding the advantages and limitation of each surgical
exposure improves patient outcome and reduces complications.
4. Anatomic and surgical considerations at the occipitocervical
and cervicothoracic junction are particularly challenging and
should be thoroughly understood before approaching
pathologic processes in these regions.
5. Complications of the cervical spine are infrequent but
potentially devastating; careful preoperative planning, precise
surgical technique, and a high index of suspicion should be
maintained to minimize and identify complications.
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Kenneth A. Hood
Shyam Shridharani

he cervicothoracic spine corresponds to the region just
superior to the mediastinum and extends into the sternum
and T4–T5 intervertebral disc space. In this region, knowledge
of the vascular and neural anatomy is of utmost importance.
he let brachiocephalic vein is found posterior to the upper
sternum and lies directly posterior to the thymus gland. he
right and let brachiocephalic veins merge behind the right
irst intercostal space to form the superior vena cava. he
superior vena cava drains into the right atrium behind the
third costal cartilage.
he recurrent laryngeal nerve is a branch of the vagus
nerve that supplies the intrinsic muscles of the larynx with the
exception of the cricothyroid muscles. Injury to this nerve can
result in dysphonia and dysphagia. he let recurrent laryngeal
nerve can be found emerging from the vagus nerve anterior
to the arch of the aorta between T1 and T3. he phrenic nerve
can also be found in this region, anterior to the arch of the
aorta (Fig. 19.1). From there, its course is noted to predictably
travel in the tracheoesophageal groove. he right recurrent
laryngeal nerve, on the other hand, branches of the vagus
nerve in the upper cervical region and loops around the right
subclavian artery. It can also course anteriorly behind the
thyroid before entering the tracheoesophageal groove.
Given the important function of the recurrent laryngeal
nerve, there has been much debate as to whether a let- or
right-sided approach is safer, minimizing risk to the nerve. In
their classic work, Tew and Mayield report the asymmetric
course between the right and let recurrent laryngeal nerves.1
According to their work, the let recurrent laryngeal nerve
takes a longer, more predictable, protected course around the
arch of the aorta. Because of this, they believed that a let-sided
approach minimized the risk of injury to the recurrent laryngeal nerve. Other work has reported no statistical diference
between nerve injury rates and side of approach.2 Overall, for
anterior surgery, the reported incidence of dysphonia ranges
from 2% to 30%, and the incidence of dysphagia ranges from
28% to 57%.3
Another important neural structure in the anterior cervicothoracic spine is the phrenic nerve. he phrenic nerve
innervates the diaphragm. It courses anterior to the pulmonary
hilum before reaching the diaphragm.
Last, mention should be made of the thoracic duct, which
is the largest lymphatic vessel in the body. It typically starts at

the level of the twelth thoracic vertebra and enters the thorax
through the aortic opening of the diaphragm between the
aorta and azygos vein. In the mediastinum, it is located on
the let side behind the arch of the aorta and ascends between
the let subclavian artery and the esophagus, and drains at the
angle of junction of the let subclavian vein and let internal
jugular vein.

Surgical Approaches to the
Anterior Thoracic Spine
Low Anterior Cervical and
High Transsternal Approach
he cervicothoracic junction is a biomechanical transition
zone between the lordotic cervical spine and the kyphotic
thoracic spine. his approach allows for exposure of the
lower cervical spine and upper thoracic spine, from C7 to
T4. A successful approach to this region requires navigation
through numerous important neurovascular structures. Indications for this approach include infectious, traumatic, and
neoplastic processes that require decompression and fusion
or corpectomy.
he patient is positioned supine on a radiolucent table. A
towel roll or bump is placed between the scapulae, allowing
for gentle neck and shoulder extension. he arms are padded
and tucked at the sides. he shoulders are gently taped downward and the neck is turned slightly away from the approach
side, allowing for improved access and luoroscopic visualization. he shoulders should not be overaggressively taped, as
this can cause a traction injury to the brachial plexus. he table
can be positioned in slight Trendelenberg to minimize venous
engorgement and pooling.
As previously mentioned, there is controversy as to which
side the approach should be performed. Classically, a letsided approach is performed as the recurrent laryngeal nerve
is thought to follow a more predictable course in the tracheoesophageal groove, minimizing risk of injury.
Ater standard sterile preparation and drape, a skin incision
is made from the anterior border of the sternocleidomastoid
to the sternal notch (Fig. 19.2A). For cases requiring full
exposure, from C7 to T4, the vertical limb of the incision can
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FIG. 19.1 (A) Anteroposterior view of cervicothoracic junction. (B) Lateral view of cervicothoracic junction.
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FIG. 19.2 (A) Inverted L-shaped incision for cervicothoracic junction. Midsternal extension of incision can be
extended further vertically for more exposure distally. (B) Insertion of sternocleidomastoid muscle into clavicular
head. (C) Sternocleidomastoid muscle retracted laterally revealing underlying strap muscle. Carotid sheath and
jugular vein should be mobilized laterally as well.

be carried inferiorly over the middle of the manubrium to the
level of the third costal cartilage. Subcutaneous dissection is
performed down to the platysma. Once the platysma is well
deined, it is carefully split in a longitudinal fashion. One
should avoid injuring the underlying jugular veins, but they
can be sacriiced if they hinder the approach.

Next, the sternocleidomastoid and strap muscles are identiied at their insertion onto the clavicle (Figs. 19.2B–C). he
clavicular and manubrial heads of the sternocleidomastoid are
elevated proximal and lateral in a subperiosteal manner. he
strap muscles are similarly elevated medially. Subperiosteal
exposure should be undertaken until the ipsilateral half of the
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Transpleural Transthoracic Third Rib Resection
An alternative approach to the low anterior cervical high
transsternal approach is the transpleural transthoracic third
rib resection. his approach allows excellent exposure of the
anterolateral thoracic spine from T1 to T4. he indications for
this approach are similar. he drawbacks to this approach
include the need for mobilization of the scapula and violating
of the chest wall musculature and pleural space.
For this approach, a double-lumen endotracheal tube
should be placed by anesthesia to allow for isolated lung delation on the approach side. he patient is positioned in the
lateral decubitus position with the approach side up. he knees
and elbows are gently lexed and the arms are abducted. An
axillary roll is placed and all bony prominences are padded.
he patient can be secured to the table via bolsters or a
beanbag. he approach-side arm can be supported by stacked
pillows/towels or an arm holder. he area of prep and drape
is demarcated from the shoulder to above the iliac crest
(cephalad-caudad) and from the midline of the spine posteriorly to the umbilicus anteriorly (posterior-anterior).
he incision is carried from the paraspinous area at
approximately T1 distally along the medial border of the
scapula to the seventh rib (Fig. 19.3). It is then carried laterally and anteriorly toward the costal cartilage of the third
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manubrium and junction of the medial and middle third of
the clavicle are exposed.
he clavicle is cut at the junction of the medial and middle
third with an osteotome or oscillating saw. Care should be
taken to ensure that the underlying neurovascular structures are protected during this process. Once free laterally,
the clavicle is gently lited up and disarticulated from the
manubrium.
For greater distal exposure, a sternal splitting approach can
be performed. his involves splitting the manubrium down
the midline to the level of exposure required. Retrosternal
adipose tissue and the thymus are retracted and protected.
he sternum is then exposed subperiosteally. he manubrium
is subsequently split with an oscillating or Gigli saw. he
inferior thyroid vessels can be ligated if necessary and the
let innominate vein is retracted caudally or ligated (if necessary). Care should be taken not to injure the thoracic duct,
which is located let of the esophagus starting at T4 as it
ascends to its junction with the let internal jugular vein and
subclavian vein.
he remainder of the dissection is similar to the SmithRobinson approach. he interval between the trachea and
esophagus medially and the carotid sheath laterally is identiied and developed. When placing retractors it should be
ensured that they are safely placed to avoid injury to the
recurrent laryngeal nerve, which lies in the tracheoesophageal
groove. he right brachiocephalic artery can be taken to the
right along with the trachea and esophagus. he let brachiocephalic and subclavian veins are retracted inferiorly and to
the let. he longus colli muscles on either side of the spine
are identiied and the prevertebral fascia is spread with a
Kittner, exposing the anterior thoracic spine.
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FIG. 19.3 Patient is positioned in lateral position on a Jackson spinal table
with incision marked for a high transthoracic approach. (From Le HN, Kim
DH. Anterolateral transthoracic approaches to the cervicothoracic junction
[transaxillary approach, transpleural transthoracic third rib resection
approach]. In: Kim DH, ed. Surgical Anatomy and Techniques to the Spine.
Philadelphia: Elsevier; 2006.)

rib. he trapezius and latissimus dorsi are divided, and the
scapula is retracted cephalad and medially (Fig. 19.4). he
third rib is identiied. It should be kept in mind that the second
rib is typically the easiest rib to palpate, as it is elevated relative to the surrounding ribs. he irst rib sits medial to the
second rib.4
he approach-side lung is now selectively delated. he
third rib is skeletonized in a subperiosteal manner (Fig. 19.5).
Anteriorly, this can be performed with Bovie electrocautery
and curettes. A Doyen is a great tool for performing posterior
subperiosteal dissection around the rib while protecting the
underlying neurovascular bundle (Fig. 19.6). he third rib is
cut as far anteriorly and posteriorly as possible and can be
used for bone grat (Fig. 19.7). he third rib bed—consisting
of the periosteum, endothoracic fascia, and parietal pleura—is
transected, allowing entrance into the thoracic cavity (Fig.
19.8). A chest spreader can be placed along with a second
retractor at a right angle to allow for maximum visualization.
he lung is retracted and protected with a malleable retractor
and moist lap sponge (Fig. 19.9).
he aorta, spine, parietal pleura, veins, and sympathetic
plexus are identiied. Next, the parietal pleura is gently incised
in a longitudinal fashion over the indicated disc space. his
area is relatively avascular as compared to directly over the
vertebral body. he vertebral body is then exposed and the
intercostal arteries and veins are ligated and cut. Exposure can
be extended as necessary (Fig. 19.10).
Closure for this approach is as follows. he parietal pleura
is repaired, if feasible. Lung reexpansion is then performed.
he ribs are reapproximated with heavy nonabsorbable suture
or wire in igure-of-eight fashion utilizing a rib reapproximator. Care should be taken not to injure the neurovascular
bundle of the caudad rib being reapproximated when using
the rib reapproximator. he lung should also be protected
during this process. Last, a chest tube is placed through a
separate incision at the level of the ninth intercostal space and
set to water seal.

A

B
FIG. 19.4 Muscular exposure. (A) Note the relationship of the periscapular muscular anatomy. (B) Retracting or
detaching the latissimus muscle will reveal the underlying upper thoracic ribs and the attachments of the
serratus anterior muscles. (From Le HN, Kim DH. Anterolateral transthoracic approaches to the cervicothoracic
junction [transaxillary approach, transpleural transthoracic third rib resection approach]. In: Kim DH, ed. Surgical
Anatomy and Techniques to the Spine. Philadelphia: Elsevier; 2006.)

FIG. 19.5 Rib dissection can be exposed with use of cautery and
subperiosteal dissection. (From Le HN, Kim DH. Anterolateral transthoracic
approaches to the cervicothoracic junction [transaxillary approach,
transpleural transthoracic third rib resection approach]. In: Kim DH, ed.
Surgical Anatomy and Techniques to the Spine. Philadelphia: Elsevier; 2006.)

FIG. 19.7 Third rib is resected using a rib cutter as far anteriorly and
posteriorly as possible. (From Le HN, Kim DH. Anterolateral transthoracic
approaches to the cervicothoracic junction [transaxillary approach,
transpleural transthoracic third rib resection approach]. In: Kim DH, ed.
Surgical Anatomy and Techniques to the Spine. Philadelphia: Elsevier; 2006.)

FIG. 19.6 A posterior subperiosteal dissection of the third rib is performed
using a doyen. (From Le HN, Kim DH. Anterolateral transthoracic approaches
to the cervicothoracic junction [transaxillary approach, transpleural
transthoracic third rib resection approach]. In: Kim DH, ed. Surgical Anatomy
and Techniques to the Spine. Philadelphia: Elsevier; 2006.)

FIG. 19.8 Third rib bed consisting of periosteum, endothoracic fascia, and
parietal pleura is identiied and transected to enter the thoracic cavity.
(From Le HN, Kim DH. Anterolateral transthoracic approaches to the
cervicothoracic junction [transaxillary approach, transpleural transthoracic
third rib resection approach]. In: Kim DH, ed. Surgical Anatomy and
Techniques to the Spine. Philadelphia: Elsevier; 2006.)
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FIG. 19.10 Appropriate intercostal arteries and veins are dissected, ligated,
and cut. (From Le HN, Kim DH. Anterolateral transthoracic approaches to the
cervicothoracic junction [transaxillary approach, transpleural transthoracic
third rib resection approach]. In: Kim DH, ed. Surgical Anatomy and
Techniques to the Spine. Philadelphia: Elsevier; 2006.)

Thoracotomy (Anterior) Approach
to the Thoracic Spine
he transthoracic approach ofers extensile exposure of the
anterior vertebral bodies from T6 to T12.4 he beneits of this
approach include excellent access to the anterior column and
less risk of direct injury to the neural elements. Indications for
this approach include treatment of vertebral osteomyelitis,
resection of the vertebral body for tumors and trauma, deformity correction, and decompression of the anterior thoracic
spine. Despite this, the transthoracic approach is rarely used

secondary to the advent of posterior-based approaches that
allow the surgeon to use the same procedures with less morbidity and risk.
he patient is intubated by anesthesia using a double-lumen
endotracheal tube with lung isolation.5 his will allow for
selective lung delation based on the approach side. he patient
is then placed in the lateral decubitus position with the head
in neutral position and an axillary roll or pad placed underneath the downside axilla to protect the brachial plexus. he
arms are slightly abducted and the elbows slightly lexed. he
downside leg is slightly lexed at the hip and the knee;
the upside leg is slightly extended and adducted to allow for
sot tissue tension, which aids in opening the intercostal space.
All bony prominences must be well padded. he patient is
secured in the lateral decubitus position via a beanbag or
padded bolsters (Fig. 19.11A).
Although the approach can be made from the let or right
side, the right side is preferred if the approach is to be made
above T10, as it avoids manipulation of the aorta. If the
approach is for access from T10 and caudad, a let-sided
approach is preferred since the liver elevates the diaphragm
on the right side in this region.
Localization of the operative level is then performed with
the aid of luoroscopy and palpation. he rib to be resected
should correspond to two levels above the operative vertebral
body level given the oblique nature of the rib. Once this is
conirmed, the rib is marked from the posterior angle of the
rib to the anterior margin.
he skin and subcutaneous tissues are incised with a No.
10 blade scalpel (Fig. 19.11B). Further dissection is carried
out with Bovie electrocautery. he latissimus dorsi is identiied and incised in line with the skin in an incision over the
course of the rib. Ater completing dissection through the
latissimus dorsi, the posterior margin of the serratus anterior
is encountered and incised in a similar fashion. At this point,
the rib should be visible. Subperiosteal dissection is then
performed, skeletonizing the supericial surface of the rib
without violating the inferior margin since this is where the
neurovascular bundle runs. he intercostal muscles are then
bluntly released from the superior and inferior margins of
the rib using an Alexander Farabeuf periosteotome. Tissue
attachments to the undersurface of the rib are then carefully
released in a subperiosteal fashion without violating the parietal pleura using a Doyen dissector. he rib is then cut with a
rib cutter at the costotransverse junction posteriorly and the
costal margin anteriorly. Sharp bony edges at the margins of
resection are smoothed with a bone rasp. Bony bleeding is
controlled with bone wax. he resected rib can be saved and
used for bone grat.
Following rib resection, the appropriate lung corresponding to the operative side is selectively delated. he pleural
cavity is then entered with Metzenbaum scissors. Rib spreaders can be placed at right angles to aid in visualization. A
malleable retractor padded with moist lap sponges can be used
to further retract and protect the delated lung. One of the
major complications associated with this approach is microatelectasis. In order to help prevent this, the lung can be
periodically reinlated by the anesthesiologist.

S E C T I O N

FIG. 19.9 Operative exposure. A chest spreader can then be inserted and
opened after rib resection. (From Le HN, Kim DH. Anterolateral transthoracic
approaches to the cervicothoracic junction [transaxillary approach,
transpleural transthoracic third rib resection approach]. In: Kim DH, ed.
Surgical Anatomy and Techniques to the Spine. Philadelphia: Elsevier; 2006.)
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reapproximated using a rib approximator and the interval is
secured in place with heavy nonabsorbable suture. Routine
subcutaneous and skin closure is then performed and a sterile
dressing is placed.

Endoscopic Anterior Approach
to the Thoracic Spine

A

B
FIG. 19.11 (A) The patient is placed in the lateral decubitus position. The
arms are abducted and elbows are slightly lexed in a position of comfort,
using blankets or pillows to hold the position. (B) The thoracotomy incision
is centered over the rib to be resected. The incision is drawn from the
posterior angle of the corresponding rib and following its curvature
anteriorly. Typically, the numbered rib that is resected is considered to be
two levels above the expected working level.

he parietal pleura is incised longitudinally over the pertinent disc space with atraumatic pickups and Metzenbaum
scissors. he parietal pleura is retracted laterally. Underlying
segmental vessels that interfere with access are carefully dissected and ligated with several vascular clips or 2-0 silk ties.
Ligation should be performed away from the aorta in order
to minimize the risk of loosening of the clips or ties. Further
cephalad or caudad exposure is gained by further longitudinal
release of the parietal pleura and ligation of segmental vessels.
It is important not to tie of more segmental vessels than
necessary, as blood supply to the spinal cord from these vessels
is variable and may result in inadvertent cord ischemia. In an
animal model, it has been shown that ligation of bilateral segmental arteries at 4 or greater consecutive levels can produce
ischemic cord dysfunction.6
Upon completion of the procedure, the parietal pleura
is repaired and the lung is reinlated. A chest tube is then
placed through the ninth intercostal space. he ribs are then

he beneits of an endoscopic approach to the anterior thoracic
spine include reduced postoperative pain levels, hastened
recovery, and minimization of common complications associated with open thoracotomy approaches.7,8 he indications for
this approach are the same as those of an open thoracotomy
approach: traumatic, degenerative, infectious, and neoplastic
etiologies requiring access to the anterior vertebral body and
disc space. Contraindications to the endoscopic approach
include patients with cardiopulmonary insuiciency, acute
posttraumatic respiratory failure, or coagulopathy. A relative
contraindication is a patient with previous surgical interventions or infectious diseases of the lung, as the patient may have
excessive adhesions.9
For this approach, equipment includes a 30-degree endoscope connected to a xenon light source and high-deinition
camera. Additionally, specially made instrumentation for sot
tissue handling, disc space preparation, and bone resection are
required. Consideration should be given to performing this
procedure in conjunction with a thoracic surgeon. At a bare
minimum, a thoracic surgeon should be on standby to assist
should a complication arise or the need to convert to an open
procedure occurs.
he patient is intubated with a double-lumen endotracheal
tube to allow for selective lung delation. he patient is positioned in the lateral decubitus position. All bony prominences
are padded. An axillary roll is placed under the downside
axilla. he patient is secured with a beanbag or bolsters. he
patient should be secured well to the table since table rotation
of up to 15 degrees can be helpful for visualization intraoperatively. he table should be lexed to open the intercostal spaces.
he level of interest is marked on the lateral thoracic wall
utilizing a lateral luoroscopic image (in reference to the
patient’s body). here are several described working portal
conigurations.10 Traditionally, two to three working portals
and two additional portals are used. he working portal is
marked directly above the lesion in line with the posterior
axillary line. he portal for the endoscope is marked cranial
to the working portal approximately 2 intercostal spaces in
line with the midaxillary line. he portal sites for suction and
retraction are placed anterior to these portals9 (Fig. 19.12).
he ipsilateral lung is delated and a 1-inch oblique incision
is made over the site of the superior endoscope portal. his
portal hole is always created irst, as it minimizes risk to the
liver, diaphragm, and spleen. he approach is made using a
minithoracotomy technique and the chest cavity is entered
with a blunt clamp or thoracoscopic introducer. Entry should
be made on the superior portion of the rib in order to avoid
the neurovascular bundle on the undersurface of the rib.
A 10-mm, 30-degree rigid scope is inserted through a
10-mm trocar at this portal site. he remaining portals are
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FIG. 19.12 (A) Diagram of trocar positions for T7–T8 pathology. (B) Actual trocar positions.

placed under direct thoracoscopic visualization. At this point,
the patient can be rotated up to 15 degrees anteriorly and
placed in the Trendelenberg position for work in the lower
thoracic spine or reverse Trendelenberg for work in the upper
thoracic spine. his allows the lung to fall away from the
surgical ield.
Diagnostic thoracoscopy is performed and the target level
is identiied. he ribs can be counted internally by a blunt
palpation with a grasping instrument to conirm the appropriate surgical level. Once the appropriate level is identiied, a
20-gauge needle or Kirschner wire (K-wire) is placed percutaneously into the disc space and conirmed with a luoroscopic
image.
With the appropriate surgical level conirmed, the parietal
pleura over this level is cut over the rib head with cautery. he
free edge of the pleura is then grasped and released cephalad
and caudad with a hook dissector to expose the operative
level(s). If access to the vertebral body is necessary, the segmental vessels need to be clipped and ligated.
If vertebral body work is necessary, the rib head is exposed
and the costovertebral ligaments are released. he rib is then
cut 2 to 3 cm from its attachment to the spine using a burr or
Kerrison rongeur and the rib head is removed. Removal of the
rib head allows for clear visualization of the disc, pedicle, and
posterior vertebral margin. Resection of the superior vertebral
body and pedicle allows for exposure of the exiting nerve root
and spinal canal.
At the end of the procedure, hemostasis should be achieved.
Tears involving the visceral pleura should be repaired. A chest
tube is placed through the inferiormost portal, secured with
2-0 silk ties to the skin, and placed on a water seal. he lung
is reinlated under direct visualization and a radiograph is
obtained to ensure full lung reexpansion. he fascia and skin
of each portal is closed in a layered fashion.
Postoperatively, serial chest radiographs are obtained until
it is felt that they can be safely discontinued. he chest tube
can be discontinued once output is less than 150 mL over a
24-hour period and no air leak is present.

Anterior Anatomy of the Thoracolumbar Junction
he thoracolumbar junction spans from T10 to L2. It is the
transition zone between the rigid kyphotic thoracic spine
and the mobile lumbar spine. Because of this transition, the
thoracolumbar spine is predisposed to a high proportion of
trauma.11
Across the thoracolumbar junction, the aorta lies to the let
of the midline; the azygos vein, splanchnic nerves, and thoracic duct lie to the right of midline. In the thoracolumbar
spine, the segmental arteries run horizontally from the aorta
toward their respective vertebral body.
he diaphragm is the dome-shaped structure of muscle
and ibrous tissues that separates the thoracic cavity from
the abdomen. he diaphragm is made up of two main parts:
the clover-shaped central tendon and a peripheral muscular
portion that attaches to the chest wall. he sternal portion of
the diaphragm is made up of two small muscular segments that
attach to the posterior aspect of the xiphoid process. he costal
portion of the diaphragm is made up of several wide muscle
segments whose origins are found on the internal surface of
the inferior six ribs and costal cartilages. he lumbar portion
of the diaphragm attaches to the spine at L1 through the let
and right crura, which blend with the anterior longitudinal
ligament. Additional spine attachments come from the medial
and lateral arcuate ligaments. he medial arcuate ligaments
arise from the crura and bridge the psoas muscle, inserting onto the transverse processes of L1. he lateral arcuate
ligament arises from the L1 transverse process, bridges the
quadratus lumborum, and attaches to the twelth rib.

Anterior Approach to the Thoracolumbar Spine
he indications for anterior approach to the thoracolumbar
spine include traumatic, infectious, and malignant etiologies
between T10 and L2. Additionally, this approach can be employed
for deformity correction as well as to treat pseudoarthrosis.
Similar to thoracotomy approaches, a double-lumen endotracheal tube should be used to allow for selective lung
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FIG. 19.13 Left-sided lateral approach positioning. (From Thongtrangan I, Le HN, Park J, Kim DH.
Thoracolumbar and lumbar spines. In: Kim DH, ed. Surgical Anatomy and Techniques to the Spine. Philadelphia:
Elsevier; 2006.)

delation. A nasogastric tube should also be in place. he
patient is positioned in the lateral decubitus position with the
approach side up. A let-side approach ofers the advantage of
avoiding the need to mobilize the thin-walled vena cava as
well as risking a view obscured by the liver. If the vena cava is
injured, it can bleed profusely and can be very diicult to
repair. Sometimes, however, a right-sided approach is necessary as dictated by the surgical pathology, such as in the case
of treating the apex of a scoliotic curve.12
Ater placing the patient in the lateral decubitus position
with the operative approach side up, the patient can be secured
with a beanbag or bolsters. All bony prominences about the
lower extremities should be padded. An axillary roll is placed.
he down leg is straightened; the top leg is lexed and slightly
externally rotated to help relax the psoas muscle. Pillows can
be placed between the legs to aid in positioning. he arms are
abducted and slightly lexed at the elbow. he upside arm can
be supported by an arm holder, pillows, or blankets. he
patient is further secured to the table by placing tape over the
hip and shoulder or upper chest. Care should be taken to avoid
placing the tape directly over the breast and nipple. Fluoroscopy is then used to mark the operative levels and incision.
Typically, the ninth, tenth, eleventh, or twelth rib is selected,
depending on the exposure required. he skin incision is
marked from the posterior angle of the corresponding rib
anteriorly along its course and ending distally at a level just
lateral to the pubic symphysis. he length of the incision can
be altered depending on the exposure necessary (Fig. 19.13).
Standard sterile prep and drape is performed. A No. 10
blade scalpel is used to make the skin incision over the aforementioned distribution. Subcutaneous dissection is performed
with Bovie electrocautery. he latissimus dorsi and external
oblique are split with cautery in a layered fashion. he rib is
supericially exposed posteriorly from the costotransverse
junction anteriorly to the costal margin. Next, the rib is dissected in a subperiosteal manner. When working on the
undersurface of the rib, a Doyen can be helpful. Care should
be taken to avoid injuring the underlying neurovascular
bundle and parietal pleura.

FIG. 19.14 A rib cutter is used to cut the tenth rib to expose the pleura
underneath. (From Thongtrangan I, Le HN, Park J, Kim DH. Thoracolumbar
and lumbar spines. In: Kim DH, ed. Surgical Anatomy and Techniques to the
Spine. Philadelphia: Elsevier; 2006.)

he rib is cut anteriorly at the costal margin and posteriorly
at the costotransverse junction. he resected rib can be saved
and used for bone grat (Fig. 19.14). Bleeding from the cut
edges is controlled with bone wax.
Ater rib resection, the lung is selectively delated on the
approach side. he pleura is identiied and protected by splitting the undersurface of the costal cartilage anteriorly (Fig.
19.15). he retroperitoneal space is entered through the split
costal cartilage (Fig. 19.16). If the twelth rib is being resected,
the diaphragm attaches superiorly and the transverse abdominis attaches inferiorly. he diaphragm can be retracted superiorly and the transverse abdominis inferiorly, allowing
entrance into the retroperitoneum. he peritoneum is bluntly
swept of the diaphragm and abdominal muscles (Fig. 19.17).
If necessary for exposure, the external oblique, internal
oblique, and transverse abdominis muscles are incised.
With the rib resected and the peritoneum safely swept
away, a rib retractor is placed. A malleable retractor covered
with a moist lap sponge is then placed to further protect the
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FIG. 19.18 A rib spreader can be used to provide retraction for entry into
chest cavity. The lung is further protected with a malleable retractor
shielded with a sponge.
FIG. 19.15 The costal cartilage is split and serves as a landmark for closure.
Careful dissection underneath the split cartilage will expose the peritoneal
fat, which will lead to the retroperitoneal space. (From Thongtrangan I, Le
HN, Park J, Kim DH. Thoracolumbar and lumbar spines. In: Kim DH, ed.
Surgical Anatomy and Techniques to the Spine. Philadelphia: Elsevier; 2006.)

FIG. 19.16 The split costal cartilage is tagged temporarily. The
retroperitoneal fat is identiied. (From Thongtrangan I, Le HN, Park J, Kim DH.
Thoracolumbar and lumbar spines. In: Kim DH, ed. Surgical Anatomy and
Techniques to the Spine. Philadelphia: Elsevier; 2006.)
FIG. 19.19 The diaphragm is carefully cut peripherally. (From Thongtrangan
I, Le HN, Park J, Kim DH. Thoracolumbar and lumbar spines. In: Kim DH, ed.
Surgical Anatomy and Techniques to the Spine. Philadelphia: Elsevier; 2006.)

FIG. 19.17 The retroperitoneal space is entered by pushing the peritoneal
fat along with the peritoneal content toward the midline. (From
Thongtrangan I, Le HN, Park J, Kim DH. Thoracolumbar and lumbar spines.
In: Kim DH, ed. Surgical Anatomy and Techniques to the Spine. Philadelphia:
Elsevier; 2006.)

lung. A second retractor placed perpendicular to the irst
retractor can be placed for improved visualization, if necessary
(Fig. 19.18).
he thoracoabdominal cavity is entered and the peritoneum is carefully swept of the psoas and undersurface of the
diaphragm. he diaphragm, which should be clearly delineated
at this point, is incised circumferentially to release it (Fig.
19.19). A cuf of muscle 1 cm in size should be let and tagged
for reapproximation at the end of the case (Fig. 19.20). he
crus can be taken down from its attachment at L1 if access to
T12 and L1 vertebral bodies is necessary.
For access to the thoracic spine, the parietal pleura is
incised, exposing the vertebral body. he intercostal vessels
are tied and ligated in order to mobilize the major blood
vessels to allow access to the vertebral body of interest. hey
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FIG. 19.20 Temporary tagged sutures are used while cutting the
diaphragm, which will serve as a landmark for closure. (From Thongtrangan
I, Le HN, Park J, Kim DH. Thoracolumbar and lumbar spines. In: Kim DH, ed.
Surgical Anatomy and Techniques to the Spine. Philadelphia: Elsevier; 2006.)

A
should be tied and ligated greater than 1 cm from their respective foramen. Care should be taken not to injure the sympathetic plexus, which is in close proximity to the intercostal
vessels. If mobilization of the psoas muscle is required in the
lumbar spine for exposure, it should be done subperiosteally
to avoid injuring the lumbar plexus.
A layered closure for this approach should be performed.
he previously tagged diaphragm attachments are repaired
with nonabsorbable heavy suture. he parietal pleura is
repaired, if possible. he abdominal muscles are repaired in a
layered fashion. Lung reexpansion is performed. A chest tube
can be placed, if necessary. Care should be taken to ensure that
the junction of the diaphragm and abdominal musculature is
securely reapproximated to prevent hernia formation.

Posterior Anatomy of the Thoracic Spine
he posterior thoracic spine is covered by a supericial, intermediate, and deep muscle layer (Fig. 19.21). he supericial
layer consists of the trapezius and latissimus dorsi muscles.
Deep to these muscles, but still considered part of the supericial layer, are the rhomboid major and minor muscles. All of
the supericial muscles are innervated by peripheral nerves.
he intermediate layer is comprised of the serratus posterior
inferior and superior muscles. hese muscles are innervated
by the anterior rami of the thoracic nerves. Deepest of all, the
erector spinae muscles are found (semispinalis, multiidus,
and rotatores muscles; see Fig. 19.21). he erector spinae
muscles are innervated by the posterior rami of the thoracic
nerves. he fascia invests the erector spinae muscles dorsally
and ventrally. he dorsal layer constitutes the thoracodorsal
fascia. Laterally, the thoracodorsal fascia blends with the
aponeurosis of the transverse abdominis muscle; caudally it
attaches to the iliac crest and lateral crest of the sacrum.10
Posterior thoracic spine approaches typically exploit planes
that avoid direct injury to the nerves that innervate the posterior musculature.
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FIG. 19.21 (A) Muscles of the thoracic spine. (B) Intermediate and deep
muscles of the thoracic spine. (B, From An HS. Principles and Techniques of
Thoracic Surgery. Baltimore: Williams & Wilkins; 1998.)

he ligamentous structures of the thoracic spine from
dorsal (supericial) to ventral (deep) are the supraspinous ligament, interspinous ligament, ligamentum lavum, posterior
longitudinal ligament, and anterior longitudinal ligament
(Fig. 19.22). he supraspinous ligament attaches the tips of
the spinous processes. he interspinous ligament attaches
the spinous process to the adjacent spinous processes with
obliquely oriented ibers. he ligamentum lavum runs from
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FIG. 19.22 Ligaments of the thoracic spine. (From An HS. Principles and
Techniques of Thoracic Surgery. Baltimore: Williams & Wilkins; 1998.)

the undersurface of the trailing margin of the cephalad vertebra and inserts on the top portion of the caudad lamina. Of
all the ligamentous structures supporting the thoracic spine,
the ligamentum lavum is the strongest and most robust. It
provides extension support to the adjacent vertebrae. he
posterior longitudinal ligament runs along the dorsal aspect
of the vertebrae and intervertebral discs and the anterior
longitudinal ligament runs ventrally.
he thoracic vertebrae are made up of the vertebral body,
pedicles, superior and inferior articular facet, transverse costal
facet, pars interarticularis, lamina, and spinous process. here
are 12 thoracic vertebral bodies. Vertebral body size sequentially decreases from T1 to T3, then sequentially increases
to T12.13 he spinous processes in the thoracic spine project
posteroinferiorly with the tip of the spinous process overlying
the preceding vertebral body.
he thoracic ribs articulate with the thoracic vertebral
bodies via the transverse costal facet starting at T1. he irst
rib articulates only with T1. Ribs 1 through 7 have direct
attachments to the sternum, thus are referred to as true ribs.
Ribs 8 through 10 connect via costal cartilage to the rib above
and are called false ribs. Ribs 11 and 12 are loating ribs, and
have no attachment point other than to their corresponding
vertebral body.13 he rib heads of ribs 1 through 10 overlie the
adjoining intervertebral disc space via two types of articulations: the costovertebral articulation and the costotransverse
articulation. he costovertebral articulation is between the rib
head and the vertebral body. his articulation is stabilized by
the articular capsule, radiate ligament, and intraarticular ligaments. he costotransverse articulation is between the neck
and tubercle of the rib and the transverse process.
he facet joints of the thoracic spine have a unique orientation. hey are oriented in a more coronal plane and undergo
transition from T1 to T12. At T1, the superior facet faces up
and back, whereas the inferior facet faces down and forward.
Progressing caudad, the superior facet transitions to facing up,
back, and slightly lateral. he inferior facet faces down,
forward, and more medial. his orientation allows for some

rotation. he superior facet contains articular cartilage on its
dorsal surface; the inferior facet has articular cartilage on its
ventral surface. he pars interarticularis is the portion of bone
that connects the superior and inferior articular processes.
Since the advent of pedicle screw ixation and its current
widespread use for posterior instrumentation, understanding
the anatomy of the thoracic pedicle has become paramount.
he pedicle of each vertebral body is located at the base of each
facet (Fig. 19.23). here have been numerous studies looking at
the morphology of the thoracic pedicles.14–19 Projecting from
their respective vertebrae, thoracic pedicles angle posteriorly
and laterally. Moving from cephalad (T1) to caudad (T12), the
pedicle aims successively less medially (see Fig. 19.23). he
superoinferior pedicle diameter is larger than the mediolateral
diameter.3 he smallest pedicle diameter (medial to lateral) is
typically found at T4. In terms of strength, the medial pedicle
wall is two to three times stronger than the lateral wall.14
he transverse process is found at the junction of the pars
interarticularis and facet. he associated nerve root is anterior
and superior to the transverse process. he associated dorsal
rami are found anteroinferiorly.1 Protecting the underlying
nerve root is an intertransverse aponeurosis.

Posterior Approaches to the Thoracic Spine
he posterior-based approaches to the thoracic spine are the
workhorse approaches for a majority of pathologies, including
degenerative, traumatic, infectious, and neoplastic conditions.
Slight variations in approach allow the surgeon access to
midline, lateral, dorsal, and ventral aspects of the spinal
column while avoiding associated morbidity with thoracotomy
approaches.

Posterior Approach for Decompressive
Laminectomy and Fusion
Ater successful induction of anesthesia, the patient is placed
in the prone position. Either a Jackson frame or regular operating room bed with chest rolls is ideal. his allows the abdomen
to rest free of pressure, decreasing venous engorgement of
the epidural venous plexus, which helps minimize blood loss.
Localization is then performed with the aid of luoroscopy and
palpable landmarks. he superior border of the scapula corresponds to T3, the inferior angle of the scapula corresponds
to T7, and the most prominent spinous process corresponds
to C7. Fluoroscopic visualization of the upper thoracic region
can prove diicult secondary to overlap from the shoulders.
A combination of anteroposterior (AP) and lateral luoroscopy should be used to ensure that the appropriate surgical
level(s) is marked. he skin is then marked in the midline,
directly over the spinous process from the cephalad to caudad
surgical level.
A No. 10 blade scalpel is used to incise the skin in this
distribution. Subcutaneous dissection is performed with Bovie
electrocautery. Subperiosteal dissection is then undertaken by
separating the muscular attachments from the spinous process
and lamina. Subperiosteal dissection helps minimize blood
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loss. Supericially, in the upper thoracic spine, the rhomboid
and trapezius muscle attachments are encountered. In the
lower thoracic spine, the latissimus dorsi attachments are
encountered. Deep to these supericial attachments are the
erector spinae and transversospinal muscle attachments. he
muscles are retracted laterally and self-retaining retractors are
placed.
When performing laminectomy alone, the lateral margins
of the lamina and pars interarticularis are exposed while being
sure to avoid violating the facet joint capsule. Violating the
facet joint capsule when performing wide laminectomy can
lead to iatrogenic instability.20 Care should be taken when

exposing the lateral margins of the pars interarticularis and
facet joints, as unnecessary bleeding can result.
he next step is performing the laminectomy. here are
several ways to accomplish laminectomy in the thoracic spine.
A gentle, relatively atraumatic technique that minimizes pressure on the thoracic cord is to use a high-speed burr to create
a trough on both sides of the lamina at the junction of the
lamina and corresponding facet joint. To complete the troughs,
No. 1 and No. 2 Kerrison rongeurs are used. Care should be
taken to avoid violating the underlying dura during this
process. Once the troughs are complete, the lamina is gently
lited and underlying ligamentum lavum and adhesions are
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gently released from the undersurface of the caudad margin
of the lamina. Using a combination of curettes, No. 1 and No.
2 Kerrison rongeurs, the laminectomy is completed. Further
decompression, including partial medial facetectomy and
foraminotomy, is performed depending on the degree of
decompression necessary.
Ater ensuring hemostasis has been achieved, the wound is
closed in standard fashion.

III

Transpedicular Approach
he posterior transpedicular approach was irst described by
Patterson and Arbit in 1978 for approaching thoracic disc
herniations.21 As the approach has gained popularity, its
indications have expanded to include tumor, infectious, and
traumatic etiologies. he approach can be performed unilaterally or bilaterally depending on the need for isolated access to
the posterolateral aspect of the vertebral body and disc space
on one side versus the need for bilateral access, as in the case of
tumors afecting both nerve roots or for complete discectomy.
A unilateral transpedicular approach is less destabilizing
than a bilateral transpedicular approach. However, the bilateral transpedicular approach can allow one to perform nearcircumferential decompression, such as in the case of extensive
tumor involvement or if there is a need for complete discectomy. In fact, this approach can be used to perform circumferential decompression and vertebrectomy.22,23 If bilateral
transpedicular approaches are being performed, serious consideration should be given to stabilization to prevent iatrogenic
instability and deformity.
Ater intubation, the patient is placed in the prone position
on a Jackson table or radiolucent table with chest rolls. Image
intensiication is then used to mark the surgical levels. Standard sterile prep and drape is performed.
A midline incision is then made over the surgical level(s)
being addressed. Subperiosteal dissection is performed laterally until the lamina and facet joint of the level to be treated
is exposed. his is undertaken bilaterally if bilateral transpedicular approaches are being used.
he pedicle overlying the disc herniation or level to be
treated is identiied. For a thoracic disc herniation, the caudal
pedicle is adjacent to the intervertebral disc (i.e., the T9–T10
disc is adjacent to the T10 pedicle). To help further identify
the pedicle, spinal cord and afected nerve root laminectomy
can be performed prior to pedicle removal. Once the pedicle
is identiied, it is entered with a high-speed burr and the
central, cancellous portion is removed to the depth of the
pedicle vertebral body junction. Intraoperative luoroscopy
can be useful for this portion of the procedure to help safely
guide the surgeon down the pedicle as well as aid in depth of
resection. Ater removal of the cancellous portion of the
pedicle has been achieved, the remaining cortical wall is taken
down with either a pituitary rongeur or down-biting curettes.
In the classical approach, only the medial and superior borders
of the pedicle are resected, but the entire pedicle can be taken
down if necessary. Decompression is then performed in a
lateral to medial trajectory, with care taken to avoid injuring
the spinal cord and nerve root (Fig. 19.24).

FIG. 19.24 The transpedicular approach.

Costotransversectomy
First described in 1894 by Menard, the costotransversectomy
approach was originally created for the treatment of spinal
abscess.24 Since its irst description, many variations and
alternate indications have been established. he approach
allows near-circumferential access to the anterior thoracic
spine while avoiding the potential morbidity associated with
an anterior approach. Additionally, this approach allows for
single-stage surgery, with the ability to decompress and stabilize simultaneously. Current indications include thoracic disc
herniations, fractures, tumor, infection, and deformity.25
Traditionally, the patient is placed in the prone position
on a Jackson table or radiolucent table with chest rolls.
Alternatively, the patient can be placed in a semiprone or
modiied lateral decubitus position. he table should allow
circumferential luoroscopic visualization of the surgical
level. Having the ability to airplane the table can help aid in
visualization.
Fluoroscopy is used to help mark the skin incision at
the appropriate surgical level(s). Sterile prep and drape is
performed. Attention should be given to ensuring that wide
draping is achieved, as this approach involves partial rib
exposure.
here are several incision variations that can be used. Ultimately, the decision regarding which incision to use depends
on the indication for the procedure and whether or not laminectomy and/or instrumentation is required. Traditionally, a
curvilinear incision approximately 8 cm lateral to the spinous
process of the surgical level that is 10 to 13 cm in length has
been described (Fig. 19.25). 4 Since most procedures involve
scenarios requiring simultaneous laminectomy and/or stabilization, the following technique is described from a midline
posterior approach.
Using the previously described standard posterior approach
to the thoracic spine, subperiosteal dissection is performed
exposing the lamina and transverse process. Further lateral
dissection is carried posteriorly and laterally along the corresponding rib approximately 6 to 8 cm depending on the
extent of exposure required. he transverse process and rib
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FIG. 19.27 A subperiosteal dissection is done along the pedicle and upper
and lower vertebral body to separate the pleura from the vertebral wall.

anterior margin of the vertebral body is reached. A malleable retractor is then placed to create a working window
and protect the underlying pleura and vascular structures
(Fig. 19.27).
FIG. 19.25 A median or paramedian incision may be made straight or
curved centered over the desired vertebral level. Traditionally, a curvilinear
incision about 8 cm lateral to the intended spinous process and 10 cm to
13 cm long has been used.

FIG. 19.26 The rib and its arthrodial junction can now be disarticulated.
A subperiosteal dissection is done along the pedicle and upper and lower
vertebral body to separate the pleura from the vertebral wall.

are then dissected circumferentially using a periosteal elevator, rib dissector, or curettes. Great care should be taken to
avoid violating the underlying pleura and the neurovascular
bundle, which travels on the underside of the rib. Once
entirely skeletonized, the rib is cut laterally with a rib cutter
or large Kerrison rongeur. he rib is then gently lited up and
away from the underlying pleura and neurovascular bundle,
and disarticulated from the costovertebral joint attachment
with Bovie electrocautery or curettes, removing the rib en
bloc (Fig. 19.26). If a fusion is being performed, the rib can
be used for bone grat. he corresponding transverse process
can also be resected for further visualization of the pedicle
and lateral vertebral body. Bone bleeding is controlled with
bone wax.
Next, the lateral pedicle wall is identiied and careful
subperiosteal dissection is performed along the lateral aspect
of the vertebral body with a Cobb elevator while protecting
the underlying pleura. Dissection is carried ventral until the

Lateral Extracavitary Approach
he lateral extracavitary approach was developed by Larson
and colleagues at the University of Wisconsin in 1976, ater
expanding on the work of Menard and Capener.26 his approach
is an expansion of the costotransversectomy approach, allowing for greater exposure and visualization of the ventral thecal
sac. he indications for this approach include tumors, infection, trauma, and treatment of thoracic disc disease.27 his
approach can be utilized throughout the entire thoracic spine.
Similar to the costotransversectomy, it is a versatile approach
that avoids the need for formal thoracotomy.
he patient is placed in the prone position on a Jackson
table or radiolucent surgical bed with chest rolls. he patient
should be secured to the table to allow for bed rotation of 20
to 30 degrees if necessary.
Once positioned, localization for the skin incision is performed with the aid of the luoroscope. he patient should be
draped widely to allow for formal thoracotomy, if necessary.
Ater prep and drape, a midline incision centered over the
spinous process of the level of interest is made. he supericial
and deep fascia to trapezius and latissimus dorsi are incised.
Depending on surgeon preference, the incision can be carried
laterally in hockey stick fashion 8 cm if a wider exposure is
needed. In the lower thoracic spine, the ibers of the trapezius
are close to the transverse process of the rib. A plane is now
established to expose the lateral margin of the paraspinal
muscles. Working lateral to medial, the paraspinal muscles are
elevated subperiosteally and retracted. Similar to the costotransversectomy approach, the rib of interest is skeletonized
utilizing the subperiosteal technique while being careful not
to damage the underlying parietal pleura. he transverse
process of the rib and the lamina on the operative side are
similarly exposed. he transverse process is removed. If more
exposure is required, the cephalad rib can be similarly exposed,
allowing for even greater visualization.
he rib is cut laterally with a rib cutter or large Kerrison rongeurs. As opposed to the limited rib resection with
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FIG. 19.28 When posterolateral structures of the transverse process and
pedicle have been removed, exposure should be adequate for discectomy.

costotransversectomy, approximately 12 cm of rib can be
resected with the lateral extracavitary approach. Once cut
laterally, it is gently lited of the underlying parietal pleura
and detached medially from its vertebral body and costal
attachments.
he neurovascular bundle is visualized and traced back to
the neural foramen, allowing for identiication of the corresponding pedicle. he pedicle is now very carefully taken
down with a high-speed burr or rongeur while not violating
the underlying dura.
Upon complete pedicle and transverse process resection,
good visualization of the disc space should be achievable (Fig.
19.28). Depending on the indication for the approach, discectomy is then performed followed by corpectomy.
Corpectomy can be performed from pedicle to pedicle with
a combination of curettes, high-speed burr, and pituitary
rongeur. Great caution should be exercised during corpectomy
to avoid injuring the ventral dura and spinal cord. To improve
visualization, the bed can be rotated 20 to 30 degrees away
from the operating surgeon. Additionally, a thin shell of posterior vertebral body cortex can be let behind until central
and ventral corpectomy has been completed. his remaining
shell of bone can then be carefully removed, pushing it away
from the ventral dura.
Ater completion of the corpectomy, the corpectomy cage
and/or grat is placed and positioning conirmed with luoroscopy. If posterior pedicle screw and rod stabilization is to be
performed, a separate, standard, midline fascial incision and
approach is performed medial to the paraspinal muscles,
elevating them in a subperiosteal manner.

Recent advances in techniques have led to the development of
minimally invasive approaches to the thoracic and thoracolumbar spine that exploit the same tissue planes as traditional
open procedures but achieve access through smaller incisions
and less tissue disruption. Potential beneits of minimally
invasive approaches include less postoperative pain, quicker
recovery, and avoiding complications and morbidities associated with larger open procedures. Early results are promising,
with complication rates ranging from 4.8% to 13.5%.28,29 hat
being said, they can be technically demanding and, if complications do arise, they can be diicult to manage through the
small access site.
Minimally invasive lateral approaches to the thoracic spine
have been described.29,30 Similar techniques have been applied
to traumatic fractures requiring corpectomy.31 he patient
is positioned in the true lateral decubitus position similar
to thoracotomy approaches. A transthoracic or retropleural
approach can be utilized. For the transthoracic approach, a
3- to 4-cm oblique incision paralleling and between the ribs
of interest is made. he intercostal muscles and parietal pleura
are incised in line with the skin incision, allowing entry into
the thoracic cavity. Depending on the exposure required,
a portion of the rib can be resected. Care should be taken
to avoid injuring the neurovascular bundle that lies on the
undersurface of the rib.
If a retropleural approach is utilized, a 6-cm oblique incision following the course of the rib is made in the midaxillary
line. Approximately 5 cm of rib is then carefully subperiosteally dissected and resected, with care taken not to violate the
parietal pleura or neurovascular bundle. he plane between
the endothoracic fascia and parietal pleura is developed and
the pleura mobilized anteriorly until the lateral side of the
vertebral body, pedicle, and disc space are exposed. If a letsided approach is performed, the aorta and hemizygos vein
are retracted anteriorly with the pleura. An expandable retractor system is then placed, protecting the surrounding structures and allowing focal access to the surgical pathology.
Standard surgical techniques are employed. For corpectomies,
an expandable cage can be utilized.

KEY POINTS
Low Anterior Cervical and High Transsternal Approach
1. The plane between the midline esophagus and airway and the
carotid sheath laterally is utilized with this approach.
2. A left-sided approach should be considered given the
predictable course of the recurrent laryngeal nerve on this side.
3. Turning the head away from the approach side and gently
taping the shoulders downward will improve access and
luoroscopic visualization.

S E C T I O N

Upon completion of corpectomy and stabilization, the
pleura is examined for any breaches. If a breach is identiied,
it is repaired. If the breach is considered signiicant, chest tube
placement may be necessary.28
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Transpleural Transthoracic Third Rib Approach
1. A double-lumen endotracheal tube should be used to allow for
selective lung delation.
2. The irst rib sits medial and recessed to the second rib. The
second rib is typically the highest palpable rib.
3. The parietal pleura should be entered over the relatively
avascular disc space as opposed to directly over the vertebral
body in order to avoid inadvertent injury to the intercostal
vessels.
4. A chest tube should be placed at the end of the case.

Thoracotomy (Anterior) Approach to the Thoracic Spine
1. A right-sided approach should be considered above T10 to
avoid having to manipulate the aorta. Below T10, a left-sided
approach should be considered to avoid working around the
liver.
2. Ligation of the segmental vessels should be performed away
from the aorta to minimize the risk of the ties or clips
loosening.
3. The parietal pleura should be entered over the relatively
avascular disc space as opposed to directly over the vertebral
body in order to avoid inadvertent injury to the intercostal
vessels.
4. A double-lumen endotracheal tube should be used to allow for
selective lung delation.

Endoscopic Anterior Approach to the Thoracic Spine
1. A double-lumen endotracheal tube should be used to allow for
selective lung delation.
2. The initial trocar is placed using blunt dissection on the superior
margin of the intervening rib, avoiding damage to the
neurovascular bundle on the undersurface of the rib.
Subsequent trocars are placed under direct thoracoscopic
visualization.
3. A chest tube should be placed through the inferiormost trocar
site.
4. A chest radiograph should be obtained at the end of the case
prior to complete closure to ensure full reexpansion of the lung.

Anterior Approach to the Thoracolumbar Spine
1. A double-lumen endotracheal tube should be used to allow for
selective lung delation.
2. The peritoneum is bluntly released from the diaphragm and
abdominal musculature.
3. Care should be taken to avoid injuring the sympathetic chain in
the thoracic cavity and the lumbar plexus in the abdominal
cavity.
4. Special attention should be given to closure at the junction of
the diaphragm and abdominal musculature to avoid hernia
formation.

Posterior Approach for Decompressive
Laminectomy and Fusion
1. Subperiosteal dissection is employed to minimize bleeding.
2. A high speed burr is used to create bilateral troughs at the
junction of the lamina and facet joints for the laminectomy. The
troughs are completed with small Kerrison rongeurs, and the

lamina is carefully and gently removed in its entirety. This
minimizes pressure on the spinal cord.

Transpedicular Approach
1. This approach may not be ideal for decompression of central
pathology.
2. Care should be taken not to retract the spinal cord. If necessary,
additional bone should be resected for visualization.
3. Turning the bed away from the operating surgeon can aid with
ventral visualization.
4. Pedicle entry and takedown should be performed under
luoroscopic guidance to aid in proper trajectory and depth.

Costotransversectomy
1. The neurovascular bundle on the undersurface of the rib is
protected during rib resection.
2. This approach utilizes a more lateral trajectory as compared to
the transpedicular approach.
3. Additional visualization can be achieved by taking down an
adjacent rib.

Lateral Extracavitary Approach
1. This approach is similar to a costotransversectomy approach.
However, a large portion of the rib is resected, providing
additional exposure.
2. The ventral dura can be protected during corpectomy by
leaving a thin shell of dorsal vertebral body behind until central
and anterior portions of the corpectomy are complete. This
remnant shell can then be gently pushed away from the dura
into the corpectomy cavity and removed safely.
3. Improved central and contralateral visualization can be achieved
by rotating the bed away from the operating surgeon 20 to 30
degrees.
4. Any violation of the parietal pleura should be repaired, if
possible. Consideration should be given to placing a chest tube.

Minimally Invasive Approaches
1. A transthoracic or retropleural approach can be performed
through a minimally invasive approach.
2. Early results of minimally invasive lateral approaches to the
thoracic and thoracolumbar spine are promising.
3. One should be prepared to convert to a traditional open
technique should a complication arise or minimally invasive
access is not achievable.
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Selection of Approach to the Lumbar Spine
Once the decision has been made to operate, the surgeon must
choose the best procedure and approach. When considering
the options in the lumbar spine, many factors must be taken
into account. First is the location of the pathology. Disease or
deformity that primarily involves the vertebral bodies may be
most easily approached through the abdomen or lank. he
posterior elements are most easily approached through a
posterior, midline incision. Second, the morbidity of each
approach must it the risk tolerance of each individual patient.
For example, it may be preferable to avoid an anterior approach
in a young male who has pathology at L5–S1 to avoid the risk
of retrograde ejaculation.1–3 With the advent of minimally
invasive techniques, decreasing overall morbidity from tissue
dissection must be weighed against more complete visualization that the more traditional open approaches provide.
Chapter 21 discusses lateral and posterior approaches to the
lumbar spine and their pros and cons.

Minimally Invasive Lateral Approach to the Spine
he concept of minimally invasive spine surgery is attractive
to both patients and surgeons alike. Decreased postoperative
pain, shorter hospital stay, and quicker return to activities
support the use of minimally invasive techniques whenever
possible.4–8 One such technique is lateral access to the spine.9
his can be used for multilevel interbody fusions to correct
kyphoscoliosis, for interbody support when treating adjacent
segment degeneration or multilevel fusions, or to drain a
psoas abscess (Fig. 20.1). With this approach, access to the
spine from T7 down to L4–L5 is possible. However, L4–L5 is
oten diicult to reach due to a high-riding iliac crest, and a
lateral interbody fusion at this level is controversial at this
time. he means to accessing L5–S1 laterally has not been
developed.

Technique
Once the patient has been intubated and prophylactic antibiotics given, the patient is placed in the lateral decubitus position.

When correcting a kyphoscoliosis, it is oten easier to perform
the lateral approach on the side of the concavity. When planning to perform a lateral interbody fusion, we advise studying
the preoperative anteroposterior (AP) and lateral radiographs
and the axial magnetic resonance images (MRIs) to determine
if this procedure is feasible. he AP and lateral radiographs
will show if the iliac crests are too high (see Figs. 20.1A–B).
he axial MRI should also be evaluated to see where the nerves
are preoperatively (Fig. 20.2). If the nerve is in the middle of
the disc space, the surgeon may attempt to approach from the
other side or plan for a diferent procedure.
he table should be lexed slightly to increase the distance
between the iliac crest and the rib cage, and the patient secured
with tape over the greater trochanter and chest wall (Fig. 20.3).
Care should be taken not to lex the table too much, as that
may put increased strain on the psoas and lumbar plexus. he
leg on top should also be lexed, abducted with pillows, and
externally rotated to relax the psoas. A cross-table AP should
be taken and the table should be rotated to place the patient
in a true AP position (Fig. 20.4A). A corresponding lateral
luoroscopic image should also be taken to verify that access
to the disc space is possible (Fig. 20.4B). Minor adjustments
should be made to the table to obtain a true lateral.
Once the patient has been prepped and draped, start with
the lateral image. A radiopaque marker is placed over the
center of the afected disc space (Fig. 20.5). Once this point
has been identiied, a mark is made. hrough this mark, a
small incision will be made for insertion of the dilators and
an expandable retractor, which will provide access to the
lateral spine. A second mark is made posterior to this irst
mark at the border between the erector spinae muscles and
the abdominal obliques (Fig. 20.6). At this second mark, a
transverse incision about 2 cm long is made to accommodate
the surgeon’s index inger. Finger dissection is used down to
the lumbodorsal fascia. A clamp, or scissors, can be used to
spread the fascia and muscle ibers and provide entry into the
retroperitoneal space. Once an opening is created, the index
inger is used to sweep the peritoneum anteriorly and to
palpate the psoas muscle (Fig. 20.7AB). Sweep the index inger
inferiorly to feel the inner table of the iliac crest (if in the lower
lumbar spine) to verify that you are in the abdominal cavity.
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FIG. 20.1 (A–B) Anteroposterior and lateral radiographs of a 71-year-old woman with degenerative scoliosis.
(C–D) Anteroposterior and lateral radiographs after L3–L4 and L4–L5 lateral interbody fusions and minimally
invasive transforaminal lumbar interbody fusion at L5–S1.

FIG. 20.3 Patient placed in right lateral decubitus position with table lexed
to increase the distance between his ribs and iliac crest.
FIG. 20.2 Axial magnetic resonance image showing nerve roots in the axial
plane. Arrow is pointing to the ventral nerve root. In this case, the surgeon
may wish to approach from the right side to avoid the nerve root here.

A

B

FIG. 20.4 (A) Cross-table anteroposterior (AP) position showing a true AP view. The endplates are parallel and
the spinous process is midline. (B) Corresponding lateral luoroscopic image showing parallel endplates and
superimposed pedicles.
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FIG. 20.5 Fluoroscopic image showing center positioning over the disc
space. A mark is made on the skin here.

C

FIG. 20.6 Two-incision technique shown with lateral and posterolateral
marks. The posterolateral incision is made about the length of the surgeon’s
index inger away from the lateral incision. From this mark, the surgeon
should also measure the distance to the spine to make sure to be able to
reach the psoas from this incision.

Once the psoas is identiied, the index inger is swept up to
the previously made direct lateral mark. A 2-cm incision is
made and the external and internal oblique muscles and the
transverses abdominis muscles are split; dilators are placed
through this opening. he index inger, which is already in the
retroperitoneal space, guides the initial dilator onto the psoas
(Fig. 20.7C). he ibers of the psoas are then split with the
dilator, using neuromonitoring as a safety measure, if desired.
A lateral radiograph should be taken to verify the central
position of the dilator at the desired disc space. Once the
position of the initial dilator is secured by placing a Kirschner
wire (K-wire) through the dilator and into the disc space,
larger dilators are used to spread the psoas under neuromonitoring. hen, an expandable retractor is placed over the dilators (Fig. 20.7D). Once the retractor is secured to the table,
the dilators are removed to provide lateral access to the disc

D

FIG. 20.7 (A–B) The surgeon uses digital palpation to sweep the abdominal
contents anteriorly and create a cavity in the retroperitoneal space. (C) The
index inger guides the initial dilator down to the psoas. (D) Once the initial
dilator is secured in place with a K-wire, larger dilators are used to spread
the psoas under neuromonitoring, and a retractor is placed over the
dilators.

(Figs. 20.8). A neuromonitoring probe can be used to check
for any nerves that may be crossing the working window of
the retractor. If a nerve is detected, the K-wire should be
repositioned away from the nerve and the psoas redilated. If
this fails, conversion to another means of interbody fusion
should be considered, as repeated positioning of the retractor,
or pressure on the nerve, could result in postoperative paresthesias or palsies.
AP and lateral radiographs should be taken at this point
to verify that the retractor is docked on the disc space and
that the retractor is positioned over the center of the disc.
Once appropriate positioning has been conirmed, the retractor should be secured in place. A lateral discectomy is then
performed in standard fashion with shavers, curettes, and
rasps. Care must be taken not to violate the endplates because
much of the correction from a lateral interbody fusion is based
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A

B
FIG. 20.8 (A) Once the retractor is deployed, soft tissue over the disc space must be cleared away. Use a probe
to detect any nerves that may cross the ield. (B) The disc can be visualized after the psoas muscle has been
cleared from the ield of view.

A

B

FIG. 20.9 (A) A Cobb elevator is used to release the contralateral anulus. This aids in the coronal correction of
the deformity. (B) Rotating the Cobb elevator 90 degrees will further release the contralateral anulus.

on distraction and a compromised endplate will allow the
endplate to subside. A Cobb elevator should be used to release
the contralateral anulus (Fig. 20.9). Releasing the contralateral
anulus loosens the spine in the coronal plane and aids in
the correction of coronal plane deformities. Sizers and trials
are then used to determine the optimal implant size (Fig.
20.10). he implant is then illed with the surgeon’s grat or
fusion enhancer of choice and impacted across (Fig. 20.11).
he wound is then closed in layers. No drains are typically
necessary.

Complications
Since minimally invasive lateral access to the spine is a relatively new procedure, publications regarding the eicacy and
complication rates are sparse. Numbness in the lateral thigh

and psoas weakness have been noted by some physicians;
however, the rate still remains unknown.10–12 To minimize this
risk, open the retractor just enough to perform the lateral
discectomy. Exuberant deployment of the retractor may place
undue pressure on the nerve roots and/or the psoas itself.
Limiting the amount of time that the retractor is open is also
advised to decrease the length of time that the nerves are
under pressure. In addition, neuromonitoring is advised to
decrease the possibility of nerve injury.
Injury to the bowel and vessels have also been reported.13
It is recommended that this procedure be done at a facility
where a general or vascular surgeon is available. One method
to decrease the rate of bowel or vascular injury is to place the
initial dilator under direct visualization. Ater the lateral incision has been made, the retractor can be passed down to the
psoas. hen, the initial dilator is placed through the psoas
under direct visualization.
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FIG. 20.10 Trialing of the disc space with a (A) paddle trial and (B) implant trial.

A

B
FIG. 20.11 Final (A) anteroposterior and (B) lateral radiographs after two-level lateral interbody fusion.

Posterior Approach to the Lumbar Spine
he posterior approach through a midline, longitudinal incision is the most common approach to the lumbar spine. It
provides direct access to the spinous processes, laminae,
facets, and even the pedicles, as well as lateral aspects of the
vertebral bodies at all levels of the lumbar spine. he pedicle
starting holes and transverse processes can be reached by
dissecting and retracting the paraspinal muscles laterally.
hrough this approach, it is possible to perform most of the
spine procedures currently practiced today, including microdiscectomies, laminectomies, and most fusion procedures.
he posterior aspect of the vertebral body and disc space over

the lower lumbar levels can be reached following laminectomy
by retracting the dura; however, the exposure is limited.
It is important to bear in mind that anatomic variations
exist among individuals, which must be taken into account
when planning surgery. he intercrestal line typically crosses
at L4–L5; however, this is not a rigid anatomic inding. A
lateral radiograph will show where the intercrestal line is.
Also, lumbarization or sacralization of the last vertebral
segment can confuse the surgeon when localizing the level of
pathology. Additionally, a spina biida occulta or an unusually
wide interlaminar space may exist. To avoid inadvertent injury
to the dura or nerve roots with a Bovie or periosteal elevator
during the exposure, the surgeon should study radiographs
prior to surgery to look for these abnormalities.
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FIG. 20.12 Patient in standard prone position. Note how the area beneath
the patient is cleared of wires to accommodate imaging.

Technique
Position the patient prone to allow the abdomen to hang free
of pressure (Fig. 20.12). his will reduce venous plexus illing
around the cauda equina by permitting the venous plexus to
drain directly into the inferior vena cava. Also, the anesthesiologist should check the patient’s eyes and the surgeon and
nurses should assess the bony prominences to ensure that they
are well padded. If a microdiscectomy or decompression is to
be performed, lexing the lumbar spine on a Wilson frame or
similar table is recommended to open up the interspinous
spaces. If a fusion is also to be performed, placing the patient
on a Jackson table is recommended to maintain the lumbar
lordosis. A solution containing epinephrine in a 1 : 500,000
concentration may be injected into the subcuticular tissues
and muscles to decrease blood loss.
A midline incision is made between the spinous processes
of the levels to be exposed, and the erector spinae and multiidus muscles are dissected from the bony elements (spinous
processes, interspinous ligaments, laminae, facet joints, and
transverse processes) as needed for the levels that must be
visualized, using electrocautery or sharp dissection (Fig.
20.13). he paraspinal muscles should be elevated subperiosteally to minimize blood loss. Care should be taken not to
injure the facet joint capsules and interspinous ligaments in
areas where motion will be expected following the operation.
If the transverse processes must be reached, continue dissecting down the lateral side of the facet joints and onto the
transverse process itself. Close to the facet joints and the pars
interarticularis are the vessels supplying the paraspinal muscles
segmentally.
If these vessels are cut, they can bleed vigorously. Cauterization is necessary to stop these bleeders. he posterior
primary rami of the lumbar nerves run with these vessels.
In order to perform a decompression or a discectomy, it
may be necessary to remove the ligamentum lavum. he
supericial ligamentum lavum blends laterally into the facet
joint capsule. Use a forward-angled or small straight curette
to detach the supericial and deep layers of the ligamentum

FIG. 20.13 Exposure of the lumbar spine.

FIG. 20.14 Removal of the ligamentum lavum. (From Benzel E. Spine
Surgery: Techniques, Complication Avoidance, and Management. Philadelphia:
Churchill Livingstone; 2004.)

lavum from the caudal edge of the cephalad lamina. Sweep
the curette medial to lateral and advance the curette with each
successive sweep to detach the ligamentum lavum from the
lamina. he ligamentum lavum typically inserts over the
caudal 50% of the undersurface of the lamina. Place a small,
angled elevator under the ligamentum lavum to lit it of the
dura and protect the latter. A Kerrison rongeur, pituitary
rongeur, or knife can be used to remove the ligamentum
lavum. he epidural fat, the dura, the nerve root, and the
epidural veins can be seen once the ligamentum lavum has
been removed (Fig. 20.14).
If a discectomy or exploration of the disc space is required,
it can typically be performed through this opening. Removal
of a portion of the lamina (laminotomy) may need to be done
to adequately access the disc space. A Penield 4 can then be
used to help mobilize the traversing nerve root and a nerve
root retractor can be used to gently retract the nerve roots
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FIG. 20.15 (A) Exposure of the lumbar disc by retracting the thecal sac medially. (B) View of microdiscectomy
under a microscope. The thecal sac is retracted medially by a nerve root retractor. ((A, From Benzel E. Spine
Surgery: Techniques, Complication Avoidance, and Management. Philadelphia: Churchill Livingstone; 2004.)

FIG. 20.16 Structures relative to the pedicle.

medially (Fig. 20.15). Care must be used not to retract too
vigorously to avoid too much tension on the exiting nerve
root. Bleeding from the epidural veins commonly occurs.
Hemostasis can be obtained with bipolar cautery and/or the
use of cottonoids, Surgicel, and thrombin-soaked Gelfoam.
Cottonoids can be placed in the cephalad and caudal extremes
of the exposure to collapse the vessels and provide a working
window. he key to intracanal anatomy is the pedicle (Fig.
20.16). he disc space is just cephalad to the pedicle, and the
intervertebral foramen above the pedicle accommodates the
exiting nerve root. he traversing nerve root lies just medial
to the pedicle and exits the intervertebral foramen caudally.
he disc space can be found by retracting the traversing nerve
root medially and exploring the space above the pedicle. Feel
for the disc space with a Penield 4. It should be a raised, white,
sot structure.
If a total laminectomy is needed to decompress or expose
the dura and nerve roots, remove the fascia entirely from the
tip of the spinous process bilaterally. Dissect the muscles of
of the spinous processes and lamina subperiosteally and take
care to protect the facet joints. he pars interarticularis must

FIG. 20.17 Axial magnetic resonance image of the lumbar spine. The arrow
is pointing to the lateral recess.

be exposed fully to avoid transecting it during the decompression. A rongeur can be used to remove the spinous processes.
he laminectomy may be performed many ways. A high-speed
burr may be used to thin the lamina down to a thin cortical
shell over the dura and then removed with a Kerrison rongeur.
Alternatively, the tip of a rongeur may be inserted under the
caudal edge of the cephalad lamina to remove the lamina. Use
the rongeur to cut from the underside in an upward direction.
his will lessen the chance of catching dura. A Kerrison rongeur
can be used to complete the laminectomy near the pars and
the cephalad edge. To adequately decompress the nerve roots,
the lateral recesses and intervertebral foramen must also be
explored (Fig. 20.17). A Woodson elevator or dural guide may
be used to gently compress the dura and expose the lateral
recesses. his will expose the ligamentum lavum in the lateral
recess and intervertebral foramen. his ligamentum lavum
should be removed to perform an adequate decompression.
he medial aspect of the caudal pedicle marks the medial
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border of the intervertebral foramen. Oten, osteophytes from
the facet joints compress the exiting nerve root. Care must be
taken when removing these osteophytes to avoid injury to the
exiting nerve root and to avoid iatrogenic instability caused
by too much removal of the facet joint. Typically, removal of
less than 50% of the facet joint will preserve its stability. his
may necessitate the use of a 1- or 2-mm Kerrison rongeur.
he use of curved Kerrison rongeurs can be helpful here.
Bearing in mind that the facet joints are oriented sagittal in
the lumbar spine, cutting the undersurface of the facet joint
provides a greater means of decompressing the nerve roots
while preserving the overall stability of the joint.
With the advent of pedicle screw ixation for the lumbar
vertebrae, there are now several additional anatomic relationships that are of importance at the level of the posterior bony
elements. he location of the pedicles is identiied by anatomic
landmarks and by radiography or image-intensiication luoroscopy in the operating room.
In the lumbar region, the center of the pedicles is usually
at the inferolateral edge of the facet joint, on an imaginary
transverse line bisecting the transverse processes (Fig. 20.18).
However, if there is severe facet arthrosis, the lateral edge of
the facet joint may be lateral to the true pedicle entry site. In
these cases, also refer to the pars interarticularis. he lateral
border of the pars typically corresponds to the medial border
of the pedicle. In the lumbar region, from this point, one may
use a pedicle inder, with a 20-degree medial inclination at L5,
10 degrees at L4, 5 degrees at L3 and L2, and no inclination at
L1 (Fig. 20.19). One may follow the progress of the pedicle
inder by feeling inside the pedicle with a pedicle feeler and
by checking with the image intensiier or by radiographs. In
the lateral view, the probe/marker should be parallel to the
disc space.

Posterolateral Approach to
the Lumbar Vertebral Bodies
he posterolateral approach provides direct access to the transverse processes and the mammillary processes of the facets
through a longitudinal paraspinal incision, retracting the erector
spinae muscles medially. his area provides an excellent bed for
posterolateral lumbosacral fusion even in the face of preexisting pseudarthrosis, laminar defects, or spondylolisthesis. his
approach is the basis for minimally invasive transforaminal
lumbar interbody fusions.

Technique
General endotracheal anesthesia is recommended for this
procedure. he patient is placed on the operating table in the
prone position with chest rolls on either side of the thorax to
protect ventilation or on a radiolucent table with chest and
hip pads.
A longitudinal paramedian incision is made at the lateral
border of the erector spinae muscles (approximately 2 ingerbreadths from the midline) centered over the level of interest.
he incision is extended to the lumbar fascia, and the erector
spinae muscles are identiied. he interval between the erector
spinae muscles and the multiidus is found ater opening the
fascia, and dissection proceeds between these muscles down
to the facet joints and the transverse processes of the vertebrae
(Fig. 20.20). he paraspinal muscles are retracted medially, the
transverse process at the desired level is tagged with a radiopaque
marker, and radiographs are made to conirm the vertebral level.
For a minimally invasive transforaminal interbody fusion, this
exposure is adequate to perform a decompression and fusion.
If access to the vertebral body is desired, the dissection can
be carried further anteriorly. he transverse process is divided
with an osteotome and is retracted laterally with its musculotendinous attachments. he vertebral pedicle is palpated, and
the lumbar nerves are identiied and protected as they leave
their foramina above and below the pedicle (Fig. 20.21). he
psoas muscle is carefully separated from the vertebra using a

Pedicle

5°

5°

L4

L5

Pedicle

20°
10°
FIG. 20.18 Pedicle entry points.

FIG. 20.19 Transaxial position of the pedicle screws.
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FIG. 20.22 Posterolateral approach to the lumbar vertebrae, lateral to the
erector spinae muscle mass and behind the psoas. The transverse process is
divided and retracted laterally with its musculotendinous insertions to gain
access to the lateral aspect of the vertebral body.
FIG. 20.20 Cross-section of the lumbar spine and paraspinal structures at
the level of the third lumbar vertebra. The arrows point to the interval
between the erector spinae muscles and the multiidus.
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FIG. 20.21 Lumbar vertebrae as viewed from the posterolateral approach.
The dissection proceeds directly anterior to the stump of the transverse
process, along the pedicle of the vertebral body in front. Note the lumbar
segmental vessels draped over the waist or midportion of the vertebral
bodies. By dissecting directly anterior to the pedicles, one can avoid these
vessels as well as the lumbar nerves leaving the neural foramina below the
pedicles.

periosteal elevator. he lumbar vessels lie on the waist or midportion of the vertebral body posterior to the psoas muscle
and should be separated from the body during this portion
of the dissection. hey may be clamped and cauterized, if
necessary. An opening may be made in the lateral aspect of
the vertebral body anterior to the pedicle, using a curette or
drill (Fig. 20.22). he lesion may be identiied grossly at this
time, but should be veriied radiographically with a curette
placed within the lesion. hrough this approach, specimens
may be obtained from the lateral, central, or anterior aspect
of the vertebral body or pedicle. he lesion may be curetted,
and small chips of cancellous bone grat may be installed to
stimulate osteogenesis within a sterile defect. he wound is

copiously irrigated with saline and inspected for hemorrhage.
he margins are allowed to fall together, and the lumbar fascia
is closed with interrupted sutures. he skin is repaired, and the
patient is nursed with some form of external spinal support,
depending on the postoperative stability of the spine.
PEARLS
1. For lateral interbody fusions, it is often easier to adjust the table
to get the perfect AP and lateral, and just have the C-arm rotate
between 0 degrees and 90 degrees.
2. For lateral interbody fusions, take frequent images to ensure
good position. Since you are using a smaller incision and thus
see less, you must rely on imaging more to make sure that you
are in the right position.
3. For lateral interbody fusions, study the MRI preoperatively to get
an idea of where the nerves are. If the neuromonitor shows that
the nerve is in the ield, be prepared to convert to another form
of interbody fusion.
4. To adequately decompress the nerve roots, the lateral recesses
and intervertebral foramen must also be explored.
PITFALLS
1. For lateral interbody fusions, aggressive deployment of the
retractor or repeated passes with the initial dilator may injure
the nerve.
2. For lumbar decompressions, be careful about removing too
much of the pars or facet joints to avoid iatrogenic instability.
3. When placing pedicle screws, if there is severe facet arthrosis,
the lateral edge of the facet joint may be lateral to the true
pedicle entry site.

KEY POINTS
1. Lateral interbody fusion is a good technique for correction of
degenerative scoliosis, multilevel fusions, or adjacent segment
degeneration. This can be done in a minimally invasive fashion
that will improve recovery while maximizing results.
2. Since the lateral approach to the spine requires traversing the
psoas, neuromonitoring is required to decrease the risk of nerve
injury. Also, since the incision is smaller and less tissue dissection
is done, there is a greater reliance on imaging.
3. The posterior approach to the lumbar spine is commonly used
for microdiscectomies and lumbar decompressions.
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4. The key to intracanal anatomy is the pedicle. The disc space is
just cephalad to the pedicle, and the intervertebral foramen
above the pedicle accommodates the exiting nerve root. The
traversing nerve root lies just medial to the pedicle and exits the
intervertebral foramen caudally.
5. The posterolateral approach provides direct access to the
transverse processes and the mammillary processes of the
facets through a longitudinal paraspinal incision, retracting the
erector spinae muscles medially. This is a muscle-splitting
approach and is the basis for minimally invasive transforaminal
lumbar interbody fusions.
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History
A variety of approaches to the interbody space exist to surgically
manage pathologies of the lumbar spine.1 he advantage of interbody fusions over posterolateral fusions are superiority in fusion
rates as well as segmental coronal and sagittal correction.2–4
Open anterolateral thoracolumbar approaches have been
associated with vascular/bowel injury, abdominal hernia, ileus,
and retrograde ejaculation.5 However, the minimally invasive
lateral retroperitoneal transpsoas approach has minimized these
approach-related complications.6,7 Open posterior approaches
are associated with signiicant infection rates, blood loss, operative time, length of hospital stay, prolonged recovery, and delayed
return to work due to procedural morbidity.8
Following instrumentation advances in visualization, lighting technology, and specialized surgical instruments it for
smaller incisions, minimally invasive surgery (MIS) became
progressively more popular. Ater Obenchain et al. described
a laparoscopic approach to anterior lumbar interbody fusion
(ALIF) in 1991, MIS techniques to the spine began to rapidly
evolve.6,9 Pimenta has been given credit for being the creator
of the minimally invasive lateral retroperitoneal transpsoas
approach for lateral lumbar interbody fusions (LLIFs) in
2001.6 However, Harmon described the approach in 1963.10,11
MIS approaches such as LLIFs were developed for several
reasons, including the ability to meet increasing patient
demands and expectations for shorter hospital stays, earlier
return to work, improved cosmesis, and decreased postoperative pain.12–14 Last, LLIFs can be used for any condition that
requires access to the interbody space from the mid to upper
thoracic spine (e.g., T6, occasionally T5) through L4–L5. he
lateral approach is possibly best suited for levels L2 to L4 due
to anatomic considerations (the 12th rib and iliac crest).

Indications
Absolute indication for interbody fusion (ALIF, posterior
lumbar interbody fusion [PLIF], transforaminal lumbar interbody fusion [TLIF], LLIF) is the treatment of pseudarthrosis.12,15–17 Relative indications are foraminal height loss, coronal

tilt/lateral-listhesis, latback, and long adult thoracolumbar
fusions.12,15–17 Interbody fusions provide superior fusion rates
over posterolateral fusions due to the mechanical and biologic
advantage of the interbody space.18–24 he interbody space
is under compression and load sharing while having a large
surface area.18–24 However, the posterolateral space is under
tension, has muscle creep, and has limited surface area.18–24
herefore, interbody fusion is indicated for pseudarthrosis following posterolateral fusion. Furthermore, multilevel posterolateral lumbar fusions have signiicantly high pseudarthrosis
rates compared to interbody fusions.25,26 herefore, multilevel
fusions have a relative indication for interbody fusion.

Advantages
LLIF and ALIF have superior fusion rates over TLIF due to
mechanical and biologic factors: a more thorough discectomy
and large surface area of grat extending to the apophyseal ring
bilaterally.18–24 In regard to foraminal height restoration and
indirect decompression, ALIF, TLIF, and LLIF provide signiicant height restoration compared to posterolateral fusion,
with LLIF and ALIF providing superior height restoration.27–35
In regard to coronal tilt and lateral-listhesis, LLIF and TLIF
are superior to ALIF and posterolateral fusions.36–41 In
regard to lumbar lordosis, ALIF and LLIF are superior to
TLIF.36,42,43 In regard to morbidity, ALIF and LLIF provide
shorter operative time, decreased blood loss, shorter length
of stay, and shorter time to return to work compared to open
TLIF.12,44,45 Furthermore, LLIFs minimize ileus-related issues
compared to ALIF.41,46-48 Last, LLIF allows for the option of
an anterior column reconstruction or release (ACR), which
can achieve similar lordosis correction as pedicle subtraction
osteotomy.49,50 One caveat is that ACRs require a mobile disc
and are not applicable for ixed sagittal imbalance.

Contraindications
L5–S1 interspace is a relative contraindication to LLIF since
the iliac wing precludes access to the disc space. L4–L5 may
367
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also occasionally be obstructed by the iliac crest and a lumbarized sacrum has been described as a relative contraindication
to this approach.51 he more caudal levels carry a higher risk
of injury to iliac vasculature and lumbar plexus because the
lumbar plexus begins to course more anteriorly and the iliac
vasculature more laterally.41 In most cases, access to L5–S1 is
limited by a high lateral ilium, anterior course of the neural
elements over the lateral disc at that level, and/or the vasculature. Uncommonly, L5–S1 may be approached when the
intercrestal line transects the mid to lower L5 body or the
L5–S1 disc. Rostrally, the 12th rib may obstruct access from
T12 to L2, which may require rib excision or manipulation.
Other contraindications to LLIF include bilateral retroperitoneal scarring from prior approaches (e.g., nephrectomy,
retroperitoneal abscess and subsequent scarring), high-grade
spondylolisthesis, and pregnancy.47,52,53 In high-grade spondylolisthesis, the more anterior exiting nerve root is horizontalized and creates diiculty in the placement of even the smallest
interbody grat.
LLIF may also be potentially contraindicated if direct
decompression is required, such as with congenital stenosis,
large posterior osteophytes, severe facet hypertrophy with
lateral recess stenosis, sequestered disc, and radiculopathy that
persists in lexion.27
Special consideration should be taken with stand-alone
LLIF without posterior instrumentation since lateral ixation
alone may not provide suicient stabilization.54 Stand-alone
LLIF may be contraindicated at levels under high biomechanical stress such as isthmic spondylolisthesis, osteoporosis, or
adjacent fusion.54 Levels at the apex of deformity or associated
pars fracture may require posterior instrumentation.54

FIG. 21.1 Lateral decubitus positioning for lateral lumbar interbody fusion
to minimize upper and lower extremity neurapraxia and proper taping
technique of the iliac crest (A), chest (B), greater trochanter (C), and leg (D)
to secure the patient to the operating room bed.

Technique
LLIF is a lateral approach to the intervertebral disc space
and/or vertebral body through a less invasive (or minimally
invasive), retroperitoneal-transpsoas approach. he patient is
positioned in the lateral decubitus position, typically let side
up, with axillary roll in place and moderate-sized “sticky”
rolls for anterior and posterior stabilization (Fig. 21.1).
Patients are taped carefully; at times, the table may be bent
to level the iliac crest away from the disc space. Orthogonal,
anteroposterior, and then lateral luoroscopic images are taken
(Fig. 21.2). he vertebral bodies and disc spaces are marked
supericially on the skin under luoroscopy to determine the
appropriate direct lateral incision. A second, posterolateral,
1.5- to 2.0-cm incision is made just above the pelvis within
one ingerbreadth length from the direct lateral incision (Fig.
21.3). he trajectory of this posterolateral incision is lateral to
the paraspinal muscles and medial to the oblique muscles in
an avascular plane to enter the retroperitoneal space (see Fig.
21.3). he posterolateral incision allows the surgeon to enter
the retroperitoneal space safely from a posterior approach by
starting behind the transverse process and marching anteriorly to the psoas (see Fig. 21.3). he purpose of this incision
is to avoid entering into the peritoneum when going from the
direct lateral approach, thus preventing an inadvertent bowel

FIG. 21.2 Breaking of the operating room bed to position the iliac crest
away for L4–L5 access and even L5–S1 with angled instruments.

injury. Once your inger is on the psoas, bring the index inger
to the deep surface of the oblique muscles to determine the
safe trajectory of the direct lateral approach (Fig. 21.4). With
the lateral skin incision marking, center it over where you
palpate your inger in the retroperitoneal space. Develop the
lateral approach dissection to the external oblique muscle.
Again, check the trajectory through the oblique muscles by
bringing your inger in the retroperitoneal space to the psoas;
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FIG. 21.3 The posterolateral incision allows for a safe trajectory with the direct lateral approach through the
retroperitoneal space to prevent bowel injury.

FIG. 21.4 From the posterolateral incision, palpate the psoas and bring the index inger to the undersurface of
the abdominal wall to guide the trajectory of the initial dilator safely away from the bowel.

then, go directly vertical from there to the undersurface of the
oblique muscle (see Fig. 21.4). Allow your inger to sweep the
retroperitoneal fat anteriorly for a safer corridor. Blunt dissection through the oblique muscles and transverse abdominal
fascia is made with two Kocher clamps at the same time. he
Kocher clamps spread in opposite directions of each other to
develop the plane through the muscles in line with their ibers
to avoid segmental innervation disruption of the muscles and
subsequent pseudohernia. hrough this passage hole, place
the irst dilator (see Fig. 21.4). Let the inger from the posterolateral incision localize the midpoint of the psoas and feel the
peak of the disc space (Fig. 21.5). Dock the dilator on this spot
and obtain a lateral radiograph to determine that you are at
the correct level and centered on the posterior 40% of the disc
space (Fig. 21.6). Now, stimulate the dilator and rotate it in all
directions to determine proximity of the lumbar plexus (Fig.
21.7). Pass a guidewire through the dilator to anchor the dilator
to the disc space (Fig. 21.8). Place larger dilators sequentially.
With each dilator, stimulate in all directions to determine the
proximity of the lumbar plexus (Fig. 21.9).6 Slide the retractor

FIG. 21.5 On palpation, the disc space is the peak compared to the valley
of the vertebral body.
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FIG. 21.6 Dock the dilator on the posterior 40% of the disc space in the lateral plane to get access to the
anterior 60% of the disc space.

FIG. 21.7 Rotate the dilator 360 degrees while stimulating to ensure that the lumbar plexus is a safe distance
from the dilator in all directions.

over the inal dilator and obtain an anteroposterior radiograph
to determine whether the retractor is centered over the disc
with regard to cranial-caudal orientation (Fig. 21.10). Open
the anteroposterior retractor blades, which will translate the
anterior blade anteriorly toward the anterior longitudinal
ligament to give access to the anterior 60% of the disc space
(Fig. 21.11). Pivot the up-down retractor blades, which will
slide the top and bottom blades cranially and caudally over the
disc space and lateral osteophytes, respectively, for complete
access to the disc (Fig. 21.12). Turn on the light source. Obtain
an anteroposterior radiograph to establish that the up-down
blades have passed the osteophytic lateral edges of the vertebral body, above and below the disc space, therefore avoiding
inadvertent endplate fractures (see Fig. 21.10). At this point, it
is optional to pass the shim into the disc to anchor the retractor

irmly into the disc space (Fig. 21.13). Remove the guidewire.
It is recommended at this point to take the nerve probe to
ind the lumbar plexus and determine if the anterior and posterior blades are a safe distance from it. Perform the annulotomy.
hrough the annulotomy, place the Cobb retractor directed
toward the inferior endplate to release the anulus from it (Fig.
21.14). Perform this under lateral luoroscopy to avoid injury
to the endplate. Take the Cobb retractor to the contralateral
side and rotate it 90 degrees to distract the contralateral anulus
(see Fig. 21.14). Perform the same task with the Cobb retractor
angled toward the superior endplate. he disc material is then
removed via a combination of blunt dilators, shavers, ring
curette, and pituitary (Fig. 21.15). Place a trial cage and obtain
anteroposterior and lateral images to determine the correct
size for lordosis, coronal tilt, and lateral-listhesis correction,
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FIG. 21.8 Anchor the dilator to the disc space with a guide wire when the position has been determined as
safe and adequate for the discectomy.

A

B
FIG. 21.9 Sequentially dilate to larger sizes while stimulating each time to conirm safety of the corridor to the
disc space.
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FIG. 21.10 After sliding the retractor over the inal dilator, obtain a
radiograph to conirm that the cranial and caudal blades are centered over
the disc space to prevent inadvertent entry and/or fracture of the endplates.

FIG. 21.12 The cranial and caudal retractor blades can be pivoted to get
over the lateral osteophytes overlying the disc space.

A
FIG. 21.11 Open the retractor anteriorly to give access to the disc space.

as well as foraminal height restoration (Fig. 21.16). Place the
inal grat, packed with the surgeon’s preferred biologic for
bone growth, with the assistance of shims to prevent endplate
strain and/or fracture (Fig. 21.17).

Anatomic Considerations
Lumbar Plexus
A thorough understanding of the regional anatomy is essential
to avoid complications with the lateral approach. he close
proximity of the lumbar plexus poses a risk for permanent and
disabling nerve injury, manifested by weakness or radiculopathy. Meticulous examination of the preoperative magnetic
resonance imaging (MRI) for relation of the lumbar plexus to
the disc space, use of real-time neuromonitoring and biplanar
luoroscopy, and careful dissection of the iliopsoas can aid in
a safe approach.
Multiple studies have attempted to map out the relationship
of the lumbar plexus within the psoas and identify safe corridors or “safe zones” for accessing each disc space to avoid
injury to the plexus and the genitofemoral nerve.55 An early
cadaveric study by Moro et al. examined the lumbar plexus
through axial cuts of the lumbar spine and determined the safe
zone for the lateral retroperitoneal approach, excluding the
genitofemoral nerve, for L4–L5 and above.55 A cadaveric study

B

C
FIG. 21.13 Placement of the shim anchors the retractor to the disc space.
(A) Shim in the lateral view. (B) Shim blade inserter. (C) Removal of wire in
the disc space after anchoring of the shim into the disc to further stabilize
the retractor to the disc space.
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FIG. 21.14 Release the anulus from the endplate with a Cobb retractor and
advance through the contralateral anulus in a controlled fashion to release
it while avoiding a contralateral plexus injury.

by Benglis et al. demonstrated that the lumbar plexus lies on
the dorsal surface of the psoas at a clet between transverse
process and vertebral body and there is a general trend toward
progressive dorsal to ventral migration as the psoas descends
from L1 to L5, with the L4–L5 disc space being most vulnerable to nerve injury.56 Park et al. showed the transpsoas exiting
nerve roots to be a relatively safe distance from the center of
the intervertebral disc space with the exception of a few anatomic variants.57
In a 2010 cadaveric study, Uribe et al.55 further examined
the relationship of the lumbar plexus to the disc space, in
which the authors separated the vertebral body into four zones
on the sagittal plane, each representing a quarter of the distance across the body (Fig. 21.18).58 In their anatomic study,
the safe zone for levels L1–L2, L2–L3, and L3–L4 were at the
middle posterior quarter of the vertebral body (zone III) and
for L4–L5 at the midpoint of the vertebral body (junction of
zones II and III).55,58 he genitofemoral nerve was found to be
at risk at zone II when it moves ventrally at L2–L3 and then
ventrally at zone I as it migrates caudally.55
Although safe zones are useful guidelines, heterogeneity
exists in the relationship between the lumbar plexus and the
psoas. Meticulous preoperative planning, judicious dissection
without excessive pressure or manipulation of the psoas, direct
visualization of the surgical ield, and the use of electrophysiologic monitoring are essential for success.
Immediately ater incision, caution should be taken when
splitting the lateral abdominal musculature to avoid injury to
the L1 branches of the iliohypogastric and ilioinguinal nerves
(encountered between the internal and external obliques) as

C
FIG. 21.15 Complete a thorough discectomy and endplate preparation to
enhance the biologic environment for a fusion.

FIG. 21.16 Trial for the proper graft height and lordotic angle to optimize
lordosis and/or coronal correction while providing enough foraminal height
for an indirect decompression.

374

SURGICAL ANATOMY AND APPROACHES

FIG. 21.17 Impact the inal graft over shims to provide smooth translation of the graft to the contralateral side
while preventing strain and/or fracture of the endplates.
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FIG. 21.18 Safe zone and the four quadrants of the disc space. (From
Arnold PM, Anderson KK, McGuire RA Jr. The lateral transpsoas approach to
the lumbar and thoracic spine: a review. Surg Neurol Int. 2012;3:S198–S215.)

muscle and its intrinsic motor branches with dilators or
retractor positioning/tension. Additionally, the amount and
duration of retraction used and operative time per level should
be taken into consideration in order to decrease the likelihood
of traction injury to nerves.60
Advanced imaging should be evaluated for neurovascular
anatomy and its course with respect to the psoas and operative
level. Use of axial MRI (Fig. 21.19) to evaluate the size of the
psoas, rotation of the vertebral bodies, neurovascular anatomy,
and how the lumbosacral plexus migrates within the psoas
from proximal to distal is especially helpful in surgical planning.12,61 A large psoas may present challenges to safe transpsoas entry, as can the location of the 11th or 12th rib during
access to the upper lumbar spine, alerting the surgeon to the
need for rib resection or use of an intercostal approach.
Our preference is to minimize “breaking” of the table to a
degree that is necessary to access the operative level(s). he
tension of the psoas is assessed by palpation in every procedure to minimize excessive traction of the lumbar plexus. If
breaking the table is required for lateral disc space access, we
have found that “unbreaking” the table ater only the inner
dilator and wire are in can substantially decrease psoas tension
while maintaining safe access with little anatomic distortion.
Real-time, directionally stimulated neuromonitoring is
employed intraoperatively to determine the proximity of the
exiting and traversing neural elements. he genitofemoral
nerve, most commonly seen at the L3–L4 lumbar level within
the more supericial dissection plane, should be directly
visualized and requires special attention because it is primarily
a sensory nerve and not detected by triggered or free-run
electromyography.60

Vascular Anatomy
well as for “pseudohernia” prevention related to denervation
of the oblique muscles and resultant paresis of the abdominal
wall as described by Dakwar et al.59 Ater development of the
retroperitoneal plane by inger dissection, careful dissection
of the iliopsoas must be performed to avoid injury to the

he retroperitoneal space houses the great vessels, including
the aorta, inferior vena cava, and common iliacs. Vascular
anatomy should be well visualized and carefully evaluated on
preoperative MRI. Regev et al. found that the highest risk of
injury to the retroperitoneal vessels was at L4–L5 due to the
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FIG. 21.19 (A) Axial T1 magnetic resonance image (MRI) of the lumbar spine showing anastomosis between
the renal and segmental vessels in close proximity to the L1–L2 disc space (arrow). Red area, abdominal aorta.
(B) Axial T1-weighted MRI of the lumbar spine at the L5 level showing the left common iliac vein. Blue area,
inferior vena cava. Yellow arrow, left common iliac vein. (C) Axial T2-weighted MRI of the lumbar spine at the
L3–L4 level. Yellow arrow, lateral lumbar interbody fusion cage. Note the close proximity of the cage and the
great vessels. (D) Axial T2-weighted MRI of the lumbar spine. Red area, abdominal aorta. Blue area, inferior vena
cava. Yellow arrow, lumbar arteries branching of the aorta. Red arrow, proximal vessel of lumbar arteries
anastomosis. (From Alkadhim M, Zoccali C, Abbasifard S, et al. The surgical vascular anatomy of the minimally
invasive lateral lumbar interbody approach: a cadaveric and radiographic analysis. Eur Spine J. 2015;24[Suppl
7]:906–911.)

more posterior location of the retroperitoneal vessels.62 Furthermore, the risk of vasculature injury is further increased
with rotatory deformities.62 Rare contralateral injuries to
vasculature can also occur; therefore, particular care should
be taken with the use of instruments when dissecting across
the disc space and when inserting the interbody grat.63,64

High Iliac Crest/Lumbosacral Junction
During preoperative evaluation, standing anteroposterior
lumbar radiographs should be scrutinized for access to the
operative level, with particular attention to the height of the
lateral iliac crest and angle required for accessing L4–L5.
Positioning the patient in a true lateral decubitus position with
lateral bending (see Fig. 21.1) of the torso can increase the
distance between the iliac crest and ribs. However, this must
be weighed against the increased tension and traction placed
on the psoas and lumbar plexus.60,65 In most cases, access to
L5–S1 is limited by a high lateral ilium, anterior course of the
neural elements pulled directly across the lateral disc, and/or

the vasculature, precluding safe access. Uncommonly, L5–S1
may be approached when the intercrestal line transects the
mid to lower L5 body or the L5–S1 disc space. Angled instruments are also an option to improve access.

Scoliosis
Special consideration must be made in scoliosis patients.
Identify abnormal displacement of vascular structures with
severe rotational deformity and approaching from the convex
side because the approach angle is more rostral. Preoperative
planning with identifying the lumbar plexus, iliac vein and
artery, aorta, and inferior vena cava on MRI is important to
determine which side is safer to approach (see Fig. 21.19).56,66,67

Thoracolumbar Junction
Rostrally, the 12th rib may obstruct access from T12 to L2,
which may require excision or manipulation. Partial rib resection can be commonly performed in thoracolumbar approaches
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with little morbidity. Another technique to improve access is
to place a bump or roll under the contralateral lank to help
increase the distance between the 12th rib and iliac crest (see
Fig. 21.2).6
A retrodiaphragm approach can be done by partial rib
resection and using the rib posteriorly as a guide to the disc
space and as a plane to retract the diaphragm anteriorly. Care
should be taken not to injure the diaphragm. Sometimes a
transdiaphragm approach is required for the thoracolumbar
junction since the diaphragm cannot be mobilized suiciently
to gain access to the disc. With signiicant diaphragm dissection, the diaphragm should be repaired prior to closure.

Thoracic Spine
Partial rib resection can be commonly performed in anterolateral thoracic approaches with little morbidity. Several other
techniques to minimize rib resection or preserve this anatomy
have been utilized, including performing LLIF in between
ribs. If that technique is performed, expansion of the lateral
access retractor should be minimized to prevent prolonged
compression of the neural elements on the rib underside for
risk of postoperative radicular/rib pain.

Complications
Although the minimally invasive nature of LLIF avoids many
serious approach-related risks of the anterior and posterior
techniques, there exists a signiicant risk of neurologic injury.
he most common and well-documented complication is
lumbar plexus nerve root injury from either direct compression, laceration, or traction while traversing the psoas or
through prolonged retraction.12,13,47,59,65,68,69 In the largest series
of LLIF cases, Rodgers et al. reported a 0.66% incidence of
transient hip lexor weakness that occurred only when
approaching the L4–L5 level and a 6.2% overall complication
rate.12 hese authors contend that approach-related complication rates of LLIF are lower than the traditional open
approaches, including posterolateral lumbar fusion, PLIF,
TLIF, and ALIF. However, it should be noted that these rates
are signiicantly lower than other smaller series reported in
the literature. Moller et al. found in their series of 53 patients
that 36% of patients experienced subjective hip lexor weakness, 23% experienced thigh numbness, and 25% experienced
thigh pain.13 Hip lexion weakness resolved in 84% at 6
months, with most patients returning to baseline at 8 weeks;
69% and 75% of patients with thigh numbness and pain,
respectively, returned to baseline at 6 months and with many
reporting improvement at 8 weeks. Cummock et al. observed
thigh pain and numbness in 39% and 42.4% of 59 patients,
respectively, and nearly half resolved at 3 months and 90%
resolved at 1 year.70 Pumberger et al. reviewed 235 patients
who underwent LLIF and found sensory deicits in 1.6% of
patients, psoas motor deicit in 1.6%, and lumbar plexus deicit
in 2.9% at 12 months follow-up.71
Transient hip lexor weakness and pain that occurs in the
absence of sensory deicits is thought to be due to splitting of

the psoas muscle ibers rather than a neurapraxia. Weakness
is typically transient and resolves within 3 months.46 Longer
duration of retraction has been suggested to predict postoperative weakness.46 If a nerve injury is suspected, electrodiagnostic studies have been recommended at 6 weeks and 3 months
postoperatively. If no clinical recovery is observed, some
surgeons perform a limited electromyographic test monthly
over the subsequent 3 months to evaluate for reinnervation.65
Although rare, permanent or disabling nerve injury may
occur. Knight et al. reported two cases of L4 nerve injury in
their study of 58 patients.69 he incidence appears to be higher
in scoliosis patients, with Tormenti et al. reporting ive of eight
patients treated with LLIF for adult degenerative scoliosis
sufering persistent sensory and motor radiculopathy.37
he incidence of lumbar plexus nerve root injuries varies
widely, in part due to inconsistency in the literature regarding
diagnosis and evaluation. Ahmadian et al. therefore developed
a diagnostic standardization of and classiication for postoperative nerve injuries seen with LLIFs that correspond to
sensory dermatomal zones.65
he retroperitoneal nature of the approach also exposes
thoracoabdominal structures to potential injury that can be
signiicant. Reported complications include bowel perforation,37,72 incisional hernias,12,59 pleural efusions,37 kidney
lacerations,47 retrocapsular hematoma,73 abdominal wall
paresis,59,74 and pseudohernia.59,74 Each case of bowel perforation required emergent exploratory laparotomy with resection
of bowel. When operating in the thoracolumbar spine,
the pleural space can be violated, leading to pleural efusion
and requiring careful intraoperative evaluation to evaluate
whether a chest tube is needed.
he most common implant-related complication is symptomatic grat subsidence, which can lead to pseudarthrosis,
back and/or leg pain, adjacent vertebral body fractures, or
neurologic complications. Rodgers et al. reported 3 cases of
subsidence in 600 patients that required reoperation due to
adjacent vertebra fracture, grat fracture, and screw penetration of the endplate.12 Other authors have reported early
subsidence with stand-alone LLIFs due to excessive motion
that resolved ater posterior instrumentation was performed.27
Karikari et al. reported a 16.7% incidence of subsidence in a
series of patients older than 70 years of age who underwent
LLIF for degenerative conditions.17 Excessive motion and
osteoporotic bone are the common etiologies for grat subsidence, but “overstuing” the interbody space and endplate
perforation can be precursors to subsidence. Consideration
for supplemental posterior instrumentation should be made
that includes patient’s bone mineral density. he risk of subsidence is theoretically lower with the use of wider LLIF cages
with larger surface contact area and greater distribution of
force throughout the apophyseal ring.27

Outcomes
he minimally invasive lateral approach for interbody
fusion has shown promise in minimizing approach-related
morbidity by minimizing surgical dissection and sot tissue
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ambulation and shorter hospital stay.12–14 Although minor
complications of hip lexor weakness and thigh pain have been
reported, most are transient and resolved by 6 months.13
Coronal deformity correction achieved with LLIF for ADS
has been reported to be similar to that achieved by traditional
approaches. Wang and Mummaneni reported a mean coronal
correction of 20 degrees (63%) in 23 patients with a solid
fusion at all interbody levels.39 Anand et al.73 reported a
15-degree correction (68%) in 28 patients, all of whom fused
and maintained their correction at 12 months. Acosta et al.13
reported an 11.7-degree correction (55%) in eight patients.
Tormenti et al.37 reported a 70% curve correction in eight
patients. Phillips et al.46 reported a 7.4-degree (35%) correction in 107 patients, with greater correction seen with posterior
instrumentation. In comparison, in a systematic review of 49
publications on ADS deformity correction, mean postoperative coronal correction was 40.7%.84 Anand et al. also reported
signiicant improvements in VAS and ODI scores with no
major complications.73 Uribe et al. demonstrated that deformity corrections in a series of 39 ADS patients were all
maintained with ongoing improvement in VAS pain scores up
to 3 years postoperatively.49 Dakwar et al. reported that all 25
adult deformities in their series maintained correction at 2
years, achieved fusion on CT and plain radiographs, and
experienced signiicant improvement in VAS and ODI scores
with only minor complications.85 Ozgur et al. reported excellent clinical and radiographic results equal to or superior to
traditional approaches with no major complications in their
62 patients.16 Wang and Mummaneni also encountered no
intraoperative complications.39 Pimenta et al. and Benglis
et al. independently found signiicant deformity correction
with signiicant mid- to long-term clinical outcomes in their
individual series of ADS patients who underwent LLIF.86,87
he anterior column fusion rates achieved with LLIF are
equivalent or greater than traditional approaches such as
ALIF, for which 92% to 97% have evidence of fusion on CT
at 12 months.88 A 96% fusion rate by CT and over 90% patient
response of “satisied or very satisied” was reported by Rodgers
et al. at 12-month follow-up in a series of 66 patients who
underwent LLIF of 88 levels.89 Similarly, Ozgur et al. reported
radiographic evidence of fusion ater LLIF for degenerative
disease in 91% of 62 patients with 113 levels, and signiicant
improvement in VAS and ODI scores at 24 months.16 his high
rate of fusion is consistent with a low incidence of revisions for
pseudarthrosis. Phillips et al.46 observed a 2% rate of revision
for pseudarthrosis, which is superior to rates of 0% to 19%90-94
reported for anterior and/or posterior approaches.
Indications for the MIS lateral approach have expanded
to the thoracolumbar junction, including corpectomy and
reconstruction. Addressing anterior column pathology in the
thoracic spine is technically challenging and a thoracotomy can
lead to poor pulmonary function postoperatively, with major
complications reported in up to 12% of patients.95 Khan et al.
followed a series of 25 patients who underwent an MIS lateral
approach for corpectomy and observed shorter operative
times, decreased blood loss, decreased use of blood products,
shorter postoperative time to extubation, and signiicant pain
relief compared to a standard open corpectomy.96 he beneit
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trauma with shorter operating room time, shorter hospital
stay, and decreased blood loss while maintaining equivalent
or improved clinical and radiographic outcomes compared to
traditional open anterior or posterior approaches.12–14
In 2013, Ahmadian et al. reported in a series of 31 patients
who underwent LLIF for grade I or grade II spondylolisthesis
that there was signiicant reduction in anterolisthesis, with
27 of 31 achieving complete reduction of the spondylolisthesis.65 At 6 months, all patients had clinical and radiographic
evidence of fusion on computed tomography (CT) and plain
radiographs as well as signiicant improvements in Oswestry
Disability Index (ODI), visual analog scale (VAS), and Short
Form-36 scores.
he lateral approach has been shown to be a feasible
operative treatment for adjacent-segment degeneration. In
a prospective series of 100 patients who underwent LLIF
for adjacent-segment degeneration, Rodgers et al. reported
signiicant improvement in VAS pain scores (from 8.6 to 2.8),
low complication rate (9%), and evidence of radiographic and
clinical fusion at 6 months.47 he beneit of utilizing an alternative lateral approach avoids the technically challenging task
and increased risk of complications with reoperation through
the prior anterior or posterior scar.46
With obese patients, the lateral approach has been
suggested to be a favorable alternative. In a comparative
series of 313 obese and nonobese patients who underwent
LLIF for degenerative conditions, Rodgers et al. found no
greater incidence of complication.75 his inding is not seen
with traditional open anterior or posterior fusion approaches
in which body habitus presents a technical challenge and
has been shown to increase rates of infection and other
complications.76
he use of LLIF for deformity correction in adult degenerative scoliosis (ADS) has been shown to result in lower complication rates, shorter operative times, and less blood loss
with equal or better clinical and radiographic outcomes
when compared to traditional open anterior or posterior
approaches.12,27,40,47,73,77,78 his is particularly relevant to the
elderly patient population that sufers from ADS given that
they frequently have coexisting osteoporosis and multiple
comorbidities that put them at higher risk for pseudarthrosis,
hardware failure, and other complications with multilevel
deformity correction.79,80 Complication rates of up to 66% have
been reported.81 Charosky et al. reported a 39% complication
rate with 20% requiring reoperation in 306 patients undergoing primary ADS treatment by traditional anterior, posterior,
or combined approaches.82 Daubs et al. reported a 37% complication rate, with 20% major complications in patients over
60 years.83 In a large prospective series of 107 patients who
underwent LLIF for ADS, Phillips et al. demonstrated signiicant improvements in clinical and radiographic outcomes at
24 months with a lower incidence of complications (24%, with
half being minor complications).47 he lower rate is likely
attributed to the lateral approach avoiding mobilization of
abdominal viscera and great vessels or dissection of the posterior musculature.47 Perioperative morbidity is also decreased
by the minimally invasive nature of the lateral approach,
which minimizes surgical morbidity and allows for early
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is attributed to the minimally invasive nature of the approach
and the absence of prolonged lung delation. Karikari et al.17
reported a series of 22 patients who underwent LLIF for thoracolumbar disease, including degeneration, tumor, adjacentsegment disease, disc herniation, and infection. hey observed
that 95.5% of patients achieved a substantial clinical beneit
and demonstrated evidence of fusion at 6 months postoperatively. Although deformity correction was less pronounced
than with the traditional open thoracolumbar approach, no
major complications occurred. he MIS lateral approach to
the thoracolumbar spine may be a well-suited safe alternative
for elderly patients or those with signiicant comorbidities,
and in multiple other settings including trauma, infection,
tumor, and corpectomies for canal decompression for a variety
of pathologies.
In regard to costs, Lucio et al. performed a cost analysis for
two-level LLIF and two-level PLIF for degenerative lumbar
disease; they showed a cost saving of $2825.37 (10.4%) per
patient in the early perioperative period with LLIF.97 he costs
were calculated from the index procedure, transfusions, reoperations, and residual events, which were deined by hospital
readmissions, emergency department visits, postoperative
rehabilitation, and additional diagnostics. hese authors also
reported shorter hospital stay and decreased blood loss in the
LLIF group.

Summary
LLIF has evolved over decades into a safe and common procedure. LLIFs provide superior fusion rates compared to other
fusion options. LLIFs provide indirect decompression of
foraminal, lateral recess, and central stenosis. With osteoporosis, LLIF allows load sharing over a large footprint on the
apophyseal ring and decreases osteoporotic-related hardware
complications. Preoperative MRI evaluation is imperative to
identify the neurovascular anatomy to prevent vascular and
lumbar plexus injuries. LLIFs provide signiicant coronal and
sagittal correction in ADS compared to traditional open
procedures. Anterior column reconstruction through the
lateral approach provides equivalent sagittal plane correction
as pedicle subtraction osteotomy with signiicantly less blood
loss. LLIFs meet the demand for earlier postoperative recovery
and return to work. Lateral interbody fusions limit infection
rates compared to open posterior fusions with the obese population. Last, minimally invasive lateral interbody fusion is
cost-efective and provides health care savings compared to
other lumbar fusion options.
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he literature for spinal injections is rife with small studies of
limited quality. here are multiple diiculties with the research
on invasive pain therapies. First has been a lack of funding for
large-scale, high-quality, randomized controlled trials (RCTs).
his is partially due to the fact that there are no device or
pharmaceutical companies with a vested interest in funding
research on these therapies. Second, pain is, by deinition, a
subjective experience. As with studies of therapies for psychological disorders, there is a signiicant and growing placebo
efect in pain studies, which confounds the ability of studies
to show a signiicant response over placebo.1 Alternatively, the
natural course for many patients with new-onset spinal pain
from disc herniation or other causes is to improve. Injection
therapies that do show improvement over time may, in part,
relect the natural healing process and overrepresent the
efects of these interventions. hird, there is substantial variability in the way that trials of some of these therapies have
been conducted. Some of the earlier trials of interlaminar and
caudal epidural steroid injections were done before luoroscopy and epidural contrast were routinely used. Comparing
these blind injections to the current standard of practice is
problematic. For many interventional pain procedures, the
bulk of the studies performed have been observational, retrospective, or otherwise of limited quality. Last, many studies
that purport to be placebo controlled have compared an active
treatment to something less than clearly a sham treatment. For
example, some studies have compared epidural steroids to
steroids given via another route. Other studies have compared
epidural injections to local anesthetic injections. here is some
evidence that simply injecting saline or other solutions into
the epidural space has a therapeutic efect.2 hus, the selection
of a reasonable sham for double-blind trials has been problematic and even RCTs with epidural saline as a control may
underestimate the efects of such interventions.

Anatomic Considerations in Spinal Pain
In order for a spinal structure to transmit painful impulses
into the central nervous system (CNS), the structure must be
innervated with nociceptors. here are numerous structures
within the spine that are capable of transmitting pain when

diseased. Oten, more than one structure can be diseased and
transmit pain, making it challenging to identify the pain
generator. Spinal injections can be useful, both diagnostically
and therapeutically, in the treatment of spine pain. However,
they should follow a careful history, physical examination, and
diagnostics tests. An understanding of the anatomy and
innervation of the spine is critical when utilizing spinal injections for diagnosis and treatment.
he innervation of the spine is complex, as both the sensory
and sympathetic nervous systems contribute to pain pathways.
he posterior aspect of vertebrae and discs as well as all
structures posterior to the vertebrae (i.e., neural foramen,
facets, and so on) are innervated segmentally from each spinal
root. However, since the sensory innervation of the anterior
and lateral portion of the vertebrae and discs travels via the
sympathetic nervous system, only the thoracic spinal nerves
and upper two lumbar spinal nerves transmit sensory ibers
segmentally into the spinal cord. he anterior cervical spine
and lower anterior lumbar spine transmit sensory ibers
through the irst 2 to 3 thoracic nerve roots and upper lumbar
nerve roots, respectively.

Zygapophyseal Joint (Facet Joint)
he facet joints are true diarthrodial joints with a rich nerve
supply transmitting both nociception and mechanoreception.3
he synovial membrane of the facet joints is rich in free nerve
endings associated with painful sensation.4 In addition, morphologic studies on human5–8 facet joints support the role of
the facet joint in low back pain. A recent study in degenerative
human facet joints and facet joint capsular tissue harvested at
the time of surgery showed an upregulation in inlammatory
cytokines and neuropeptides (nerve growth factor) that can
sensitize and activate nociceptors.9
he pain patterns that result from facet joint pathology
have been described by several investigators. Because these
joints are deep structures, there is a higher ratio of C iber to
A-delta iber innervation. his results in poorly localized pain
with a wide referral pain pattern from the ipsilateral lumbar
area to the ipsilateral posterior thigh. hese referral patterns
may result in secondary zones of relex muscle spasm and
resultant trigger points.
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All facet joints are innervated segmentally by a medial
branch of the posterior ramus of the nerve root. However,
segmental innervation difers between the cervical, thoracic,
and lumbar spines. he cervical facet joint receives innervation from one level above and below, with the medial branch
located along the waist of the articular process above and
below the joint articulation. For example, the C3–C4 facet
joint is innervated by the C3 and C4 medial branches. he
C2–C3 facet joint receives innervation from the third occipital
nerve as it courses across the anterior lateral portion of this
joint as well as innervation from the C3 medial branch. he
thoracic facet joint medial branch travels superior to the tip
of the transverse process and courses proximally over the
pedicle to reach the joint capsule. Lumbar facets are supplied
by a medial branch at the corresponding level and a branch
from one level above. For example, the L4–L5 facet joint is
innervated by the L3 and L4 medial branch. he L5–S1 facet
joint is innervated by the L4 and L5 medial branches as well
as a branch from the posterior rami of S1.

Sacroiliac Joint
As with the facet joint, there has been controversy on the
sacroiliac (SI) joint as a cause of low back pain. Like the facet
joints, the SI joint is richly innervated with both free nerve
endings and mechanoreceptors. he innervation has been
extensively described and supports this joint as a pain-sensitive
structure.10,11 Most of the innervation of the SI joint is supplied
dorsally from L4–S4 nerve roots, which results in the bulk of
the innervation occurring in the dorsal segment of the joint.12
Pain from the SI joint is usually referred to the buttocks,
groin, posterior thigh, and occasionally, below the knee.13–15
Because of the anatomic location of the SI joint, this structure
is diicult to examine, and many of the provocative tests can
result in false-positives and intertester diferences.16,17

Intervertebral Disc
It is clear that the outer one-third of the intervertebral disc
(ID) is well innervated; however, there is controversy regarding whether this is a pain-producing structure.18–20 here is
little, if any, controversy over the role that a herniated disc
plays in producing radicular pain; however, controversy arises
over isolated disc pathology without nerve compression as a
cause of axial low back pain. Nerve endings capable of transmitting pain impulses are abundant in the outer one-third of
the anulus ibrosus in both the cervical disc21 and the lumbar
disc.22 In addition, nerves within the ID contain neuropeptides
that are involved in pain transmission.23 Injuries in the anulus
ibrosus may result in pain while the external appearance of
the disc remains normal and before nerve roots are afected.24
he referral pattern of pain originating solely from the disc
is similar to that produced by facet joint pain.25 he pain from
diseased intervertebral discs may not arise directly from the
disc, but rather from other structures that develop abnormal
stresses as a result of the diseased disc.26 Other structures
surrounding the disc are known to have pain ibers (e.g., facet
joints, anterior and posterior longitudinal ligaments).

Ligaments of the Spine
here are many ligamentous structures in the spine that are
innervated with free nerve endings. However, there is variability in the density of this innervation. Of all of the ligamentous structures, the posterior longitudinal ligament appears to
be the most heavily innervated with free nerve endings27,28 and
the ligamentum lavum the least innervated.29 Degenerative
changes within these ligaments may result in sensitization of
free nerve endings, leading to chronic pain. In addition, the
close proximity of the anterior and posterior longitudinal ligament to the discs makes the structures susceptible to exposure
to the disc contents in the event of disc rupture. he disc
contents may induce an inlammatory process in these ligaments, leading to pain.

Nerve Root
he nerve root is innervated by the sinuvertebral nerve, which
branches from the segmental nerve and travels backward into
the neural foramen. he arachnoidal covering of the nerve
root is heavily innervated and a source of pain. Mechanical
compression or irritation of these structures can lead to pain
in the extremities that is associated with neurologic changes.
he nerve root may be stimulated mechanically by disc herniation, osteophyte formation, foraminal narrowing due to
degenerative disc disease, or tumor invasion. In addition, it
has been postulated that both the disc contents and the facet
joint contents may induce an arachnoiditis; however, Haughton et al.30 showed this only to be true for the disc contents.

Cervical Spine Injections
Cervical epidural steroid injections have been performed from
both an interlaminar and transforaminal approach. All epidural injections carry a small risk of complications. However,
the cervical transforaminal approach, more than other spinal
locations or approaches, has been associated with rare but
signiicant complications, including spinal cord injury, stroke,
and death.31–33
he majority of studies of cervical epidural injections have
utilized the interlaminar approach. In two recent reviews of
cervical epidural steroid injections, seven RCTs for the treatment of axial or radicular pain of cervical spinal origin were
evaluated.34,35 Only three of the seven studies were performed
using luoroscopy. Of the studies for cervical radicular pain,
only one study made use of luoroscopic guidance. All of the
studies showed signiicant pain improvement but no diferences between epidural steroid treatment and active-control
groups, with the exception of one study, which used an
intramuscular injection of steroid as the control group. he
remaining studies compared epidural steroids versus other
substances (mostly local anesthetics) injected epidurally.
he literature regarding the treatment of acute and
chronic pain conditions is increasingly focused on multimodal therapies. Patients who undergo treatment with
multiple modalities or combinations of pharmaceutical and
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FIG. 22.1 Cervical epidural steroid injection. (A) Contralateral oblique view showing contrast medium in the
cervical epidural space. (B) Anteroposterior view showing contrast medium highlighting epidural fat with
needle entry at the right C7–T1 level.

nonpharmaceutical treatments fare better than those receiving a single-modality treatment. A recent multicenter RCT
of cervical epidural steroid injections (CESIs) for the treatment of cervical radiculopathy showed greater beneits for
multimodal therapy over more limited therapy.36 A total of 169
subjects were randomized to physical therapy plus gabapentin,
cervical epidural steroid injections alone, or a combination
of physical therapy, gabapentin, and CESIs. All three groups
showed signiicant improvement in arm pain at follow-up.
However, the magnitude of improvement was signiicantly
greater for the multimodal group than the physical therapy or
epidural-alone groups. he conservative therapy group fared
the worst.

Procedure: Cervical Interlaminar
Epidural Steroid Injection
he patient is placed in a prone position. he patient is prepped
and draped in the usual sterile fashion. A luoroscopic image
is taken in the anteroposterior (AP) direction and a 5- to
10-degree cephalad tilt of the C-arm may be required to open
the C7–T1 space. he C7–T1 level is selected because the
epidural space is widest and there is a higher chance of an
intact ligament, both making a safer injection. he C6–C7
space may be occasionally used, but it is not recommended
that the injection be performed above C6 as the cervical
enlargement of the spinal cord, thin ligament, and small epidural space increase risk of injury. A pointer is then placed
over the superior edge of the lamina of the inferior vertebral
level of the target, at the ipsilateral side of the pain complaint
for a paramedian approach. (An alternative method is the
trajectory view, to follow.) A skin wheal is performed and the
area is anesthetized with lidocaine 1%. A Tuohy needle is then
inserted coaxial to the radiographic beam and advanced until
contacting the lamina. he needle is then walked of the
lamina superiorly and advanced into the ligamentum lavum.
he stylet is removed, and a loss of resistance (LOR) syringe
is then placed on the hub of the needle. At this stage, a contralateral oblique 50-degree C-arm view is recommended to

watch needle depth. Continuous light pressure is applied with
one hand to the LOR syringe, and the needle is advanced with
the other hand. Once LOR is obtained, the LOR syringe is
removed. In the contralateral oblique view, the needle tip
should be advanced just ventral to the spinolaminar line.
When using a paramedian approach, a lateral view is not
appropriate, as it will not give an adequate view of needle
depth just below the ipsilateral lamina. Iohexol (Omnipaque
240) is injected slowly to conirm proper spread of the contrast
medium within the epidural space, also conirming that there
is no evidence of intrathecal spread or intravascular runof.
About 3 mL of injectate mix of steroid, and normal saline with
or without anesthetic is then performed.37–39 An alternative
method is the trajectory view, in which the needle trajectory
is directed toward the interlaminar space without any intent
of contacting lamina; a 50-degree contralateral oblique C-arm
view is required to watch needle depth, prior to advancing the
needle into the epidural space38 (Fig. 22.1).
Transforaminal epidural steroid injections (TFESIs) and
selective nerve root blocks have been promoted as a more
targeted modality for treatment or diagnostic purposes.
However, there are no randomized, double-blind trials of
cervical transforaminal ESIs or comparative studies between
transforaminal and interlaminar ESIs. In a review of luoroscopically guided transforaminal CESIs, Engel et al.40 reported
on six observational studies totaling 357 patients who underwent luoroscopically guided cervical TFESIs for radicular
pain. Of these subjects, 180 (50%) obtained at least a 50%
reduction of arm pain. Of the six studies, four had a positive
outcome—at least 50% of subjects achieving signiicant
improvement. One of these studies was halted early due to
published reports of complications with cervical TFESI.41 Two
of the six studies of cervical TFESIs also reported on progression to surgery. In a study of 70 subjects by Lin in 2006, 44 of
the 70 subjects had signiicant and sustained improvement
such that they did not proceed to surgery.42 However, in a
study of 21 subjects with cervical radiculopathy by Kolstad in
2005, only 5 of the 21 had improvement suicient to prevent
progression to surgery.41
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here have been at least 23 reports of serious complications
ater cervical TFESI.36 hese have included cerebral injuries
with cortical blindness, spinal cord infarcts, vertebral artery
occlusion, cerebral and cerebellar infarcts, spinal cord injury,
grand mal seizure, and epidural hematomas, among others.
here are also reports of adverse events following cervical
interlaminar ESIs, but many of these are minor and transient.32
here have been a small number of direct spinal cord injuries,
but in all of these cases, the injections were performed in
heavily sedated patients.32 he use of heavy sedation for spinal
injection procedures, especially in the cervical region, is discouraged for this reason.43 here is growing consensus that
transforaminal injections in the cervical region pose a signiicantly higher risk than interlaminar epidurals and perhaps
should be avoided.2,44
Cervical selective nerve root blocks have been promoted
as a diagnostic test to aid in planning surgical treatment of
cervical radiculopathy. However, scant evidence exists for the
diagnostic utility of cervical selective nerve root blocks. In a
review of the literature on selective nerve root blocks, only
one study was found that evaluated cervical injections.45 In
this study, 30 patients with unilateral cervical radiculopathy
and more than one level of pathology on magnetic resonance
imaging (MRI) underwent diagnostic selective nerve blocks.46
Correlation between positive selective nerve block and clinical
determination of nerve root level from neurologic deicits was
only 28%. Correlation with the most severe pathology on MRI
was 60%. Given the limited evidence and potential risks, there
is little to support the use of cervical diagnostic nerve root
blocks for surgical planning.

A

Procedure: Cervical Transforaminal
Epidural Steroid Injection
he patient is placed in a supine position. he appropriate
vertebral level is identiied under the posteroanterior (PA)
view, and the C-arm is tilted until the superior endplate is
squared, and the spinous process is midline to the level that is
targeted. he luoroscope is then tilted ipsilaterally to about
45 degrees or until the targeted foramen comes into complete
view. A pointer is then placed over the intervertebral foramen
at the dorsal and posterior aspect. he skin is anesthetized. A
straight short-bevel needle is then advanced toward the target.
A PA view is then obtained, and the needle can be advanced,
but not past the midline of the lateral mass in order to minimize the potential for dural or spinal cord puncture. Iohexol
(Omnipaque 240) is then injected under live luoroscopy to
conirm contrast spread medially around the pedicle, and
inferiolaterally along the exiting spinal nerve, without vascular
runof. It has been suggested that use of digital subtraction
angiography (DSA) has a greater accuracy in detecting intravascular injection. Lee et al.47 showed that, of 87 lumbar
TFESIs, 20 cases of intravascular injection were detected with
DSA. Only 12 of these cases were detected with contrast injection under standard luoroscopy. In a study of 177 cervical
TFESIs in 134 patients, Mclean et al.48 detected intravascular
injection in 18% with real-time luoroscopy versus 32.8% with
DSA. About 1 to 2 mL of injectate mix of dexamethasone and

B
FIG. 22.2 Cervical transforaminal epidural steroid injection. (A) Oblique
view of a C6–C7 intervertebral foramen aligned with the needle coaxial to
the target point. (B) Posteroanterior view showing the contrast medium
illing the foramen, extending peripherally along the ventral ramus, and to
the epidural space.

normal saline with or without anesthetic is then performed.49,50
All other steroids should be avoided due to the risk of neurologic damage. In a rat study of four diferent steroid preparations (both soluble and nonsoluble), dexamethasone was the
only one that did not result in serious neurologic injury ater
carotid artery injection.51 he general consensus is that DSA
is not required when using dexamethasone. However, DSA
should be strongly considered if a particulate steroid is used
under special circumstances (Fig. 22.2).
Pain from the cervical facet joints has been reported to
account for between 36% and 67% of patients with chronic
neck pain.52,53 Cervical facet–mediated pain is routinely
treated with ablation of the medial branch nerves. Unlike in
the lumbar region, there is limited literature on the use of
intraarticular steroid injections into the cervical facet joints.
Only one randomized trial exists that compared intraarticular
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Procedure: Cervical Medial Branch Blocks
and Radiofrequency Ablation
Cervical medial branch blocks (MBB) are typically performed
as a diagnostic technique to determine whether the patient’s
neck pain is secondary to a facet joint pathology and to
determine if the patient is a candidate for RFA. Prior to considering MBB and RFA the pain should have been present for
at least 3 months, and the patient needs to have not responded
to conservative therapy. he goal of the procedure is to inject
anesthetic at the paravertebral facet joint nerves or the medial
branches.
Each facet joint is supplied by two medial branches of the
dorsal rami. In the cervical spine, two levels must be anesthetized for each joint. For example, the C3 and C4 MBB is
performed to obtain information about the C3–C4 facet joint,
and the C4 and C5 MBB is performed to obtain information
regarding the C4–C5 facet joint.
For the diagnostic cervical MBB, the patient is usually
placed in a prone position. he patient is prepped and draped
in the usual sterile fashion. he skin and sot tissues are
anesthetized with lidocaine 1%. At each level from a lateral
direction, a 1.25- to 1.5-inch needle—or from a posterior
position, a spinal needle—is inserted under frontal, lateral,
and oblique luoroscopic projections with the needle tip

A

advanced to contact the centroid of the lateral articular pillar
at each respective level. Aspiration of each needle must be
negative for blood, cerebrospinal luid, or paresthesia prior to
injection. he nerve blocks are then performed by injecting
bupivacaine 0.5%, 0.25 mL through each needle.
If the patient exhibits greater than 50% improvement of
index pain with 0.25 mL of local anesthetic for at least 3 hours,
this is considered a positive diagnostic block. he patient may
then proceed to a therapeutic procedure, such as RFA.
RFA is performed with the same set-up and targets as the
MBB, except the needle tip should be placed parallel to the
nerve. he RF lesion is an oval-shaped lesion that is circumferentially around the shat of the active tip; thus, an ideal
position of the tip is parallel to the targeted nerve.58
From a posterior approach at each level, a 22-gauge,
100-mm RF cannula needle with a 10-mm active tip is inserted
percutaneously to the radiographic target with the needle tip
parallel to the periosteum of the lateral articular pillar. Alternatively, from a lateral approach, a 20-gauge, 50-mm RF
cannula needle with a 5-mm active tip is inserted percutaneously to the radiographic target at the center of the lateral
mass. he RF probes are then placed through the cannula.
Needle placement is conirmed radiographically and with
neurologic stimulation. Axial sensory perception threshold
using 50-Hz sensory stimulation is achieved at 0.5 V or less at
each level. Extremity motor stimulation at 2 Hz is negative at
a minimum of 1.5 V, or 2 to 3 times the sensory threshold at
each level. Motor stimulation is positive for multiidus stimulation. he paravertebral facet joint nerve blockade is performed by injection of lidocaine 2%, 0.5 mL per level prior to
treatment. Each nerve is then treated at 80°C in continuous
RF mode for 90 seconds. he needle can be rotated and treated
again.57,59,60 Next, paravertebral facet joint nerve blockade is
performed by injection of bupivacaine 0.5%, 0.25 mL. If
steroid is mixed with the bupivacaine, it is recommended that
dexamethasone be used for reasons described earlier under
the risk of intraarterial injection of particulate steroid. he
deep cervical artery is at risk of penetration and can communicate with the spinal radicular arteries (Fig. 22.3).

B

FIG. 22.3 Cervical medial branch block/radiofrequency (RF) ablation. (A) Anteroposterior view showing RF
needles placed at the left spine lateral to the articular pillars. (B) Lateral view with the electrodes in the proper
position over the left cervical third occipital, third, fourth, and ifth articular pillars.
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injection of steroid to local anesthetic.54 Both groups obtained
relief lasting only days, with no diference between groups.
Two observational studies of cervical facet intraarticular
steroid injections showed short-term beneit.55,56
here is one high-quality RCT of cervical medial branch
radiofrequency ablation (RFA) ater controlled diagnostic
blocks.57 In this small study by Lord, 24 patients were randomized to sham or RFA. he median time to return of pain was
284 days in the treatment group and 8 days in the sham group.
Nonrandomized prospective studies have also found both
short-term and long-term beneit from cervical RFA of the
medial branch nerves, while two larger retrospective studies
found no beneit.52,53
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Lumbar Spine Injections
Lumbar epidural steroid injections have been used for years
as a treatment for axial or radicular pain of spinal origin.
Lumbar ESIs are oten used as an intermediate or conservative
treatment measure before considering surgery. In a metaanalysis, Bicket et al. evaluated the efect of lumbar epidural
steroid injections for preventing surgery for lumbar radiculopathy.61 hey identiied 22 studies of lumbar ESIs that were
RCTs and also reported subject progression to surgery. hey
found that fewer patients in the groups who had received ESIs
went on to have surgery in both the short term and long term,
but the efect fell short of statistical signiicance. However,
only one of the included studies speciically sought to determine the efect of ESIs on surgery as a primary outcome
measure. his study by Riew et al. found that signiicantly
fewer patients who received ESIs (8 out of 28 [28.6%]) compared to epidural bupivacaine alone (18 out of 27 [66.7%])
underwent surgery at 13 to 28 months of follow-up.62
herapeutic epidural steroid injections have been used
for the treatment of pain from spinal stenosis, discogenic
pain, and lumbar radiculopathy. Radiculopathy from lumbar
disc herniation remains the primary indication for ESIs.
In a review of luoroscopically guided lumbar interlaminar
ESIs, 5 out of 8 randomized controlled trials showed positive
short-term pain relief.63 In a separate review of 4 randomized
trials of transforaminal ESIs for lumbar radiculopathy, all
showed positive short-term improvement and 2 of 4 showed
longer-term improvement.64 In his study of 160 patients
with unilateral radiculopathy, Karppinen found that, for
contained herniations, a transforaminal ESI prevented progression to surgery but provided no relief in herniations with
extrusion.65
Axial low back and leg pain from lumbar spinal stenosis
has also been treated with epidural steroid injections. he use
of epidural steroid injections for lumbar stenosis has recently
been mired in some controversy. While lumbar decompression is considered the gold standard therapy for lumbar spinal
stenosis, not all patients are acceptable surgical candidates. In
an RCT that received wide reporting in the lay press, Friedly
et al.66 reported no diference for epidural steroid injections
when compared to epidural lidocaine injections at 6 weeks
and concluded that ESIs were inefective for lumbar spinal
stenosis. However, this study has been criticized for using relatively low volumes of injectate, inclusion of patients with acute
low back pain, and the injection of an active drug, lidocaine, as
an inactive control.67 While the steroid group had signiicant
improvement compared to lidocaine at 3 weeks for both of
the primary outcome measures, Roland-Morris Disability
Questionnaire (RMDQ) score and leg pain, there was no
statistical diference at 6 weeks. However, both the lidocaine
and steroid groups had substantial percentages (nearly 50%)
of subjects achieving more than 30% relief of leg pain compared to baseline and 38% in both groups reported more than
50% relief of leg pain. In a meta-analysis of epidural steroid
injections compared to epidural injections of nonsteroid
solutions and injections of solutions outside of the epidural

space, Bicket et al.2 concluded that epidural injections of any
solution appear to confer therapeutic beneit and the use of
epidural nonsteroid solution injections as a “placebo” control
may be misleading. In a systematic review of RCTs of ESIs for
lumbar stenosis, Manchikanti68 concluded that interlaminar
and caudal injections of either local anesthetic with steroid or
local anesthetic alone provided short- and long-term beneit
for back and leg pain.

Procedure: Lumbar Interlaminar
Epidural Steroid Injection
For this procedure, the patient is placed in a prone position.
he patient is prepped and draped in the usual sterile fashion.
A luoroscopic image is taken in the AP direction and the
endplates at the level of planned entry are lined up, most
commonly at L5–S1. A pointer is then placed over the superior
edge of the lamina of the inferior vertebral level of the target,
at the ipsilateral side of the pain for a paramedian approach.
(As with a cervical epidural steroid injection, an alternative
method for the lumbar epidural steroid injection is the trajectory view, in which the needle trajectory is directly toward the
interlaminar space; a 45-degree contralateral oblique C-arm
view is required to watch needle depth if the lamina is not
going to be contacted prior to advancing the needle into
the epidural space). A skin wheal is performed and the area
is anesthetized with lidocaine 1%. A Tuohy needle is then
inserted coaxial to the radiographic beam and advanced until
contacting the lamina. he needle is then walked of the lamina
superiorly and advanced anteriorly to the ligamentum lavum.
he stylet is removed, and a LOR syringe is then placed on the
hub of the needle. Continuous light pressure is applied with
one hand to the LOR syringe, and the needle is advanced. At
this stage, a contralateral oblique 50-degree C-arm view is
recommended to watch needle depth. Once LOR is obtained,
the LOR syringe is removed. In the contralateral oblique
view, the needle tip should be advanced just ventral to the
spinolaminar line. Iohexol (Omnipaque 240) is injected slowly
to conirm proper spread of the contrast medium within the
epidural space, also conirming that there is no evidence
of intrathecal spread or intravascular runof. When using a
paramedian approach, a lateral view is not appropriate, as it
will not give an adequate view of needle depth just below the
ipsilateral lamina. If using a midline approach, a lateral view is
appropriate to monitor needle depth. About 5 mL of injectate
mix of steroid and normal saline with or without anesthetic
is then performed38,69,70 (Fig. 22.4).

Procedure: Caudal Epidural Steroid Injection
he patient is placed in a prone position with a pillow under
the abdomen, and the legs slightly abducted with internal
rotation. he patient is prepped and draped in the usual sterile
fashion. he sacral cornu may be palpated to determine the
approximation of the sacral hiatus. A pointer is placed over
the sacral hiatus at around a 45-degree angle using a lateral
luoroscopic projection to assist in identifying the sacral
hiatus. he skin is then anesthetized with lidocaine 1%, and
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FIG. 22.4 Lumbar epidural steroid injection. (A) Contralateral oblique view showing contrast medium in the
lumbar epidural space. (B) Anteroposterior view showing contrast medium highlighting epidural fat with the
needle at right L5–S1 level.

A
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FIG. 22.5 Caudal epidural steroid injection. (A) Lateral view showing a 25-gauge needle in the caudal epidural
space with contrast medium lowing superiorly in the epidural space. (B) Anteroposterior view showing
contrast medium highlighting caudal epidural fat.

a 27-gauge, 1.25-inch needle, or longer needle if needed, is
inserted into position through the sacral hiatus. he needle is
advanced midline, and kept inferior to S3 to avoid dural
puncture. Ater negative needle aspiration, contrast is then
injected to demonstrate epidural spread in both a lateral and
AP projection. Live AP luoroscopic imaging is then obtained
highlighting epidural fat, and cephalad contrast spread without
vascular runof. he usual volume of 5 to 10 mL of injectate
mix of steroid and normal saline with or without anesthetic is
then performed71–73 (Fig. 22.5).
he use of diagnostic selective nerve root blocks to identify
a particular spinal nerve level in the lumbar region has signiicantly more evidence than in the cervical region. In his review
of these blocks, Datta45 found moderate evidence for the eicacy of selective nerve blocks as a diagnostic tool in radicular
pain. However, there are signiicant variables that may confound the results of these injections. First, there may be confusion between the interventional pain physician and spine

surgeon regarding what type of block is being performed and
for what purpose. Some physicians will use the terms transforaminal and selective nerve block interchangeably. he goal of
a truly selective nerve block is to place the needle tip just
outside of the foramen and inject a low volume of local anesthetic alone in order to block a single nerve root. Improper
placement of the needle tip into the foramen, injection of
steroid along with local anesthetic, or use of a larger volume
of injectate may negate the diagnostic utility of the injection.
In one study, 0.5 mL of local anesthetic and iohexol resulted
in epidural spread in 47% of L4 blocks and 28% of L5 blocks.74
he sensitivity and speciicity of nerve root blocks for predicting surgical outcome ranges from 45% to 100% in the various
studies. here may be a role for the use of selective nerve
blocks when there is clinical evidence of radiculopathy but
inconclusive imaging studies. However, surgeons should
consider the subjective nature of these blocks as a diagnostic
test when evaluating their results.
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Procedure: Lumbar Transforaminal
Epidural Steroid Injection
here are diferent approaches for this procedure, including
the supraneural (subpedicular) approach and infraneural
(retrodiscal) approach. he supraneural approach is the traditional method and most commonly used among pain practitioners, and is described here. All of the risks and precautions
described for cervical TFESIs should be considered for lumbar
TFESIs.
he patient is placed in a prone position. he appropriate
vertebral level is identiied, and the luoroscope is angled
cephalocaudad until the superior endplate is squared, and
mediolaterally until the spinous process is midline between
the pedicles. he C-arm is then tilted ipsilaterally to between
15 and 25 degrees, until the superior articular process projects
over the lateral third of the vertebral body. A pointer is then
placed under the 6 o'clock position of the pedicle, adjacent to
the pars interarticularis. A spinal needle is then advanced
coaxial to the luoroscopic image to the target. A lateral luoroscopic view is then obtained, and the needle is advanced to
the cephalad third of the intervertebral foramen and midway
anteriorly into the neural foramen, to potentially avoid vascular structures. At this point, the C-arm is moved to an AP
position and the needle position is conirmed to have not
passed the midpedicular line to minimize the potential of
dural puncture. Iohexol (Omnipaque 240) is then injected
under live luoroscopy. Ideal epidural contrast spread should
be medially and cephalad around the pedicle, and inferior
along the exiting spinal nerve, without vascular runof or
intrathecal spread. About 1 to 2 mL of an injectate mix of
dexamethasone and normal saline with or without preservativefree local anesthetic is then performed.75,76
he lumbar TFESI can be performed at the L5–S1 and S1
levels with slight variation. At L5–S1, the iliac crest may
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obscure the view, and the C-arm may require a larger degree
of cephalocaudal tilt.77 For S1, the C-arm is adjusted to optimize visualization of the dorsal S1 foramen, just inferior to the
S1 pedicle, with the target more medial within the foramen.
he lateral view is used to conirm needle depth.78
he technique for a selective nerve root block is similar to
what is described earlier for the TFESI, however, with inal
needle position more lateral and inferior. As the goal for a
selective nerve root block is an anesthetic block to the exiting
spinal nerve, ideal contrast spread is inferior along the exiting
spinal nerve, without medial epidural spread. To be selective,
a nerve root block should be performed extraforaminally,
distal to the division of the ventral and dorsal rami and with
low volumes of local anesthetic—no more than 0.5 mL79
(Fig. 22.6).
In the lumbar region, the facet joints have been implicated
as a source of axial low back pain in 15% to 45% of patients.52
Diagnostic physical examination maneuvers and radiographic
studies are unreliable in diagnosing facet-mediated pain. he
use of controlled diagnostic medial branch nerve blocks is
considered the most reliable means of diagnosing pain arising
from the facet joints. Additionally, a positive response to two
comparative local anesthetic diagnostic blocks signiicantly
increases the likelihood of a robust response to radiofrequency
ablation treatments compared to a single diagnostic block.52
In their review of RFA for lumbar facet pain, Manchekanti
et al. evaluated four randomized, sham controlled trials of
RFA for lumbar facet mediated pain.80 hree showed positive
results for both short-term (<6 months) and long-term (>6
months) pain relief. Additionally, they found three other
randomized, active controlled trials and 10 observational
studies with positive results. In one representative study by
van Kleef, success was deined as a more than 2-point reduction in visual analogue pain scale and more than 50% reduction in Oswestry Disability Index.81 Patients were assessed at

C

FIG. 22.6 Lumbar transforaminal epidural steroid injection. (A) Oblique radiograph of the spinal needle placed
below the L5 pedicle. (B) Lateral radiograph showing the spinal needle in the upper third of the L5–S1 neural
foramen. (C) Anteroposterior radiograph showing contrast medium highlighting the exiting nerve root.
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Procedure: Lumbar Zygapophyseal
Joint Injections (Facet Joint)
he patient is placed in a prone position. he patient is
prepped and draped in the usual sterile fashion. he C-arm is
positioned in the AP direction, and is given a 5- to 15-degree
ipsilateral tilt until the facet joint space is identiied clearly.
he target is the middle to upper half of the joint space at
the medial or lateral side of the joint. Osteophytic formation may afect the superior articular process more than the
inferior articular process, making the lateral portion of the
joint more diicult to enter. he medial border of the joint
may be better suited in these cases. Special attention is paid to
the L5–S1 facet joint, as the iliac crest can be superimposed,
and may require more cephalad tilt. he skin is then anesthetized, and a spinal needle is then inserted and advanced
coaxial to the radiographic beam until it enters the joint. At
this point, more than one oblique angle, or lateral image, can
be checked to conirm the needle tip within the joint space.
Injection of iohexol (Omnipaque 240) shows joint space
and capsular spread. Due to the small volume of the facet
joint, a volume of no more than 1 to 1.5 mL per level of
injectate mix of steroid and anesthetic is then performed83–85
(Fig. 22.7).
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Procedure: Lumbar Medial Branch Blocks
and Radiofrequency Ablation
Lumbar MBBs are typically performed for two reasons. he
irst is to obtain diagnostic information as to whether the
patient’s axial back pain is secondary to facet-mediated pain
from lumbar spondylosis. he second reason is to determine
if the patient is a candidate for RFA. Prior to considering
MBB and RFA, the pain should have been present for at least
3 months, and the patient needs to have not responded to
conservative therapy. he goal of the procedure is to inject
anesthetic at the paravertebral facet joint nerves or the medial
branches.
Each facet joint is supplied by two medial branches of the
dorsal rami. In the lumbar spine, two levels must be anesthetized for each joint. At the lowest joint, L5–S1, the L4 medial
branch and the L5 dorsal ramus must be blocked. As the most
common severe lumbar spondylosis occurs at the L4–L5 and
L5–S1 joints, the most common MBB procedures are performed at the L3, L4, and L5 medial branches.
For the diagnostic lumbar MBB, the patient is placed in a
prone position. he patient is prepped and draped in the usual
sterile fashion. A luoroscopic image is taken in the AP direction and the endplates at the level of proposed entry are lined
up. Next, the luoroscope is rotated ipsilaterally 10 to 20
degrees until the junction of the superior articular process and
transverse process is clearly visible, with the circular projection of the pedicle outlining this junction. he skin and sot
tissues are anesthetized with lidocaine 1% at each site.
To block the lumbar medial branch nerves, a spinal needle
is inserted percutaneously and advanced under luoroscopic
guidance using dorsal, lateral, and oblique projections to its
radiographic target. For each of the lumbar levels, the tip of
the needle should be placed at the junction of the superior
articular process and the transverse process. he L5 posterior

B

FIG. 22.7 Lumbar facet joint injection. (A) Oblique radiograph with the tip of the spinal needle placed in the
right L4–L5 facet joint. (B) Oblique radiograph with contrast spread at the right L4–L5 facet joint.
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2, 3, 6, and 12 months; the treatment group had signiicantly
greater improvement at all time points.
here have been a handful of observational and retrospective studies of intraarticular injection of local anesthetic and
steroids.82 Most of the studies found greater than 50% of
patients obtained initial and immediate relief and some shortterm but not long-term beneit. here is no well-done, randomized, placebo-controlled trial of intraarticular facet
injections.
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FIG. 22.8 Lumbar medial branch block/radiofrequency ablation. (A) Anteroposterior radiograph showing
needles placed at the target of the left L3, L4, and L5 medial branches. (B) Lateral radiograph showing
appropriate placement of the needles.

rami are blocked at the junction of the sacral ala just lateral to
the articular process. At the sacral levels, the needle is placed
at the lateral border of the respective sacral foramen. Next,
paravertebral facet joint nerve blockade is performed by injection of bupivacaine 0.5% or lidocaine 2%, 0.5 mL of anesthetic
at each level.
A patient exhibiting greater than 50% improvement of axial
low back pain with 0.5 mL of local anesthetic for at least 3
hours may be a candidate for RFA. he purpose of RFA of the
paravertebral facet joint nerves is to provide prolonged symptomatic pain relief.
For lumbar RFA, the patient is once again placed in the
prone position, and prepped and draped in the usual sterile
fashion. A luoroscopic image is taken in the AP direction
and the endplates at the level of proposed entry are lined up.
he skin and sot tissues are anesthetized with lidocaine 1%
at each site.
A 20- or 22-gauge, 10-cm RFA needle is inserted percutaneously and advanced under luoroscopic guidance using
dorsal, lateral, and oblique projections to its radiographic
target, as described earlier in the MBB section. he diference
in technique is that the needle tip should be placed parallel
to the nerve. As described in the cervical section, the RF
causes an oval circumferential shaped lesion around the shat
of the active tip; thus, an ideal position of the tip is parallel to
the targeted nerve.58 he RF probes are then placed through
the cannula. In addition to luoroscopic conirmation, neurologic stimulation is undertaken with both motor and sensory
testing. Axial sensory perception threshold using 50-Hz
sensory stimulation is achieved at 0.5 V or less at each level.
Extremity motor stimulation at 2 Hz is shown to be negative
at a minimum of 1.5 V, or 2 to 3 times the sensory threshold
at each level, and motor stimulation is positive for multiidus
stimulation, without movement of the buttock or leg muscles.
Paravertebral facet joint nerve blockade is performed by

injection of lidocaine 2%, 0.5 mL per level before treatment.
Ater nerve block is achieved, each nerve is then treated at
80°C in continuous RF mode, for 90 seconds. he needle can
be rotated and treated again.86–90 Finally, paravertebral facet
joint nerve blockade is performed by injection of bupivacaine
0.5%, 0.5 mL at each level (Fig. 22.8).
he SI joint has long been an acknowledged source of low
back pain. Diagnosis of the SI joint as the source of pain
remains a challenge as the diagnostic examination maneuvers
for SI joint pain lack speciicity. Based on a combination of
multiple examination maneuvers and diagnostic nerve blocks,
the prevalence of SI joint dysfunction in unilateral low back
pain has been estimated at 15% to 25%.91 here are many
physical examination tests that have been advocated for diagnosing SI joint pain. Two of the most common are the Patrick’s
(FABERS) test and Gaenslen’s test. Two studies have shown an
improvement in speciicity to 79% and 85% when three or
more examination tests are positive.92,93 Imaging study indings are poorly correlated with injection-conirmed SI joint
pain.91,94 he International Association for the Study of Pain
(IASP) criteria for diagnosing SI joint pain mandates that the
pain should be alleviated by the intraarticular injection of
local anesthetics.95 However, even this diagnostic technique
has its limits. Intraarticular injection of the SI joint is one of
the most challenging spinal injection procedures. here are
several factors that may confound the diagnostic utility of an
SI joint injection. he SI joint space is small; thus, local anesthetics injected may extravasate and block other anatomic
structures such as muscles, ligaments, or lumbosacral nerve
roots, resulting in false positives. Failure to get local anesthetic
spread within the joint may result in a false negative.91,94 All
of these factors require consideration while attempting to
diagnose pain from the SI joint.
Nonsurgical SI joint pain procedural interventions are
limited to the injection of steroids and local anesthetics or
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Procedure: Sacroiliac Joint Injection
he patient is placed in a prone position, and prepped and
draped in the usual sterile fashion. he C-arm is positioned in
the AP direction, and the posterior inferior SI joint is identiied. At this point, the practitioner may use a combination of
either cephalad versus caudal or ipsilateral versus contralateral
oblique to increase the lucency of the target, which is located
about 1 to 2 cm superior to the inferior aspect to the joint,
at the medial side of the joint. he skin is then anesthetized
with lidocaine 1%; a spinal needle is then directly coaxial to
target. he needle is then walked into the joint, with a medial
to lateral trajectory. Iohexol (Omnipaque 240) is injected to
conirm proper spread of the contrast medium within the joint
space, also conirming that there is no intravascular runof. A
lateral view should be checked to conirm that needle placement is ventral to the posterior sacrum but is not advanced too
far ventrally through the joint into the viscera. No more than
1.5 to 2 mL of injectate mix of steroid and local anesthetic is
then performed.15,98,104 (Fig. 22.9).

Summary
his chapter has discussed the etiology of joint, disc, ligamentous, and nerve root pain and how each contributes to
the complexity of the pain experience. In general, evidence
for spinal injections is rather limited and high-quality gold
standard studies are few. Diagnostic and therapeutic spinal
injections must be performed in conjunction with a good
history, physical examination, and appropriate diagnostic
workup. here are complications with any procedure, and the
risks and beneits must be weighed before proceeding. Given
reports of serious complications in the cervical spine with
spinal cord injury and vascular infarcts, cervical TFESI should
be avoided, and cervical interlaminar epidurals performed
instead. here is also an increased risk from transforaminal
epidural steroid injections in the lumbar spine, but signiicantly lower than seen in the cervical spine. herefore, TFESI,
lumbar interlaminar epidural steroid injection, and CESI

B

FIG. 22.9 Sacroiliac joint injection. (A) Anteroposterior radiograph showing the left sacroiliac joint.
(B) Anteroposterior radiograph showing contrast spread in the left sacroiliac joint with superior and lateral low,
highlighting the joint space.
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radiofrequency treatment of the nerves supplying the joint.
he injection of steroids and local anesthetics for treatment of
SI joint pain has oten been assumed to require the intraarticular injection of the medication. However, the periarticular
muscular and ligamentous connections are complex, and may
also be a source of pain.96 A retrospective study of 120 patients
found that the combination of intraarticular and extraarticular
injection provided better pain relief than intraarticular alone.97
In randomized controlled studies, the periarticular injection
of local anesthetic and steroids has provided short-term relief.
here have been several studies of intraarticular injection of
steroids, most of which have found at least short-term beneit.91
However, two separate systematic reviews of SI joint pain
found that the quality of these studies was too poor to grade
the evidence or assessed the evidence to be limited.96,98 A more
recent systematic review of SI joint diagnosis and treatment
graded the evidence as moderate.99
he treatment of SI joint pain with radiofrequency ablation
has limited evidence through mostly observational studies,
with pain improvement lasting up to a year.96,98 In a small
randomized, placebo-controlled trial of cooled-radiofrequency
(cooled-RF) ablation versus sham ablation, the treatment
group had signiicant relief compared to baseline at 1, 3, and
6 months.100 Additionally, 11 of those who received the sham
treatment crossed over to cooled-RF treatment and exhibited
similar pain relief results to the initial treatment group. An
additional sham-controlled study of cooled-RF found similar
results.101 Studies for conventional radiofrequency have been
more limited and mostly observational, with a couple of randomized studies comparing cooled-RF to conventional RF. In one
of those studies, Cheng et al. found that both provided greater
than 50% pain relief for 3 to 6 months, with no signiicant
diference between the treatments.102 Last, there is one study of
pulsed-radiofrequency neuromodulation of the lateral branch
nerves for SI joint pain. In this study by Vallejo et al., 22 patients
with SI joint pain conirmed with diagnostic blocks underwent
pulsed-radiofrequency of the L4 medial branch, L5 posterior
rami, and S1 and S2 lateral branch nerves; 73% achieved at
least 50% pain relief at 6 to 9 weeks.103 he percentage with
signiicant improvement dropped to 32% at 17 to 32 weeks.
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are routinely performed to help treat radicular symptoms
or symptoms of central stenosis. For axial pain, diagnostic
medial branch blocks must be performed before treating with
RFA. In the lumbar spine, there is also the option of direct
zygapophyseal joint or facet joint injections. Finally, the SI
joint should also be considered as a common reason for low
back pain, and SI joint injections or RFA may be considered.
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Introduction
Low back pain remains a signiicant burden on the health
care system, representing a source of approximately 12 million
physician oice visits per year in the United States. It is among
the leading causes of disability, accounting for expenditures
in excess of $80 billion every year.1–3 Surgical management
of low back pain is known to result in variable success rates,
suggesting that the etiology of back pain is complex, oten
multifactorial, and frequently not clearly known or that treatments provided (or their execution) inadequately address pain
generators.
Sacroiliac joint (SIJ) pain is a diicult problem with marked
impact on quality of life4 that is becoming increasingly
recognized for its contribution to low back pain. In certain
circumstances, SIJ pain may present as an isolated condition.
However, in many scenarios, the SIJ represents one of many
factors contributing to axial back pain and its various referral
patterns. Studies have shown that sacroiliac pathology may
either present in association with, or contribute directly to, the
etiology of back pain in 15% to 30% of cases.5–9 he SIJ is oten
overlooked as a contributing source of back pain. Maintaining
an index of suspicion—and a thorough understanding of the
relevant anatomy, biomechanics, and clinical presentation
involved in SIJ-mediated pain—are required for accurate
diagnosis. his chapter presents a comprehensive review of
SIJ pathology and diagnostic algorithms as well as current
surgical and nonsurgical treatment options and techniques.

Background
Successful management of low back pain requires recognition
and appropriate management of the pain source. Studies have
shown that the cause of low back pain may not only have variable lumbar origins but may also be a manifestation of hip or
SIJ etiology. In a review of over 1200 cases, 44% of individuals

*Dr. Reckling and Dr. Cher are employees of SI-Bone, a medical device company.

presenting with low back pain had indings consistent with
lesser-recognized diagnoses such as SIJ and posterior facet
syndromes.6 An additional 33% of patients in their cohort
had concordant SIJ symptoms in addition to lumbar stenosis
or spondylolisthesis. Further work has shown that of patients
presenting to spine clinics for back pain, only 65% have a
singular pain generator localized to the spine and 15% to 30%
have pain that involves the SIJ to some degree.5–9
Adjacent-segment degeneration in instrumented lumbar
or lumbosacral fusion is well documented. Not surprisingly,
adjacent-segment degeneration of the SIJ also occurs. In a prospective cohort, the rate of radiographic indings consistent
with SIJ degeneration was nearly double in patients who had
undergone posterior spinal fusion compared to age-matched
nonfusion controls followed over a 5-year period.10 Finite
element analysis simulating the efects of lumbar fusion has
demonstrated increased forces transmitted across the SIJ that
could precipitate degeneration11; angular motion and stress
were increased along the articular surface following a lumbosacral fusion. A three-level lumbar fusion may result in up to
30% incidence of SIJ degeneration over about 4 years.12

Anatomy
he SIJ is the largest axial joint in the human body, with an
average surface area of approximately 17.5 cm2.13–15 Appreciation of the complex anatomy is critical to making a diagnosis
of SIJ dysfunction. As irst described in 1864, the SIJ is characterized as a true synovial joint16 despite the fact that over
70% of its surface area is comprised of capsular and ligamentous structures. A thick layer of hyaline cartilage covers the
sacral side of the SIJ. he thinner covering of the iliac surface,
though commonly described as ibrocartilage, contains chondrocytes with type II collagen, making this surface a variant
of hyaline cartilage.17 hese surface diferences may increase
the likelihood of SIJ degeneration.18
he SIJ undergoes signiicant morphologic changes
throughout life. Development is complete by early adulthood,
with formation of an auricular or C-shaped articular joint
397
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FIG. 23.1 Anatomy of the sacroiliac joint. (A) Anterior ligamentous and capsular structures. (B) Posterior
ligamentous and capsular structures. (C) En face view of ilium depicting auricular nature of sacral articulation.

whose inal anatomic orientation varies substantially across
individuals (Fig. 23.1). Degenerative changes are common
over the course of adulthood and have a predilection for the
iliac side of the joint irst, followed by sacral involvement. It
should be stressed, however, that nonspeciic degeneration is
common, with more than two-thirds of asymptomatic older
adults showing radiographic changes consistent with SIJ
degeneration.19
he SIJ capsule is primarily located in the anterior third
of the joint and has a distinct synovial membrane, lined by
a thin capsule and overlying ligament that are conluent with
the iliolumbar ligament. here is no synovial membrane
posteriorly. he interosseous ligament and the dorsal ligaments, which function as a tension band, form a functional
dorsal capsule of the SIJ. he sacrospinous and sacrotuberous
ligaments contribute to this dorsal capsule (see Fig. 23.1).
Additional stabilization is provided by the dynamic function
of the gluteus maximus and gluteus medius, erector spinae,
biceps femoris, psoas, and piriformis muscles, as well as the
lumbodorsal fascia.14 hese structures allow indirect transfer
of regional muscle forces to the SIJ and, in many cases, have
expansions that invest with the posterior sacroiliac ligament structures. he structural integrity of the capsular and
ligamentous structures is at least partly gender speciic, with
hormonally induced increased laxity in females, allowing for
additional necessary motion during parturition.20–22
he sacrum is considered the keystone of the pelvis. It
is the most caudal component of the vertebral column and
provides the transition from the spinal axis to the pelvis. It
is critical in the transfer of load from the lower extremities
and pelvis to the lumbar spine. he SIJ is six times stronger
in lateral compression than the lumbar spine, but fails at
one-twentieth the axial load and one-half the shear force.23
A common misconception is that the SIJ is static. However,
current research has shown an average of 2 to 4 degrees of
motion in the sagittal plane and smaller amounts of motion
in the other planes.24–26 he primary joint motion is nutation,

which refers to a rocking forward of the sacrum relative to
the ilium, and counternutation (rocking backward). With
nutation of the sacrum, there is concurrent lateral translation
of the ilium. Interestingly, the degree of SIJ motion does not
correlate with the presence of SIJ pain.20
In a series of lectures from 1860 through 1862, John Hilton
observed that a nerve that both crosses a joint and innervates
the muscles crossing and acting on a joint also innervates the
joint.27 he complexity and ambiguity of SIJ innervation is in
part based on Hilton’s law. Various macroscopic, histologic,
and immunohistochemical studies have demonstrated that the
SIJ is highly innervated, with multiple nociceptors and mechanoreceptors present.28 he synovium and capsule contain
unmyelinated nerve endings for pain and temperature. he
nerve supply to the posterior joint originates from either L4
to S3 root dorsal rami branches or independent contributions
from the L3 and S4 nerve roots.29,30 he anterior joint similarly
has signiicant variability, with innervation supplied by the
ventral rami from L2 to S2 roots.13 Additional animal studies
have evaluated the various pain thresholds of the nociceptive
ields involving innervations of the lumbar facet articulations,
SIJs, and lumbar disc. Pain sensitivity measured as mechanical threshold was 70 g for the SIJ, which was signiicantly
greater than the lumbar facet (6 g), and less than the lumbar
disc (241 g).31,32
Relevant surrounding neurologic anatomy consists of
the L5 ventral ramus and lumbosacral plexus, which cross the
cephalad portion of the SIJ approximately 2 cm distal to
the pelvic brim.33 he L5 root then courses along the anterior
aspect of the sacral ala. he S1 ventral ramus crosses the SIJ
more caudally, near the inferior aspect of the joint.

Pathology
SIJ dysfunction, a term commonly used to describe pain and
disability related to poor functioning of the SIJ, has multiple
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FIG. 23.2 (A) Degenerative changes within the sacroiliac joint (SIJ) with dense sclerosis and osteophytes.
(B) Inlammatory changes in the SIJ with bilateral erosive sacroiliitis. (C) Complete fusion of the SIJ.

etiologies. SIJ dysfunction may result from capsular or synovial disruption, ligamentous tension, altered joint mobility
and stress, microfracture, or disruption in the myofascial
kinetic chain. Pathology may be categorized as either intra- or
extraarticular. Common causes of intraarticular pathology
include infection, inlammation, and degenerative or inlammatory arthritis. he most common infectious organisms
include Staphylococcus, Pseudomonas, Cryptococcus, and
Mycobacterium and should be suspected in intravenous drug
use, endocarditis, or posttraumatic situations.14 Degenerative
changes occur over the course of decades and are related to
repeated microtrauma, ultimately presenting as a progression
of joint sclerosis on imaging studies (Fig. 23.2). Far more
rarely, unilateral or bilateral sacroiliitis can be an early
symptom in the seronegative and HLA-B27–associated spondyloarthropathies, occurring in individuals diagnosed with
ankylosing spondylitis. here is a strong male predilection for
the inlammatory spondyloarthropathies and the association
with HLA-B27 supports an immune-mediated etiology that is
characterized by more erosive changes on radiographs (see
Fig. 23.2). hese cases must be identiied and distinguished
from degenerative changes so that they can be referred for the
appropriate nonsurgical management.34
Extraarticular pathology, oten posttraumatic, may be
attributable to ligamentous injury, myofascial pain, and fractures. he underlying causes are myriad, including leg-length
discrepancy, gait abnormalities, prolonged exercise, athletic
injuries, and prolonged liting and bending.13 In a retrospective
study of 54 patients with injection-conirmed SIJ pain, trauma
was the cause in 44% of cases, 35% were idiopathic, and 21%
were due to repeated stress.35 he most common traumatic
events were categorized as motor vehicle accidents followed by
falls. In young adults, major trauma resulting in SIJ disruption
is most common, with lateral compression injuries more likely
to result in later development of SIJ dysfunction.36 Cumulative
microtrauma from overzealous activity and repetitive loading,
microfracture, and ligamentous or capsular injuries may also
commonly cause insidious onset of SIJ pain.
Additional common causes of SIJ pathology may arise from
iatrogenic injury due to overaggressive iliac crest grat harvest
that inadvertently violates the SIJ or damages the iliolumbar
ligament.37 Increasingly recognized in females, hormonal

changes during the inal trimester of pregnancy may induce
hypermobility of the SIJ that predisposes it and surrounding
ligaments to additional injury, resulting in chronic pain and
instability. here is evidence that a prior history of lumbar
fusion contributes to biomechanical and anatomic alteration
of the SIJ.10,11 Metabolic diseases such as calcium pyrophosphate crystal deposition disease, gout, hyperparathyroidism,
and renal osteodystrophy may potentiate early inlammation
and degeneration.14 Although primary sacroiliac tumors are
rare, bony metastasis to the pelvis ranks second only behind
spinal metastasis and must be ruled out.

Diagnosis
Although oten perceived as challenging, diagnosis of the SIJ
as a pain generator is possible through a combination of
history, physical examination, and diagnostic SIJ block. he
importance of the clinical examination may be a “paradigm
shit” for surgeons who rely primarily on imaging for orthopedic diagnoses, as imaging plays little role in the diagnosis of
SIJ pain. Because SIJ pain referral patterns vary and can
overlap with those of other pathologic conditions, the SIJ
should be kept in mind when evaluating patients with chronic
low back, buttocks, and hip pain.

Clinical History
Patients with SIJ complaints may present with a constellation
of variable, and sometimes inconsistent, pain complaints in
the lumbosacral region. Pain is usually of-center below L5 in
the area of the posterior superior iliac spine (PSIS), with radiation into the buttocks, or, less commonly, into the groin. Pain
in the legs above the knee is relatively common; pain below
the knee is less commonly reported. Patients with SIJ dysfunction commonly point to an area just medial to and inferior to
the PSIS (the insertion of the long dorsal ligament), which is
deemed a positive Fortin inger test.38
Patients frequently report pseudoradicular pain, numbness, tingling, and weakness in the distribution of the L5 and
S1 nerve roots. However, physical examination typically
demonstrates no true neurologic deicit. SIJ arthrography has
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shown a high proportion of patients with anatomic connections along the dorsum of the SIJ underneath the ligaments
between the SIJ and the S1 neuroforamen or S1 nerve root.39
Likewise, an anatomic connection is frequently demonstrated
between the anterior SIJ capsule and the L5 nerve root/lumbar
plexus. Finally, the same segmental spinal nerves innervate a
variety of structures in the low back, pelvis, and proximal legs,
and potentially can cause pain referral patterns from these
structures due to convergent sensory pathways. Together,
these anatomic indings may explain pseudoradicular pain in
patients with SIJ dysfunction.
Typical complaints include pain with activities that preferentially load the involved SIJ, most commonly sitting for
prolonged periods, rolling over in bed, sleeping on the afected
side, passing over road bumps while driving, or getting in and
out of a car or chair. Activities that oload the afected SIJ
typically lessen SIJ pain. In prospective studies of patients
undergoing surgical intervention, subjects reported the
common occurrence of radiating leg pain, groin pain, pain
worse with sitting (especially on the afected side), rising,
walking, and climbing stairs. Pain occurs during the stance
phase of gait. However, no speciic aspect of the patient history
is considered diagnostic of SIJ pain.

Physical Examination
Physical examination of the SIJ focuses on provocative maneuvers (Table 23.1) that stress the SIJ. A maneuver is considered
positive if the test reproduces the patient’s pain. Interrater
reliability of physical examination maneuvers is high for most
tests.40 No single test is perfectly correlated with results from
diagnostic SIJ block (considered the reference standard);
however, meta-analysis has shown that the occurrence of three
or more positive physical examination tests has a high predictive value for a positive diagnostic SIJ block.41 Another test,
used more commonly in Europe, is the active straight-leg raise
test. In this test, the supine patient is asked to rate the diiculty
of actively raising the leg 20 cm of the examining table. his
test is commonly positive in women with peripartum pelvic
pain attributed to the SIJ.42 In one study of minimally invasive
SIJ fusion (SIJF), the active straight-leg raise test improved in
patients undergoing fusion but remained at baseline levels in
patients undergoing nonsurgical treatment.43

Role of Imaging
Imaging is considered an important part of diagnosis of
autoimmune sacroiliitis, being part of the New York Criteria
for this condition.44 Whether MRI is best for detecting early
autoimmune disease is still being debated.45 However, in the
more common setting of suspected SIJ dysfunction due to
osteoarthritis or joint disruption, imaging—including plain
radiography and scintigraphic scans—has not been found
to be useful.46 Signs of osteoarthritis degeneration (sclerosis,
osteophytes, vacuum phenomenon, subchondral cysts) on CT
scan are common in patients without suspected SIJ pain.19
While indings suggestive of osteoarthritis have been reported
as somewhat more common in patients with suspected SIJ

pain than an age-matched cohort, sensitivity and speciicity of CT indings were low.47 In summary, no inding on
radiography or CT scan has been shown to be diagnostic
of SIJ pain. Imaging, especially plain radiographs and crosssectional imaging, is therefore primarily used during diagnosis to rule out inlammatory SIJ arthropathy or other hip or
spine conditions.

Diagnostic Injection
As in most pain conditions, there is no gold standard for
diagnosis of SIJ pain. he accepted reference standard for
diagnosis of SIJ pain is an acute reduction in typical pain
in response to a luoroscopically or CT-guided diagnostic
intraarticular joint injection with a combination of radiographic contrast and local anesthetic, that is, an SIJ block (Fig.
23.3). Several aspects of SIJ block remain to be optimized:
Are one or two blocks required? Which anesthetic should be
used? Should nonresponse to a control injection (e.g., saline)
be required? What threshold for acute decrease in pain is
most appropriate? While steroids are commonly used in
combination with local anesthetic, does subacute response
to steroids aid in diagnosis? Despite these questions, it is well
accepted that blind SIJ injections are unacceptable; SIJ injections must be performed under imaging guidance in order to
conirm intraarticular entry and spread in the anterior and
lower two-thirds of the SIJ.15 Extravasation outside the joint
suggests the potential for nonspeciic responses, though this
has not been proven. Injection volumes are typically about 1 to
2 mL; larger volumes may promote leakage and nonspeciicity.
Even with image guidance, various studies have demonstrated
a signiicant number of false-positive and false-negative
results,48 though one study suggests that SIJ block is more
accurate than previously reported.49 False-positives may result
from placebo efect, extravasation of local anesthetic to surrounding structures, or convergence of pain referral patterns.
Conversely, false-negative results may be attributed to failure
of local anesthetic to reach symptomatic regions of the SIJ,
particularly the most anterior and cephalad areas or in the
presence of extraarticular pain sources. In the absence of a
gold standard for diagnosis, all such injection studies remain
of questionable validity.
Extraarticular SIJ blocks, which focus on anesthetizing
lateral branches of sacral nerve roots, are oten used to screen
for SIJ-mediated pain potentially responsive to radiofrequency
ablation. In one study, extraarticular blocks at multiple depths
were able to mask pain due to probing the interosseous and
posterior sacroiliac ligaments but not pain elicited by distending the joint itself.50 he study suggests not only dual
innervation of the SIJ complex but also the probability of
extraarticular pain generators.

Summary
SIJ pain is a common but oten overlooked cause of low back
pain. Diagnosis is based on a combination of history, physical
examination tests that stress the SIJ and reproduce typical pain,
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Physical Examination Tests for Sacroiliac Joint Pain
Description

Distraction

The patient lies supine and is asked to place the forearm behind the lumbar spine to
support the natural lordosis. A pillow is placed under the patient’s knees. The
examiner places his or her hands on the anterior and medial aspects of both of the
patient’s anterior superior iliac spines (ASISs) with arms crossed. A slow and steady
increasing pressure is placed through the arms and held.

Example

S E C T I O N
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III

Compression

The patient is placed in a side-lying position, facing away from the examiner, with a
pillow between the knees. The examiner places a downward pressure through the
lateral aspect of the patient’s top-side ASIS and pelvis, anterior to the greater
trochanter.

FABER
(Patrick test)

The patient lies supine as the examiner crosses the same-side foot over the oppositeside thigh. A force is steadily increased through the knee of the patient, exaggerating
the motion of hip flexion, abduction, and external rotation (FABER). The pelvis is
stabilized at the opposite ASIS with the hand of the examiner.

Thigh thrust

The patient lies supine, with one hip lexed to 90 degrees. The examiner stands on the
same side as the lexed leg. The examiner provides either a quick thrust or a steady
increasing pressure through the line of the femur. The pelvis is stabilized at the
opposite ASIS with the hand of the examiner.

Gaenslen’s

The patient lies supine with the near-side leg hanging of the table. The patient is
asked to hold the opposite-side knee into lexion. The examiner applies an extension
force to the near-side thigh and a lexion force to the opposite knee. The patient
assists with opposite-side hip lexion. This is performed bilaterally.

A combination of three positive tests has a high predictive value for a positive sacroiliac joint block.
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A
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FIG. 23.3 (A) Inferior pole of sacroiliac joint (SIJ), entry point for an intraarticular SIJ injection. (B) Fluoroscopic
view of SIJ injection with contrast in joint.

SIJ anesthetic block, and imaging to rule out other conditions.
Understanding the anatomy and function of the SIJ and its
surrounding structures aids in the diagnosis of the condition.
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Nonsurgical and surgical treatments for sacroiliac joint (SIJ)
pain have been the subject of intermittent study since the
early 1900s. Multiple treatments of several modalities are
commonly provided, although published high-quality studies
supporting safety and eicacy are oten lacking. Published
high-quality literature on minimally invasive SIJ fusion is
growing.

Nonsurgical Treatment
Multiple nonsurgical treatment options exist for the management of SIJ pain, with limited evidence to support successful
treatment.

stabilizing exercises,1–3 no high-quality studies determining the
impact of physical therapy on SIJ pain related to osteoarthritic
degeneration or SIJ disruption have been published. While
physical therapy remains a reasonable nonsurgical option
and is used as part of the standard management algorithm,
evidence of efectiveness is modest at best and whether it is
cost-efective is not known. Anecdotally, failure of physical
therapy in treatment of SIJ pain is common.

Pelvic Bracing
Bracing with a pelvic belt, used in pregnancy-related pelvic
pain,4,5 has also been described in the nonsurgical treatment
of SIJ dysfunction,6,7 but no high-quality evidence exists to
support its use.

Medication Management
Medications such as opioids and nonsteroidal antiinlammatory drugs may be useful for acute pain control.
Newer agents, including immunomodulators and protease
inhibitors, have shown success in management of inlammatory spondyloarthropathy but play no role in the more
common degenerative and disruption-based SIJ syndromes.
Moreover, no medical treatment has been shown to alter the
course of SIJ pain due to degenerative sacroiliitis or SIJ disruption. As with other chronic pain syndromes, opioid abuse
remains a signiicant concern.

Physical Therapy
Physical therapy for nonautoimmune SIJ pain is commonly
employed. he goals of therapy are to identify underlying
functional deicits and provide improved lexibility and
strengthening of stabilizing trunk muscles, oten in combination with direct joint manipulation, while also training the
patient to avoid activities that exacerbate symptoms. In spite of
trials that have shown some beneit with manual therapy and

*Dr. Reckling and Dr. Cher are employees of SI-Bone, a medical device company.

Sacroiliac Joint Injection
Intraarticular and periarticular injections have been employed
in the treatment of SIJ pain, with therapeutic efects related to
the (as yet undocumented) anesthetic and steroid phases of
relief. Intraarticular SI injections are increasingly performed
in the United States,8 but there is no high-quality evidence to
support their use. In a blinded randomized trial of periarticular steroid injections, women with pelvic pain ater pregnancy
attributed to SIJ pain had improved pain levels, disability,
6-minute walk test, and isometric trunk extensor test results
at 4 weeks ater iniltration of 20 mg of triamcinolone around
(but not into) the SIJ compared to ater saline placebo.9 Two
small blinded randomized trials from a single group in Finland
showed improvement in SIJ symptoms at 1 month ater periarticular steroid iniltration compared to lidocaine injections.10,11 No high-quality study has shown long-term beneit
from periarticular steroids.

Radiofrequency Ablation
Radiofrequency (RF) ablation has also been employed to
provide pain relief through denervation of the SIJ. Two highquality blinded trials have shown short-term (1 or 3 months)
405
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pain relief ater RF ablation of lateral branches of sacral nerve
roots.12,13 In these trials, patients were screened using diagnostic periarticular local anesthetic blocks. A 12-month follow-up
in one randomized trial showed moderate pain relief.14,14a,14b
No high-quality evidence demonstrates long-term pain relief
ater RF ablation of the lateral branches of sacral nerve roots.
he major shortcoming involving percutaneous RF ablation
is that the ventral aspect of the joint cannot be addressed.
Furthermore, due to complex innervation patterns, many of
the nerves ablated during these procedures target other surrounding structures. Finally, much of the innervation of the
SIJ is inaccessible to the RF probe. his may contribute to the
relatively high rates of return of SIJ pain following RF ablation.

Surgical Treatment

A

In appropriately selected patients who have failed nonsurgical
treatment, surgical management may be considered, with the
treatment of choice being SIJ arthrodesis. Goals of SIJF are
acute stabilization of the SIJ with hardware and long-term
stabilization via biologic fusion. Stabilization and fusion of the
SIJ may allow the spine-pelvis-hip complex to function more
normally, which can contribute to reduction in pain and
improvement of overall function.

Open Surgery
Initially described with a dorsal approach in 1908,15 subsequent detailed descriptions of lateral-based SIJF were described
in the 1920s.16,17 Since then, scattered case series have demonstrated variably successful results following open SIJF.18–26
Access to the SIJ may involve either an anterior, posterior,
or lateral approach. he anterior surgical technique utilizes
a standard ilioinguinal approach during which the interval
between the external oblique and gluteal fascia is developed
and the iliacus is elevated from the iliac fossa allowing
exposure of the SIJ. he joint is then curetted and fusion is
achieved with placement of bone grat, with plate and screw
ixation (Fig. 24.1A). he anterior approach afords access to
the articular SIJ, especially to the anterior and cranial aspects,
as well as preservation of the primary posterior ligamentous
stabilizers.21
Several posterior-based SIJF techniques have been
described, though the posterior approach ofers only limited
access to the SIJ articular surfaces. Posterior approaches range
from simple onlay grating of the dorsal sacrum and adjacent
ilium followed by cast immobilization,27 debridement and
grating of the dorsal ligamentous portion of the SIJ,26,28 and
debridement and grating of the articular SIJ, which requires
removal of a portion of the overlying posterior iliac crest.29
Various types of ixation have been described in conjunction
with posterior SIJ fusion, including screws placed laterally
from ilium to sacrum,30 screws in the ilium and sacrum dorsally with a rod spanning the SIJ,23 and hybrid ixation with a
plate dorsally and screws laterally.20,31 Alternatively, a modiied
Smith-Petersen approach may be carried out to access the SIJ
from a lateral approach.16 his involves removing a rectangular

B
FIG. 24.1 Anteroposterior plain radiographs of the pelvis. (A) Use of T-plate
to achieve arthrodesis of the sacroiliac joint using a modiied SmithPetersen approach. (B) Three-hole reconstruction plate spanning the
sacroiliac joint following anterior ilioinguinal approach.

or cylindrical core of ilium (across the joint), allowing exposure, decortication, and grating of the SIJ. he bony core is
then impacted back in so that the thicker iliac component sits
across the joint for a fusion, which may or may not include
supplemental screw ixation (Fig. 24.1B).32,33
Open SIJF is marred by long operative times, high blood
loss, long hospital stays, and signiicant patient morbidity—
including infection, prolonged recovery times, and pseudarthrosis.34 In addition, numerous complications have been
reported for open approaches, including injury to the erector
spinae muscle insertions, iatrogenic injury to the dorsal
sensory nerve roots, sacral plexus, and internal iliac vessels.
he most efective method for open SIJF remains unknown,
as no comparative studies have been published. Nonetheless,
given the historical context of limited surgical technology in
use at the time, open SIJF resulted in modest rates of patient
improvement along with radiographic fusion rates near 70%.
Overall, approximately 60% of patients have indicated they
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Minimally Invasive Surgery
Recent advances in surgical technology, along with a progression toward minimally invasive surgical (MIS) techniques,
have resulted in the development and commercial availability
of several devices used in MIS SIJF. Minimally invasive SIJF is
predicated on a thorough understanding of the anatomy of the
pelvis, including bony architecture as well as the position of
the neurovascular structures. Appropriate imaging (including
pelvic anteroposterior, inlet, and outlet views, and, if possible,
computed tomography [CT] scan) must be obtained and
studied preoperatively. Images should be reviewed, with particular attention paid to the possibility of a dysmorphic
sacrum, which may signiicantly alter, or decrease, the safe
zone for implant placement.
hree approaches similar to those used in open SIJF have
been described for MIS SIJF. First, an anterior approach with
endoscopic placement of a fusion cage has been described.25
Second, two reports describe a dorsal approach with placement of fusion cages into the ligamentous portion of the joint.
In one report, a hollow threaded fusion cage was used, with
modest improvements.36 In a second report, a fusion cage
illed with recombinant human bone morphogenetic protein-2
was used, with somewhat larger improvements.31 As of late
2016, no devices placed via the posterior approach are US
Food and Drug Administration cleared/approved for SIJF.
he most commonly reported technique for MIS SIJF is the
lateral transarticular approach, which was derived in part from
modiications of the Smith-Petersen technique.16 In this
approach, devices are placed across the SIJ from lateral to
medial under luoroscopic guidance or navigational control.

Outcomes From Minimally Invasive Sacroiliac Joint Fusion
Although several devices are cleared by the Food and Drug
Administration for lateral transarticular SIJF, the majority of
the published clinical literature for this approach reports use
of porous triangular titanium implants (iFuse Implant System,
SI-Bone). hree prospective multicenter clinical trials, including two randomized clinical trials, report successful outcomes
with use of these implants. A US prospective, multicenter
randomized controlled trial (INSITE; n = 148) compared
minimally invasive SIJF using triangular titanium implants to
nonoperative care.37 Nonsurgical care consisted of medication
management, physical therapy, SIJ steroid injections and RF
ablation of lateral branches of sacral nerve roots, administered
according to patient needs. Success—a composite of pain
reduction, absence of serious adverse events or neurologic
worsening, and absence of repeat surgery—occurred in 82%
in the SIJF group and 26% of in the nonsurgical group (P <
.0001). By month 24, 82% received substantial clinical beneit
(Glassman criteria38) in visual analog scale SIJ pain score and
66% had received substantial clinical beneit in Oswestry

Disability Index (ODI) score. In the nonsurgical group, these
proportions were less than 10% with nonsurgical treatment
only. Parallel changes were seen for EuroQOL-5D and Short
Form-36 quality-of-life surveys, with larger changes in the
surgery group at 6 months compared to nonsurgical treatment. he rate of adverse events related to SIJF was low. hree
subjects assigned to SIJF underwent revision surgery within
the 24-month follow-up period.
In a second prospective, multicenter randomized controlled
trial conducted in Europe (iMIA; n = 103), patients with SIJ
dysfunction were assigned to either MIS SIJF using titanium
implants or conservative management.39 At 6 months, mean
low back pain improved by 43.3 points in the SIJF group and
5.7 points in the conservative management group (diference
of 38.1 points; P < .0001). Mean ODI improved by 26 points
in the SIJF group and 6 points in the nonsurgical group (P <
.0001). Other outcomes, such as active straight leg raise test,40
EuroQOL-5D-3L, walking distance and satisfaction, were
statistically superior in the fusion group. he frequency of
adverse events did not difer between groups. One case of
postoperative nerve impingement occurred in the surgical
group. Twelve-month outcomes were sustained.41
Positive results from both randomized trials are supported
by a large prospective, multicenter, single-arm clinical trial
conducted in the United States (SIFI; n = 172).42 In this study,
patients (mean age, 51 years; 70% women) had SIJ pain for 5
years prior to SIJF, on average. Visual analog scale SIJ pain
levels improved from close to 80 at baseline (0–100 scale) to
31 at 24 months. Large improvements were seen in ODI and
two quality-of-life measures (SF-36 and EuroQOL-5D). Also
observed was a decrease in opioid use for back pain from 76%
at baseline to 55% at 24 months. A total of 4.7% of subjects
underwent a revision surgery during follow-up. he study
showed a high rate of bony apposition to implants on both
sides of the SIJ, with modest 1-year fusion rates.
A pooled analysis of all three prospective porous triangular
titanium implant studies (Fig. 24.2) showed high degrees of
homogeneity across trials and statistically signiicant but clinically unimportant predictors of success (smoking and baseline
opioid use).43
In addition to prospective studies, retrospective case series
show positive outcomes ater SIJF with porous titanium
implants.44–53 Of these case series, notable studies include
those with 3-year,53 4-year,52 and 5-year44 follow-up. In the
latter study, 5-year joint fusion rates were high.44 hree
studies34,54,55 comparing open and MIS SIJF substantiated the
potential beneits of the MIS approach, including one study55
showing less blood loss, shorter operative times, and shorter
hospital stays as well as improved pain levels at 1 and 2 years
in the MIS approach.
In a comparative long-term case series from Spain, a
minority of patients with diagnosed SIJ dysfunction were able
to undergo MIS SIJF using triangular titanium implants or RF
ablation; the remainder were, due to insurance noncoverage,
forced to undergo continued conservative management.
Patients in the SIJF group showed marked, immediate, and
sustained reductions in SIJ pain and disability scores (ODI),
along with a profound decrease in opioid use (63% at baseline
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would choose to have the surgery again.21 However, with the
advent of minimally invasive approaches, interest in open
fusion has waned and the open technique is now used primarily in the setting of acute trauma or revision surgery.35
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FIG. 24.2 Improvement in sacroiliac joint (SIJ) pain as measured using a visual analog scale (VAS), Oswestry
Disability Index (ODI), EQ-5D time tradeof index, and Short Form-36 physical component summary (PCS) in
three prospective trials, including two randomized trials, of sacroiliac joint (SIJ) fusion. CI, conidence interval.
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Complications From Minimally Invasive Surgical Sacroiliac
Joint Fusion
Complications of MIS SIJF fall into four categories: (1) device
breakage, which has been reported with some systems, but not
iFuse implants; (2) standard local operative complications; (3)
implant malposition resulting in neuropathic pain due to
irritation of the L5 or S1 nerve roots by the distal tip of the
misplaced implant; and (4) implants placed insuiciently into
the sacrum, resulting in continued or recurrent pain. In prospective trials, local surgical complications did not appear to
occur more commonly than ater other procedures. Implant
malposition causing acute neuropathic pain occurred in about
1% of subjects in prospective clinical trials of triangular titanium implants and at a similar rate in a postmarket surveillance study.63 In most cases with implant malposition causing
new-onset neuropathic pain, pain resolves with repositioning
of the implant(s). Failure to place devices suiciently into the
sacrum causes inadequate SIJ stabilization, which may result
in either lack of improvement of SIJ pain or pain recurrence.
Long-term revision rates ater SIJF with triangular titanium
implants appear to be low,64 especially in comparison to some
lumbar spine surgeries.65,66 In some cases, such failures are
associated with radiolucencies around the implants due presumably to persistent micromotion. hough not documented,
placement of implants under CT guidance may help to improve
implant placement accuracy.

one C-arm is used, it is helpful to mark both positions of the
C-arm base on the loor, as well as the various angles of inlet
and outlet positions on the machine with tape. Adjust the table
height such that no changes need to be made intraoperatively
to obtain a good lateral sacral view. When using a single
C-arm, it is positioned opposite the surgical site.
he ability to obtain proper imaging views must be ensured
before initiation of surgery and should be performed before
prepping and draping the patient. Several factors can interfere
with the ability to visualize appropriate bony landmarks,
including bowel gas, patient habitus, and prior lumbosacral
instrumentation. Consideration of preoperative bowel prep
should be given to improve visualization if needed. he inlet
view is deemed ideal when all sacral bodies are overlapped.
he outlet view is best when the S2 foramina are seen immediately cephalad and adjacent to the superior aspect of the
superior pubic rami. he ideal sacral lateral view is seen when
the greater sciatic notches are perfectly overlapped. he sacral
lateral view is critical to understanding the sacral alar slope.
he alar slope is best estimated by the iliac cortical density
(ICD) and delineates the anterior extent of the “safe zone” if
the implant is posterior and caudal to it.67 Care must be taken
in patients with a dysmorphic sacrum (Fig. 24.3), in which the
sacral alar cortical bone limit is not represented by the ICD.
Due to the more acute slope of the sacral ala, the sacral alar
cortical line is cephalad and anterior to the ICD.
he afected gluteal region is prepped and draped in the
usual sterile fashion. Draping should extend from midline to
the greater trochanter, and from the gluteal crease to proximal
to the iliac crest. A timeout procedure is performed.
Various methods have been described to place percutaneous fusion devices. Depending on the system chosen by
the surgeon, this may involve a cannula through which one

Minimally Invasive Surgical Fusion Technique
MIS sacroiliac fusion is done with the patient in the prone
position on a radiolucent table. Rolls are placed under the
patient’s chest. Care is taken to pad all bony prominences, and
sequential compression devices are placed on both lower
extremities. he arms are placed in an abducted and externally
rotated position, rather than adducted at the patient’s side, to
allow for lateral luoroscopic imaging. Biplanar luoroscopy
may be used. If two C-arms are used, one is positioned in the
anteroposterior plane and one is placed in the lateral plane. If

FIG. 24.3 The greater sciatic notches are overlapped, indicating an
adequate lateral view. The sacral alar cortical bone limit is not represented
by the iliac cortical density, due to the more acute slope of the sacral ala.
The sacral alar cortical line is cephalad and anterior to the iliac cortical
density.
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to 7% at last follow-up). In contrast, patients who underwent
either RF ablation or conservative management showed worsening of pain and disability scores, increased opioid use, and
worsened job status at last follow-up.56 CT scans in one study
showed a modest rate of bridging bone at 1 year42 and a high
rate at 5 years.44
Data supporting other commercially available SIJF systems
include two small retrospective case series using hollow
modular anchor screws,57,58 one case series in which a minority of patients were treated with the Samba screw,59 one case
series with the Zyga screw,60 and one single-center prospective
study using SI-LOK (Globus).61 hese studies were neither
blinded nor randomized; the degree to which outcomes from
randomized trials of the triangular titanium implant pertain
to screw-based systems is not known and no ongoing comparative studies are in progress. A comparative case series
suggests that screw loosening may be more common than
loosening of triangular titanium implants.62
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can accomplish a technique to debride the sacroiliac joint
(SImmetry; Zyga Technology), or a percutaneous technique
using cannulated wires, broaches, and triangular titaniumcoated implants without debriding the chondral surfaces
(iFuse Implant System; SI-Bone). he goal of the latter
is to create stability by bony growth onto the implant, not
necessarily bone growth across the SI joint, though anecdotally this has been observed. Various reports describe other
implants used for such minimally invasive, luoroscopically
placed implants.
For the triangular titanium-coated implant system, typically
three implants are inserted. A 2-cm incision is irst made in
line with the midsagittal sacrum. Blunt percutaneous dissection is then carried out to the lateral ilium. he irst cannulated
guide wire placed should be the most cephalad wire. he goal
is to center the guide pin between the S1 foramen and superior
endplate of the sacrum on the outlet view while maintaining
the guide pin parallel to the superior endplate of S1 (Fig.
24.4). On the inlet view, the guide pin should be aimed from
slightly posterior to anterior, care being taken not to violate
the sacral canal or exit the front of the sacrum (Fig. 24.5).
To avoid the L5 nerve root, which drapes across the anterior
sacrum just medial to the sacroiliac joint, the guide pin should
be distal to the ICD. he pin should be parallel to the S1
endplate and aim from posterior to anterior on the lateral
view (Fig. 24.6). Sequential drilling, broaching, measuring,
and ultimately placing the implant are then carried out. Care
should be taken to avoid migration of the guide pin. A parallel
drill guide is then used to facilitate placement of additional
caudal implants, in similar fashion, ensuring that each ends
lateral to the sacral foramina (Figs. 24.7 and 24.8).

FIG. 24.4 In this outlet view, the guide pin is located between the S1
foramen and superior endplate of the sacrum and is parallel to the superior
endplate of S1.

Summary
SIJ pathology is a common cause of low back pain and
oten presents in the setting of degenerative lumbar disease.
Accurate diagnosis seems limited by lack of interest in the

FIG. 24.5 On this inlet view, the guide pin is aimed from slightly posterior
to anterior with care being taken not to violate the sacral canal or exit the
front of the sacrum.

FIG. 24.6 Sacral lateral view demonstrating guide pin caudal to iliac
cortical density (arrowheads).
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Back Pain in Children and Adolescents
Lori A. Karol
Lauren LaMont
Megan Mignemi

Introduction
he prevalence of back pain in children and adolescents is
rising.1-3 While it is assumed that pediatric back pain is rare,
more than 50% of children note episodes of back pain by 15
years of age.4-7 In 2001, it was reported that, although 39% of
teenagers complain of low back pain, few actually present for
medical evaluation.8 While the incidence of back pain in
adolescents was previously reported to be around 18% to
30%,9-11 a recent Danish study reported an 86% incidence of
self-reported back pain in a prospective cohort study of 1348
students ages 11 to 13 years, which increased to 89% at 2-year
follow-up.12
As complaints of back pain in young adults continue to rise,
the classically held belief that back pain in children and adolescents is due to serious pathology is no longer thought to be
true.13 In 1985, Hensinger found a speciic diagnosis in 84%
of children presenting for treatment of back pain.14 In a more
recent analysis, however, Yang and colleagues found that over
80% of adolescents had no identiiable etiology for their back
pain within 1 year of presenting to a physician.3 In this cohort,
the most common etiology of back pain in ages 10 to 19 years
was muscle strain or sprain. A similar study of patients
screened by single photon emission computed tomography
(SPECT) scans found a cause for back pain in only 22% of 217
children.15 Based on this, it is up to the evaluating surgeon to
identify which children are most likely to have an underlying
musculoskeletal condition and require a comprehensive evaluation to identify the etiology of their back pain.
Studies suggest that back pain in younger children is more
worrisome, while adolescent pain is more likely to pattern
ater adult complaints, especially when the complaint is
chronic.16 he thought that a pathologic abnormality can
nearly always be identiied as the cause of the symptoms is
evolving as more studies demonstrate fewer pathologic indings.16,17 As children reach adolescence, diagnostic imaging is
less likely to yield a diagnosis.18 As the radiologic armamentarium grows, the treating physician has more choices in the
evaluation of these patients, yet every child who presents to
the physician does not need to undergo a comprehensive

workup. herefore, a complete understanding of the potential
causes of back pain will enable treating physicians to properly
evaluate the pediatric patient who complains of back pain.

History
he initial step in distinguishing which children require
symptomatic treatment from those who merit a complete
radiographic evaluation is obtaining a detailed history. he
characteristics of the pain are most helpful. Acute pain following trauma is seen with fractures, disc herniations, and
apophyseal ring separations. Insidious pain without a speciic
antecedent event is characteristic of developmental conditions
such as Scheuermann kyphosis and benign neoplasms.
However, in adolescent patients, pain without a speciic event
may also be attributable to mechanical back pain, as is seen in
adults with similar complaints. Recurrent pain associated with
athletics and relieved by rest leads to suspicion of overuse
injuries, such as spondylolysis, or may also be mechanical in
nature. Unremitting pain, especially if it is worse at night or
wakes the child from sleep, is most worrisome, as this type of
pain can be seen in malignancies and infection.19,20
he location of the pain is very helpful in narrowing down
the diferential diagnosis. Localized bony pain may indicate
either benign or malignant neoplasms. Lumbar pain may be
produced by spondylolysis or spondylolisthesis, while pain in
the thoracic area may be due to Scheuermann kyphosis. It is
important to note whether pain in each region is bony tenderness elicited while palpating spinous processes or paraspinal
soreness, which may point more to muscle strain or mechanical pain. When pain radiates into either the buttocks or legs,
there is concern for a disc herniation, apophyseal fracture, and
spinal cord or vertebral tumors. As with all examinations,
when pain radiates down into the leg or groin, it is important
to rule out hip pathology, especially in the adolescent female,
who may sufer from unrecognized hip dysplasia.
he presence or absence of constitutional symptoms is
useful in deciding the potential severity of the underlying
condition. Fever in a child with acute back pain points to an
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infectious or neoplastic etiology. It is important to question
the parents about malaise, anorexia, and the presence of a rash
or abnormal bruising, as back pain can be the presenting
complaint in children with leukemia. hese concerns call for
more emergent blood work and imaging to conirm the
diagnosis.
Next, a detailed neurologic history must be obtained. he
presence of numbness, weakness, decreased ability to walk,
and changes in coordination require prompt imaging of the
spinal cord. Questioning the patient and parents as to how
much these neurologic symptoms have altered activity level
can also be helpful to determine their severity. he treating
physician should ask speciically about changes in bowel or
bladder function, as adolescents are hesitant to admit to these
symptoms.
he patient’s age is also very helpful in directing the evaluation of back pain. Back pain in children younger than 4 years
is usually due to either infection or malignancy. A history of
fever, limp, and malaise should be sought, and an immediate
diagnostic evaluation should be performed. Children in the
irst decade of life commonly present with discitis and/or
osteomyelitis and malignant neoplasms, but also may present
with benign conditions such as eosinophilic granuloma.20
Patients older than 10 years are most likely to have back pain
secondary to trauma or overuse, resulting in spondylolysis,
disc herniations, or apophyseal fractures.21 Scheuermann
kyphosis typically presents in adolescence. Patients older than
10 years are also more likely to have pain attributable to
overuse, strain, or mechanical low back pain without abnormal imaging.3 While more common in younger children,
teenagers can present with malignancies. hus, the evaluating
physician should weigh the relative frequency of conditions
based on age, but always remain cautious.
A family history should be taken regarding back pain.
Adolescents with ill-deined pain, no constitutional symptoms,
no history of excessive athletic activity, no anatomically consistent neurologic complaints, and a positive family history
oten do not have a musculoskeletal etiology for their pain.5,20
Psychosomatic pain does occur in this age group, but remains
a diagnosis of exclusion. History of sleep habits, school performance, changes in weight, mood, and mental health
problems can also help identify patients in whom pain is
associated with a psychiatric diagnosis that at times may
require urgent referral.
Finally, a complete review of systems should be obtained.
Back pain associated with menses is rarely orthopaedic in
nature. Flank pain may be renal in origin. A recent study
showed that 5% of children presenting to an emergency
department for evaluation of back pain had urinary tract
infections.22

Physical Examination
he general appearance of the child should be noted. If the
child appears systemically ill, immediate evaluation for infection or malignancy is warranted. Whether the child can walk
and the characteristics of the child’s gait are important, as the

inability to walk can be due to infection or spinal cord compromise. Speciic gait abnormalities, such as increased posterior pelvic tilt and decreased hip lexion, may be seen in
spondylolisthesis. Examination of the skin for dysraphic
lesions, such as hairy patches or deep sinuses, as well as for
café-au-lait spots, is also required. Palpation of the spine can
identify the location of the pathologic abnormality.
he spine should be inspected for sagittal and coronal
alignment. he Adams forward bend test identiies patients
with scoliosis, but the presence of scoliosis is more likely to be
a symptom of underlying pathology rather than a cause of
pain. Trunk lean and decompensation may indicate such
pathology as benign or malignant neoplasms, or irritating
lesions such as herniated discs. Stifness of the spine should
be noted. horacic kyphosis typically increases and lumbar
lordosis reverses as a child bends forward. In the presence of
signiicant pain, the child will not allow the spine to move, and
will bend the knees to touch the loor rather than lex the
spine. Pain with hyperextension of the spine is oten seen in
patients with spondylolysis and is oten worsened with onelegged hyperextension on the afected side if unilateral. his
can be further exacerbated by twisting during hyperextension.
he Lasegue sign is nearly always positive in patients with
herniated discs or fractured apophyses. he straight-leg raise
is also diminished in patients with tight hamstrings due to
spondylolisthesis, and popliteal angles will also be increased.
Next, a thorough neurologic examination is critical in the
evaluation of the child with back pain. Motor and sensory
function and deep tendon relexes should be tested. Long tract
signs, such as clonus and the Babinski relex, must be evaluated to rule out spinal cord compression or abnormality. he
abdominal relex is tested by lightly stroking the four quadrants
around the umbilicus in the supine child. While an absent
abdominal relex is not abnormal, an asymmetric response
may indicate spinal cord abnormalities.

Diagnostic Studies
With the information obtained from the history and physical,
a focused approach to diagnostic studies can be taken. If the
patient is aged 10 years or younger, has had pain for 2 months
or longer, has night pain, had traumatic injury, or if there are
constitutional symptoms, standard radiographs of the spine
should be obtained at once. If the patient is older, the pain is
of short duration with no major traumatic event, and the
physical examination is completely normal, the patient may
be observed for a short period of time. Most patients fall
between these two groups; thus, the extent of the radiographic
evaluation should be decided on an individual basis.

Radiographs
Plain radiographs are the best screening examination for the
child with back pain.19,23 Anteroposterior (AP) and lateral
views of the spine should be obtained without pelvic shielding, as the shield hides the sacrum, sacroiliac (SI) joints, and
pelvis. he physician should carefully examine the ilms for
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Bone Scan
If plain radiographs are normal, the neurologic examination
is normal, but the symptoms of the patient are suggestive of
bony pathology, a triphasic technetium bone scan is recommended. Scintigraphy is a highly sensitive but nonspeciic tool
to localize bony processes. Infection, most benign and malignant bony lesions, and stress fractures will have increased
bone turnover, which is visualized as increased tracer uptake
on scintigraphic images. Pinhole collimation is helpful in
localizing the increased uptake. he study should include the
SI joints and pelvis, as pathology in these areas oten presents
as back pain.
SPECT scanning combines the physiology of a bone scan
with the ability to precisely localize lesions within the vertebra,
similar to a CT scan. Increased uptake can be seen in the
posterior elements in stress fractures; therefore, SPECT is
particularly helpful in diagnosing spondylolysis.24–27 A recent
study of children younger than 10 years with back pain found
SPECT to be highly sensitive for identifying injury to the
pars.28 Another study of 100 patients aged 2 to 18 years presenting with low back pain found that a negative SPECT scan
was most helpful in ruling out an organic cause for back pain
of less than 6 weeks’ duration.29

Computed Tomography
Computed tomography (CT) provides the best imaging of
the vertebral anatomy. It is not used as a screening tool, but
it is useful when a lesion is seen on plain radiography or
when plain radiography is negative but bone scintigraphy
shows increased uptake. It can be used to assess the status
of the pars interarticularis in patients with spondylolysis or
to better delineate the extent of bony tumors. Although bone
lesions can be seen on magnetic resonance imaging (MRI),
surrounding edema may overestimate the extent of skeletal
involvement.

Magnetic Resonance Imaging
MRI is used to image the neural axis in all children who have
an abnormal neurologic examination. MRI is able to identify
spinal neoplasms, cord abnormalities such as syringomyelia
and tethers, discitis, and herniated discs, among other conditions. Auerbach and coworkers29 recommend MRI as the best
imaging modality for patients with low back pain of greater
than 6 weeks’ duration. In support of this, a recent study of
pediatric patients found the incidence of abnormal pathology
on MRI to be 34% in patients with constant pain, night pain,
radicular pain, and abnormal neurologic examination.30

Laboratory Tests
Laboratory tests should be obtained at presentation in all
young children with back pain and those with night pain,
fever, malaise, or easy bruising. A complete blood count with
diferential should be obtained. he peripheral smear should
be ordered to look for abnormal cell lines consistent with
leukemia. he erythrocyte sedimentation rate and C-reactive
protein should also routinely be studied because they are
elevated in infection and malignancy. Urinalysis should be
used to screen for renal conditions.

Diferential Diagnosis
Muscle Strain
A very common cause of back pain, especially in athletic
adolescents, is muscular strain, which can be up to 3 to 5 times
more prevalent in elite athletes.31 Pain can oten be attributed
to changes in amount and level of training, ill-itting equipment, or poor technique. Poor strength of the back extensor
and abdominal musculature, as well as tight hamstrings and
hip lexor muscles, may be found in patients with muscular
strain.32 Absence of concerning history, such as night pain or
radicular pain, and relation to activity can be helpful in
excluding other more concerning diagnoses.
Treatment consisting of temporary activity modiication,
application of ice in the acute phase and heat later for spasm,
in combination with nonsteroidal antiinlammatory drugs
(NSAIDs), is oten suicient for most young adults. In patients
who have failed these measures, a home physical therapy
program for core and back strengthening, as well as hamstring
stretching, may be prescribed. Important in the counseling of
these patients is the emphasis that without regularly performing these exercises, there will be no signiicant improvement
in pain. Return to activity is based on resolution of symptoms
while continuing a core strengthening program as part of
athletic training.

Disc Herniation
Intervertebral disc herniation occasionally occurs in older
children and teens. he onset of symptoms is usually related
to acute or repetitive trauma.33 Of afected patients, 82% complain of back pain with radiation into the legs.34 his radicular
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alignment, disc space narrowing, endplate irregularities, and
lytic or blastic lesions. Each pedicle should be identiied on the
AP view. If a question of a lesion arises, a focused coned-down
view taken with the patient supine provides better bony detail.
he lateral ilm should be reviewed for the presence of
spondylolysis or spondylolisthesis. As on the AP view, if there
is a question of lysis on the lateral view, a spot lateral of the
lumbosacral junction better visualizes the pars interarticularis.
Oblique views of the lumbosacral spine can also show the lysis;
however, recent studies demonstrate that, in the majority of
cases, oblique ilms do not improve the rate of diagnosis of
spondylolysis.18
he identiication of scoliosis on screening ilms of a child
with back pain should not lead to the conclusion that the
curve is the cause of the pain. Although up to 33% of adolescents diagnosed with scoliosis complain of some back pain, it
is usually located over the rib prominence and is rarely a
presenting complaint.23 he apex of the curve should be carefully inspected for bony lesions in the child with painful
scoliosis.
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Treatment is initially conservative, consisting of antiinlammatory medication and bed rest. Prolonged nonoperative
management may lead to persistent pain, however; if the
patient does not respond to symptomatic treatment, disc excision should be ofered.36 More urgent surgical intervention is
indicated when a progressive neurologic deicit develops.
Short-term results are very encouraging, with 95% good and
excellent results and nearly universal resolution of back and
leg pain.36 Long-term follow-up, however, shows a deterioration in results, with a 24% reoperation rate ater 30 years.39
Outcome studies demonstrate that patients treated with discectomy as adolescents function better than adults following
the same surgery.40 Surgical technique is similar to that in
adult patients.

Apophyseal Ring Fracture/Slipped
Vertebral Apophysis

FIG. 25.1 Magnetic resonance image of a 16-year-old female with back
and right leg pain demonstrates a herniated L4–L5 disc (arrowhead).

pain is exacerbated by activity and relieved by rest. As in the
adult population, the pain is worsened by sneezing, coughing, or straining. Recent studies have demonstrated a higher
incidence of disc herniation in female patients and support
that leg pain is the most common presenting complaint.35
Physical examination reveals decreased spinal lexibility,
with inability to touch the toes. On bending toward the loor,
the patient oten lists to one side. he straight-leg raise test
(Lasegue sign) is positive in 85% of children with herniated
discs, while objective neurologic indings—such as absent
relexes, motor weakness, and decreased sensation—are less
common in pediatric patients than in adults.36 Hamstring
tightness is oten present and has been found to persist even
ater treatment of disc hernation.37
Radiographs are generally normal, although if suiciently
symptomatic, ilms may show an olisthetic scoliosis or trunk
lean away from the side of herniation. here is an increased
incidence of concomitant spinal abnormalities in patients with
herniated discs. In particular, congenital spinal stenosis is
frequently seen. Other indings include transitional vertebrae
or spondylolisthesis.38
Disc herniation is seen best on MRI (Fig. 25.1). he
involved disc is readily appreciated, and other processes that
might produce sciatica, such as epidural abscess and spinal
cord tumor, can be ruled out.20 Herniation of the disc can be
diferentiated from an avulsed vertebral apophysis on either
MRI or CT scan. Correlation of the MRI indings with the
history and clinical examination is necessary, as mild disc
bulging can exist as a normal variant.

he apophyseal ring fracture, also known as a slipped vertebral
apophysis, occurs in adolescents and young adults prior to
fusion of the vertebral body to the cartilaginous ring apophysis. he etiology is either acute trauma resulting in rapid
lexion and axial compression, or cumulative microtrauma.
he fracture typically develops at the junction of the posteroinferior vertebral body and the cartilaginous ring apophysis,
with posterior displacement of the fragment into the spinal
canal.41 CT can demonstrate the size and location of the bony
fragment, with large central fragments being both most
common and most likely to result in signiicant pain if let
untreated.42
he symptoms are very similar to those of a herniated disc,
with the sudden onset of severe back pain radiating into the
leg. Physical examination will show a positive straight-leg
raise test, but, as is the case with disc herniations, neurologic
signs are infrequently present.
he diagnosis is made radiographically. High-quality lateral
radiographs may show an arc-shaped rim of cartilage, cartilage
with attached underlying bone, or a small triangular bony
fragment lying posterior to the vertebral body. he fragment
is best visualized on CT scan.41 he levels most frequently
injured are L4 or S1. Treatment is surgical excision of the
avulsed fragment.

Vertebral Fractures
Pediatric patients with spine fractures present with back pain.
If the energy of injury is suicient enough that fracture is
possible, radiographs should be obtained at once. When
compression fractures are seen in children without highenergy trauma, an immediate evaluation should be performed
for underlying malignancy. When patients have undergone
high-energy trauma and fracture has been ruled out, however,
the patient still complains of severe back pain, MRI may be
indicated to rule out ligamentous injury, which can lead to
instability in one or more of the spinal columns, especially in
younger children.43
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Developmental Disorders
Spondylolysis and Spondylolisthesis
Spondylolysis refers to a stress fracture of the pars interarticularis, occurring predominantly in the lower lumbar spine. he
most frequent level is L5, followed by L4. It is extremely rare
to have more than one vertebral level involved. Spondylolysis
is bilateral in 80% of cases, and unilateral in 20%, although in
certain athlete groups unilateral spondylolysis is more
prevalent.44
Up to 50% of young athletes presenting for evaluation of
back pain have injuries to the pars interarticularis.45 he
mechanism of injury is repetitive microtrauma in hyperextension, overloading the pars interarticularis and over time
leading to stress fracture. Sports linked to a high incidence of
spondylolysis are gymnastics, diving, ballet, and football.
Gymnasts and football linemen have a fourfold increase in
incidence of spondylolysis compared with the general pediatric population.46
Symptoms consist of low back pain, which is exacerbated
by athletic activity and at least partly relieved by rest. he pain
is present in the lower back, but can radiate into the legs.
Physical examination may reveal hamstring tightness and
loss of normal lumbar mobility. he ability to bend forward to
the loor may be diminished. In hyperlexible patients (e.g.,
gymnasts and ballerinas), motion may appear normal. he
patient is usually tender to palpation about the lumbar spine.
Hyperextension usually reproduces the back pain, and axial
rotation in hyperextension exacerbates that pain.
Lateral radiographs may show lysis across the pars interarticularis, and oblique radiographs can be helpful in less
obvious cases (Fig. 25.2). he appearance of a collar on the
“Scottie dog” suggests stress fracture. Oten, plain radiographs
are nondiagnostic. In these cases, scintigraphy can reveal
increased tracer uptake at the involved level. he use of the
SPECT scan is particularly helpful in localizing increased
uptake in the pars interarticularis25,26,47 (Fig. 25.3). A speciic
scintigraphic pattern, seen as a triangle of increased signal
with increased uptake in the pedicles, has been described.48
Positive bone scans and SPECT imaging are generally seen in
the prefracture state and in relatively acute injuries.49 he bone
scan may not be “hot” in chronic spondylolysis.26
MRI has also been used to diagnose spondylolysis, but
false-positive scans do occur.50 Better bony deinition of the
fracture is obtained using CT scans. Additionally, CT is superior to MRI in the assessment of incomplete fractures and in
establishing healing in patients with spondylolysis.51 he pars
is best imaged by using a reverse gantry angle and obtaining
thin slices on the CT.52
Spondylolysis and spondylolisthesis can produce scoliosis.
Curves due to these conditions are usually described as olisthetic, are associated with oblique take-of of the spine from
the pelvis, are small in degree, and have little rotation. Spondylolysis and spondylolisthesis occur in patients with idiopathic scoliosis more frequently than in the general population
but are usually asymptomatic.

IV

FIG. 25.2 Lateral radiograph of the lumbar spine shows spondylolysis of L5
in a 16-year-old volleyball player.

FIG. 25.3 Increased uptake in the pars interarticularis (arrow) of an
adolescent ballerina with spondylolysis.

Treatment of spondylolysis is initially nonoperative and
irst involves modifying the patient’s level of athletic activity.53
Cessation of sport until the resolution of symptoms is combined with a concomitant exercise program to stretch the
hamstrings and strengthen the paraspinal and abdominal
musculature. Resumption of activities is gradual. Modiication
of the patient’s technique or training should be made to minimize recurrent fractures. Use of an antilordotic lumbar
orthosis increases the success of nonoperative treatment,
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FIG. 25.4 (A) Scoliosis in a 13-year-old male with low back and leg pain of 6 months’ duration. (B) Lateral
radiograph shows spondylolisthesis at L5–S1.

particularly in patients with acute injuries and “hot” bone
scans.54,55 A recent study found resolution of symptoms following bracing correlated with initial increased activity on
SPECT scans and decreased uptake on follow-up scans, while
SPECT scans for patients whose pain did not improve showed
no signiicant decrease in activity following bracing.56 he
overall success rate of nonoperative treatment ranges from
73% to 100%.55 A recent multicenter study of 436 children and
adolescents with CT-proven spondylolysis found 95% excellent results and 100% return to sport without surgery following
3 months of cessation of activity with use of a thoracolumbar
orthosis.57 Patients who have normal radiographs but are
found to have a stress reaction without fracture on further
imaging are highly likely to improve (and not progress to
radiographic fracture) with conservative treatment.58,59
Surgery is typically reserved for the few patients whose symptoms are refractory to 6 months of conservative measures and
whose pain recurs with activity following initial nonoperative
success.60
Spondylolisthesis is a related condition in which anterior
slippage of a vertebral body occurs on the more distal vertebra.
Most oten it is due to bilateral spondylolysis, with the portion
of the vertebra anterior to the pars fracture slipping anteriorly.
Dysplastic spondylolisthesis occurs in teens who have an
elongated but intact pars interarticularis, which allows for the
anterior translation without pars fracture.61
Patients with spondylolisthesis oten present with complaints of low back pain. he pain may radiate into the legs.
Physical indings mimic those of spondylolysis, with the
addition of a possible palpable step-of at the area of listhesis.

In severe spondylolisthesis, the buttocks may appear “heart
shaped.” If there is signiicant hamstring tightness, gait alterations are seen where the teen appears to be shuling with
posterior pelvic tilt. Patients may have a painful, or olisthetic,
scoliosis (Fig. 25.4).
Plain radiographs establish the diagnosis. he slip is easily
seen on a spot lateral radiograph of the lumbosacral junction,
and the severity of the spondylolisthesis can be classiied as
the percentage of forward translation of L5 on the sacrum.
Abnormal kyphosis is also seen as the cephalad vertebra tips
forward on the caudal segment. A characteristic inding on the
AP radiograph, which is the appearance of “Napoleon’s hat,”
can be seen as L5 moves forward on the sacrum and is seen
in a nearly axial view.
Treatment is initially conservative in mild spondylolisthesis, and surgical as the magnitude of the slip increases. Surgical
treatment of high-grade spondylolisthesis is recommended,
but preferred techniques vary among surgeons and reduction
remains controversial.62

Scheuermann Kyphosis
Scheuermann kyphosis is a developmental condition occurring in adolescence characterized by increased thoracic
kyphosis accompanied by lumbar hyperlordosis. Males are
afected slightly more frequently than females.
Presenting symptoms are those of back pain, which is
usually located at the apex of the thoracic kyphosis, and also
may be present in the lower lumbar spine. he pain is usually
described as aching in nature, does not wake the patient from
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reserved for patients with severe kyphosis measuring greater
than 75 degrees, those whose symptoms are refractory to conservative measures, and those who have signiicant cosmetic
concerns.66

Lumbar Scheuermann Disease
Lumbar Scheuermann disease is a less common variant in
which increased kyphosis and endplate changes are seen in the
lumbar spine.67 It also occurs most frequently in adolescence,
with overuse believed to be the cause. Microfractures occur
in the vertebral endplates, resulting in low back pain. Radiographs reveal endplate irregularities and disc space narrowing, anterior Schmorl nodes, and possible anterior wedging
of the afected vertebrae, leading to loss of lumbar lordosis.
Radiographs may also show associated spondylolysis or scoliosis.27,68 he radiographic appearance of vertebral changes
and disc space narrowing may resemble infection or tumor.
Scintigraphy may reveal mildly increased uptake at one or two
vertebral levels.27 MRI shows signal change and dehydration
in the lumbar discs, with further disc deterioration occurring
over time.69 Treatment is symptomatic, and pain is usually
ameliorated with modiication of activity or use of an orthosis.

Idiopathic Scoliosis
he majority of patients who have idiopathic scoliosis do not
complain of back pain, but symptoms are not as uncommon
as previously thought. In a study by Ramirez and coworkers,23
32% of 2442 children believed to have idiopathic curves
complained of some degree of back pain. he most common
factor associated with a positive diagnosis on further evaluation were let-sided thoracic curves, which were associated
with spinal cord abnormalities. Plain radiographs were found
to be suicient in the evaluation of typical curves if the neurologic examination was normal. Careful inspection of the
apex of the deformity and at the lumbosacral junction (for
spondylolysis and spondylolisthesis) will occasionally yield a
cause for both the pain and the scoliosis (see Fig. 25.4). In the
absence of neurologic indings on physical examination, MRI
was not helpful. A recent study did show that MRI was useful
in identifying neural axis abnormalities in 6% of 104 patients.
Back pain and early age of onset of scoliosis were present in
those with MRI abnormalities.70

Syringomyelia

FIG. 25.5 Anterior wedging of the thoracic spine in a 15-year-old male
with Scheuermann kyphosis.

Syringomyelia is deined as cystic dilation of the central canal
of the spinal cord. he dilation of the cord leads to abnormalities in the neurologic pathways that transmit pain and temperature. While not always symptomatic, patients may
complain of pain. here is a predisposition toward let thoracic
scoliosis in patients with syringomyelia.71 Physical indings
include scoliosis, foot deformities such as cavus, decreased
sensation, and asymmetric abdominal relexes. he syrinx is
clearly imaged on MRI. Treatment is neurosurgical decompression, although controversy exists regarding the size of
syrinx that requires surgery.
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sleep, and does not radiate. It is exacerbated by vigorous activity and prolonged sitting. he severity of the back pain is
variable, with some patients denying signiicant symptoms
and instead presenting for evaluation of poor posture. Neurologic symptoms are highly unusual.
Physical examination of the patient with Scheuermann
disease shows increased thoracic kyphosis, which is most
notable on forward bending, in which the apex appears to
protrude posteriorly. he deformity is usually fairly rigid, and
does not disappear with hyperextension. here may be concomitant hamstring tightness, with inability to touch the loor
with the ingertips.
he diagnosis is made radiographically (Fig. 25.5). Criteria
for the diagnosis of Scheuermann disease have been outlined
by Sorenson as:
1. three contiguous vertebral bodies with greater than 5
degrees of anterior wedging
2. abnormal disc narrowing
3. endplate irregularities
4. Schmorl nodes, deined as disc herniations into the vertebral bodies
he vast majority of patients with Scheuermann disease can
be managed nonoperatively.63 Physical therapy exercises and
nonsteroidal medication can be helpful in relieving symptoms.
he role of bracing is controversial. Patients with signiicant
remaining spinal growth may beneit from orthotic treatment
because it has been proposed that correction of deformity
may be achieved in compliant patients.64 he Milwaukee brace
is the orthosis of choice for the treatment of Scheuermann
disease.65 Surgical correction of deformity and fusion is
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Tethered Spinal Cord
Low back pain may be the presenting complaint in children
with tethered spinal cords. he cord normally terminates at
the L1–L2 level. Persistence of the cord more distally implies
tethering. Physical indings may include foot deformity, spasticity, or weakness. Oten, radiographs will show coexistent
congenital vertebral abnormalities. he diagnosis is made on
MRI, in which the ilum may appear thickened or the conus
visualized at L3 or distal. Treatment of the symptomatic
tethered cord is surgical release, which is typically performed
by a neurosurgeon.

Idiopathic Juvenile Osteoporosis
Idiopathic juvenile osteoporosis is a rare disease that usually
afects children in the irst 2 decades of life. Presenting symptoms include back and leg pain due to compression fractures
and pain during weight bearing.72,73 Radiographic indings
include vertebral wedging due to compression fractures with
mildly increased kyphosis. Bone mineral density is decreased,
but metabolic laboratory values are normal. he diferential
diagnosis includes leukemia. Orthotic management of back
pain is usually suicient. Medical management should be
under the supervision of a pediatric rheumatologist. he
disease is self-limiting, and symptoms resolve during puberty.74

Infectious and Inlammatory Etiologies
Discitis
Discitis is deined as a presumed bacterial infection of the
intervertebral disc space. It is the most common cause of back
pain in the young child. he incidence of discitis is greatest
in children aged 5 years and younger, though it can occur in
older children.75 he etiology is believed to be infectious. In
the immature child, blood vessels traverse the vertebral endplates and terminate in the nucleus pulposus. herefore, in
young children the disc is vascular, which allows for seeding
of bacteria into the disc space.76–78 Presenting complaints vary,
but include back pain, refusal to walk, limping, and abdominal
pain. he child usually is systemically ill; therefore, the patient
oten presents to the emergency department. Approximately
half will have fever on presentation.
Physical examination reveals spinal stifness, and oten the
spine is held in a lexed position. If asked to retrieve a toy from
the loor, the child with discitis will squat by bending the knees
rather than bend the spine. Young children may exhibit
Gower’s sign when rising from the loor, using their upper
extremities to push up on the legs as a strategy to minimize
lumbar motion. Tenderness in palpation of the afected area
can be present.
Radiographic indings are usually minimal at the time of
presentation. Subtle disc space narrowing and paraspinal sot
tissue swelling on the lateral view are the irst radiographic
changes (Fig. 25.6). Over time, endplate irregularities are seen.
Because plain radiographs are usually normal at the time of
presentation, further imaging is required. Technetium bone

FIG. 25.6 Disc space narrowing (arrow) and endplate irregularities in a
child with T11–T12 discitis.

scans show increased uptake on both sides of the afected disc
space (Fig. 25.7A). Bone scans are positive in 74% to 100% of
children with discitis79,80 and can lead to earlier diagnosis and
treatment. MRI also localizes the infection and delineates the
extent of sot tissue involvement (Fig. 25.7B). In patients who
are refractory to treatment, MRI is useful in assessing whether
a sot tissue abscess is present.81 MRI shows decreased signal
on T1-weighted images and increased signal on T2 images. If
an abscess is present, there is peripheral enhancement with
the administration of gadolinium.82
he evaluation of the child with possible discitis also
includes obtaining laboratory studies. Elevation of the sedimentation rate and C-reactive protein are seen in more than
90% of children with discitis.20 he white blood cell count may
be elevated but is less reliable.76 Blood cultures should be
obtained and are positive in more than 50% of children with
discitis.80
In the past, the treatment of discitis was controversial, but
now there is agreement that discitis represents a bacterial
infection and should be treated with antibiotics.76,81,83 Cultures
of the intervertebral disc are positive in 60% of children, with
Staphylococcus aureus the most common organism. A recent
study of disc space cultures showed that S. aureus was cultured
in 55% and Kingella kingae in 27% of children with discitis.84
Because of the preponderance of S. aureus, and the fact that
40% of cultures from the disc space remain negative, routine
aspiration of the afected disc is not recommended.83 If the
patient fails to improve quickly with antistaphylococcal antibiotics, then ine-needle aspiration under CT guidance can be
useful.85 Although administration of a second-generation
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FIG. 25.7 (A) Bone scan in a child with discitis shows increased uptake. (B) Magnetic resonance image reveals
destruction of the disc space, erosion of endplates, and vertebral involvement.

cephalosporin for 3 weeks has been recommended,83 epidemiologic trends in antibiotic resistance may alter which antibiotic should be chosen. Surgical biopsy and debridement are
reserved for patients who do not respond to medical management, have a neurologic deicit, have an abscess on MRI, or
whose diagnosis is in question.
he outcome of pediatric discitis is favorable. Ten-year
radiographic follow-up has shown narrowed disc space (60%
of children) or bony ankylosis (40%), but kyphosis is rare and
generally mild and patients are pain free.86
Disc space infection in children younger than 1 year is
usually very aggressive and requires immediate diagnosis and
treatment. Infants are oten septic at presentation. Residual
kyphosis following eradication of the infection has been
described.87

Vertebral Osteomyelitis
he distinction between discitis and osteomyelitis in children
is blurred. It is believed that osteomyelitis is a continuation of
discitis,77 with the two entities representing a condition called
infectious spondylitis. Osteomyelitis produces more notable
vertebral body radiographic changes. Again, S. aureus is the
most common organism.78
Opportunistic infections may also afect the vertebral
column, especially in immunocompromised patients such as
those with malignancies or who have had organ transplants.
Fungal infections such as coccidioidomycosis are rare but
must be kept in mind in endemic regions.88
Tuberculosis is increasing in frequency and is seen most
commonly in children from endemic regions. Symptoms

include fever, malaise, weight loss, and night sweats. Neurologic indings occur more frequently in tuberculosis than in
discitis.89 Radiographic changes are more advanced in children
with tuberculous spondylitis, and consist of bony destruction
of the vertebral body, kyphosis, sot tissue abscesses, and sot
tissue calciications. CT scan indings include erosions with
calciication, and intraspinous, paravertebral, and epidural
abscesses.90,91 A chest radiograph shows evidence of tuberculosis in 67% of children with tuberculous infection of the
spine.90 he puriied protein derivative test is usually positive,
except in the immunologically challenged child, in whom it
remains nonreactive. Pathologic examination of tissue from
ine-needle aspiration of the afected bone yields a positive
diagnosis in 83% of children and teens92 and shows epithelioid
giant cells and caseous necrosis or tubercle bacilli. Polymerase
chain reaction has been used for faster identiication of the
organism.

Ankylosing Spondylitis and
Rheumatologic Conditions
Ankylosing spondylitis is a rheumatologic condition characterized by loss of spinal mobility. It may present in adolescence
as back pain. It occurs more frequently in males than in
females. Physical indings include loss of lumbar lexibility so
that lordosis does not reverse on forward lexion, increased
kyphosis, and limited chest expansion with inspiration. Plain
radiographs may reveal sclerosis, narrowing, or fusion of the
SI joints. MRI has been shown to be superior to bone scan in
identifying inlammation of the SI joint.93,94 Laboratory evaluation of patients with ankylosing spondylitis shows a high
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FIG. 25.8 (A) Anteroposterior radiograph of the thoracic spine of a 16-year-old male with lower extremity
weakness and loss of bladder function shows absence of the spinous process at T2 (arrowheads). (B) Computed
tomographic scan delineates the extent of the aneurysmal bone cyst of the posterior elements of T2
(arrowheads).

incidence of HLA-B27. Onset of ankylosing spondylitis prior
to the age of 16 years has been linked to worse functional
outcomes than in adult-onset patients.95 Other rheumatologic
conditions linked with back pain include polymyositis, dermatomyositis, and inlammatory bowel disease.

Hematologic Conditions
Sickle Cell Anemia
In a recent study of pediatric patients presenting to a Canadian
emergency department for the evaluation of back pain, 13%
were found to have sickle cell anemia.22 he spine has been
reported as the second most common site for pain crisis in
these patients, second only to the knee. Anemia is present in
86%.96 Physical examination reveals tenderness to palpation.
Treatment is pain management and admission to the hematology service.
β-halassemia may also produce pain crises that afect the
spine. Up to 25% of patients with thalassemia complained of
low back pain in a recent study.97

Neoplasms
Aneurysmal Bone Cysts
Aneurysmal bone cysts (ABCs) are nonmalignant expansile
lytic lesions of bone characterized by their vascularity.
Although not malignant tumors, they can be locally aggressive. heir etiology remains unclear, and a few familial cases
have been identiied.98 Approximately 15% of ABCs afect the
spinal column, with a predilection for the posterior elements.
If of suicient size, the lesion may extend into the anterior
column.99,100 A large multicenter series of spinal aneurysmal
bone cysts documented that 30% were located in the cervical spine, 30% in the thoracic spine, and 40% in the lumbar
spine.101
Symptoms consist of back pain that can result from the
lesion itself, or from an associated pathologic fracture. Neurologic compromise is unusual.

Radiographs show an expansile lytic lesion with a “bubbly”
appearance. here is expansion of the cortex. CT scans best
deine the extent of the lesion, and reveal the thin rim of
surrounding bone (Fig. 25.8). On occasion, sacral lesions have
been shown to afect more than one vertebral level.102
Treatment of ABCs is surgical curettage with bone grating.103 Due to the vascularity of the cysts, preoperative embolization is very helpful in reducing intraoperative blood loss
and therefore improving visualization.104–106 Spinal cord monitoring during embolization has been advocated to avoid vascular injury to the spinal cord.107 Scheduling the surgical
resection shortly following embolization is necessary to
prevent revascularization of the lesion prior to curettage.
When resection of the lesion leads to mechanical instability,
simultaneous fusion is recommended.108 here is a 10% to 14%
recurrence rate following curettage and grating for spinal
ABCs. A four-step surgical program—consisting of curettage,
use of a high-speed burr, electrocautery, and bone grating,
with stabilization via short posterior fusion with instrumentation as needed—has been recently proposed, with all patients
free from disease at follow-up.109
Repeat embolizations as well as radionuclide ablation have
been used to deinitively treat spinal ABCs in limited cases.106
Repeat embolization has been advocated in patients who do
not have neurologic indings or pathologic fracture, for whom
the diagnosis is certain, or in patients whose lesions have
recurred.110

Osteoid Osteoma
Osteoid osteomas are the most common benign spinal tumor
occurring in children, with presentation occurring in the
second decade of life. hey typically are located in the posterior elements of the spine. Osteoid osteomas produce back
pain that is worse at night, and ameliorated by aspirin or
nonsteroidal medication.
Physical examination reveals decreased spinal lexibility.
Oten, the patient will stand with a list. he neurologic examination is generally normal.
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and surrounding bone.112 he MRI appearance, as well as the
tendency for enhancement in the sot tissues near the lesion,
may lead the physician to suspect a malignant tumor.113
Long-term administration of NSAIDs can provide pain
relief in a small group of patients with spinal osteoid osteomas;
thus, a trial of nonsurgical treatment is warranted. Usually,
symptoms are suicient to merit surgical removal of the nidus,
which typically results in immediate relief of pain. Intraoperative CT imaging has been used to better target the nidus and
therefore minimize bony resection.114 Newer treatments are
under investigation, including percutaneous CT-guided
burring of the nidus and thermocoagulation.115,116 When
scoliosis has been long-standing, persistence of the deformity
is possible following successful removal of the osteoid osteoma.

Osteoblastoma

FIG. 25.9 Bone scan of a 15-year-old male with a 2-year history of back
pain shows increased uptake at T10 (arrow).

Although osteoblastoma is a less common benign lesion of the
spine, 40% of osteoblastomas are located in the vertebrae.
hey also are located in the posterior elements of the spine,
but because they are by deinition larger than osteoid osteomas, they oten extend anteriorly into the vertebral bodies.117
he primary symptom of osteoblastoma is back pain, which is
usually less severe than in osteoid osteoma. Neurologic abnormalities may result based simply on the size of the lesion and
its encroachment on the spinal canal or neural foramina.112
he lesion can be usually seen on plain radiographs, but
CT scans are invaluable in assessing the size and extent of the
osteoblastoma. As in osteoid osteoma, the MRI in osteoblastoma can overestimate the extent and aggressiveness of the
lesion.118 Plain radiographs also reveal scoliosis in approximately 40% of afected patients.111
Treatment is surgical removal of the lesion, with fusion as
needed to address instability based on the size of resection.
Recurrence occurs in 10% of osteoblastomas.

Eosinophilic Granuloma/Langerhans
Cell Histiocytosis

FIG. 25.10 Computed tomographic scan shows a radiolucent nidus with
surrounding bony sclerosis in an 11-year-old with back pain due to an
osteoid osteoma.

Eosinophilic granuloma, also known as Langerhans cell histiocytosis (LCH) or histiocytosis X, is a peculiar condition of
childhood typiied by the development of lytic lesions of bone.
he lesions may occur singly or afect multiple areas of the
skeleton, including the spine. When the condition is associated with systemic involvement, it is known as Hand-SchullerChristian disease or the more severe Letterer-Siwe disease.
LCH has a higher incidence in males. he average age at
diagnosis is 6 years, with the majority of patients in their irst
decade of life.119
Vertebral lesions in LCH occur in 10% to 17% of afected
children. he patients may present with back pain or a limp.
On occasion, neurologic signs can be present.
Radiographs show lytic lesions within the vertebral body
or, more rarely, the posterior elements. Larger lesions lead to
collapse of the vertebral body, which can be either symmetric
or asymmetric (Fig. 25.11). Although vertebra plana (also
known as coin-on-end appearance) is the classically described
spinal lesion in LCH, it has been reported that only 40% of
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Plain radiographs are usually insuicient to make the
diagnosis, but an olisthetic scoliosis might be apparent. When
scoliosis is present, the lesion is usually located in the concavity of the apex of the curve.111 Bone scan is positive, with
distinct increased uptake seen (Fig. 25.9). CT scans provide
the best imaging of osteoid osteomas, with a small radiolucent
nidus and surrounding sclerosis and new bone apparent (Fig.
25.10). MRI shows increased signal intensity in the muscles
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children with LCH and vertebral lesions have vertebra plana.120
Skeletal surveys oten result in the identiication of other sites
of involvement, which supports the diagnosis. Typical sites of
involvement include the skull, the pelvis, and the diaphysis
of the long bones. Bone scan is positive in 90% of children
with LCH.121
he diferential diagnosis includes leukemia, infection,
and other malignant tumors, such as Ewing sarcoma.122 If
the radiographic appearance is atypical and other peripheral
skeletal lesions are not identiied, a surgical biopsy of the
spinal lesion is warranted. Pathologic specimens show clonal
proliferation of Langerhans-type histiocytes, eosinophils, and
giant cells.123
Most patients with LCH experience spontaneous resolution of their disease. Because the condition appears to be
self-limiting, the indications for treatment are few. Back pain
due to a unifocal spinal lesion can usually be relieved by
rest and the use of orthoses.119,123 Patients with neurologic
compromise may be treated with low-dose radiation therapy
or surgical debridement of the lesion and stabilization.121,124
Radiation therapy has fallen out of favor as treatment for LCH
of the spine due to the potential for secondary malignancies.
Multifocal disease, particularly when associated with systemic
involvement, is treated with chemotherapy.125
he long-term outcome of LCH in the absence of systemic
disease is very good. Recurrence of disease is not seen in children.125,126 Over time, improvement in vertebral body height is
seen, although complete restoration to normal is unusual.127,128

Leukemia is the most common pediatric malignancy that produces back pain. Many children irst present to the orthopaedic
surgeon; reports indicate that 6% to 25% of children with acute
leukemia present initially with back pain.129,130 Many of these
children are initially misdiagnosed; thus, the orthopaedic
surgeon must have a high level of suspicion to properly evaluate
this population.131 he history may reveal symptoms of pallor,
fatigue, loss of appetite, or fever. he parent should be questioned about a history of bruising or abnormal bleeding.
Radiographic indings are not always initially present but
include generalized osteopenia, vertebral compression fractures, and metaphyseal leukemic lines. Of children with acute
lymphoblastic leukemia, 7% have vertebral compression
fractures130,132 (Fig. 25.12).
he diagnosis can usually be made on laboratory examination, with abnormalities seen in any or all of the three cell
lines, that is, anemia, thrombocytopenia, and leukopenia. he
sedimentation rate is usually elevated. Of children with leukemia, 10% or more will initially have normal automated
counts.132,133 Inspection of the peripheral smear will reveal the
diagnosis in some of these children.
Chemotherapy under the direction of pediatric oncology is
the treatment of choice. Spinal bracing can be prescribed to
relieve back pain and prevent further compression fractures.

FIG. 25.11 Lateral radiograph of a 12-year-old male with vertebra plana of
T11 consistent with eosinophilic granuloma (arrowheads). Back pain
resolved with conservative treatment.

FIG. 25.12 Osteopenia and multiple compression fractures in a child
presenting with back pain due to leukemia.

Malignant Tumors
Leukemia
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Malignant tumors of the spine cause signiicant back pain in
over 50% of children at the time of diagnosis.134 Although rare,
they must remain in the diferential diagnosis of pediatric
back pain. Pain may radiate into the legs, resembling the
symptoms of a herniated disc. While patients with disc herniation are in their second decade of life, children with spinal or
spinal cord tumors may be younger. Neurologic deicits and
relex changes are uncommon in disc herniation but frequent
in tumors.135
Vertebral tumors include Ewing sarcoma and osteosarcoma.136 Osteosarcoma rarely afects the spine.137 Radiographs
are variable, with osteolytic, osteoblastic, and mixed appearances possible. CT and MRI are used to stage the tumor.
Treatment is diicult.
Up to 10% of Ewing sarcomas occur in the spine, with the
sacrum the most frequent site.138 he average age at presentation is 13.3 years.139 Symptoms consist of relentless back pain.
Neurologic deicits are present in 58% of patients with spinal
Ewing tumors.140 Radiographs may show an expansile lytic
lesion with variable vertebral collapse. Cases of Ewing sarcoma
that radiographically resemble vertebra plana have been
reported, leading to the misdiagnosis of eosinophilic granuloma.140 MRI delineates the extent of the lesion and its accompanying sot tissue mass.

Spinal Metastasis
Neuroblastoma is the most frequent tumor to metastasize to
the spine in children.141 In a recent study of 29 malignant spine
tumors, neuroblastoma represented one-third of all cases.134
Radiographs usually show difuse vertebral involvement. he
thoracic spine is most frequently involved. An elevation of
urinary normetanephrine may help diagnosis.138 Other tumors
that involve the spine include rhabdomyosarcoma, Wilms
tumor, and primary neuroectodermal tumors.142

Spinal Cord Tumors
Common spinal cord tumors in children are astrocytomas and
ependymomas. he onset of symptoms is indolent. Neurologic
signs such as deterioration of gait, delay in motor skills, and
loss of bladder control raise suspicion.143–145 Back pain is
usually present, leading to initial referral to the orthopaedic
surgeon in 31% to 58% of patients who are eventually diagnosed with spinal cord tumors.143,144 Physical examination
reveals motor deicits, clonus, and possibly scoliosis. here
may be limitation of spinal lexibility. Radiographs can show
changes due to pressure or expansion of the tumor, including
absence or thinning of the pedicle or widening of the intervertebral foramina. Spinal cord tumors are best seen on MRI.
Although uncommon, neuroibromas in children and
adolescents with neuroibromatosis can undergo malignant
degeneration into neuroibrosarcoma. Back pain in a patient
with neuroibromatosis should be evaluated.

Nonorthopaedic Causes of Pain
Intraabdominal processes such as inlammatory bowel disease,
hydronephrosis, ovarian cysts, endometriosis, and urinary
tract infections can produce back pain. Pain due to these
conditions is not exacerbated by activity and tends to be
more intense at night. Pediatric referral should be made when
nonmusculoskeletal causes are suspected.

Psychosomatic Pain (Conversion Reaction)
As discussed in the beginning of this chapter, there are children
in whom an organic etiology for back pain cannot be found
despite thorough evaluation. Back pain can be inluenced by
psychosocial factors that alter the patient’s perception of pain
and the efect of pain on everyday life. Psychosomatic pain
remains a diagnosis of exclusion. It is more prevalent in adolescence, particularly in those teens whose family members
have a history of similar back pain. A detailed social history
oten reveals problems at home or school, oten resulting in
anxiety and depression. Treatment is diicult but includes
intervention by a psychologist and physical therapy. Recent
studies show that up to 71% of children and adolescents who
have negative diagnostic evaluations for back pain continue
to have pain at an average of 4.4 years of follow-up.19 Even
8 years ater initial evaluation, 62% of 58 patients were still
symptomatic.146

KEY POINTS
Use of Diagnostic Tests
Radiograph: History of signiicant trauma; night pain, fever or
inability to walk; age 8 years or younger; duration of pain
greater than 2 months
Bone scan: Negative plain radiograph with normal neurologic
examination, persistent pain, history of athletic overuse
CT scan: Positive plain radiograph or bone scan
MRI: Abnormal neurologic examination, painful scoliosis in
patient younger than 8 years, painful let thoracic scoliosis
Laboratory tests: Night pain, fever, age younger than 8 years,
constant pain

Likely Diagnoses Based on Age
Younger than 5 years: Tumor, discitis
Age 5 to 10 years: LCH, discitis, tumor/leukemia
Age 10 to 18 years: Musculoskeletal back pain, lumbar
Scheuermann disease, herniated disc or apophysis, spondylolysis, osteoid osteoma, tumor/leukemia
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C H A P T E R

Congenital Scoliosis
Alexandra Miller Dunham
Paul D. Sponseller

Congenital scoliosis is a three-dimensional deformity of the
spine that is directly due to congenitally anomalous vertebral
development. his results in an imbalance of the longitudinal
growth of the spine, which is most typically progressive in
nature. By deinition, this is diferent from neuromuscular
scoliosis, in which deformity is secondary to myoneural
causes, and idiopathic scoliosis, the cause of which is unknown.
Some cases of congenital scoliosis cause such minor deformity that they remain undetected; thus, the true incidence
in the general population remains diicult to determine.
However, current estimates suggest that approximately one in
1000 persons is afected.1,2
he familial incidence in the congenital scoliosis population is estimated between 1% and 5%, suggesting that most
cases appear to be sporadic.3–6 he male/female ratio for
congenital scoliosis is 1 : 1.4.7–9
To fully understand the management of congenital scoliosis,
one must irst appreciate the foundation of how the deformity
develops in utero. his discussion encompasses embryology
as it relates to the bony etiology of deformity and associated
diferences, a classiication system that aids in understanding
growth potential, the natural history of curve progression,
assessment of the patient, various imaging modalities and
their unique utility, and, inally, treatment modalities.

Embryology
Congenital scoliosis is accurately described as altered embryologic development of the spine. Depending on which step of
development is altered, spine morphology will be diferently
impacted. he bony malformations that cause congenital scoliosis
typically occur during the fourth through sixth weeks of gestation. his timing is of particular importance, as it explains why
patients with congenital scoliosis oten have additional associated
anomalies, which likely develop during the same intrauterine
time period as other organ systems are similarly developing.

Normal Development
In the process of somitogenesis, paired paraxial mesoderms
on either side of the notochord condense to form somites.

Each somite further diferentiates into a ventral sclerotome
and a dorsolateral dermomyotome. During the fourth week of
gestation, cells from each sclerotome migrate ventrally to fully
engulf the notochord. he cranial half of one sclerotome and
the caudal half of the adjacent sclerotome fuse, each contributing a portion of cells to the development of a single vertebra.
hus, a single vertebra results from the proper formation and
migration of cells from two somite levels (Fig. 26.1). he
ventrally migrated cells of the sclerotome will go on to form
the vertebral body, and the dorsal portion of the sclerotome
will form the vertebral arch as well as costal processes.10
Ossiication begins during the sixth week of gestation
from three primary ossiication centers: one in the body (or
centrum, formed by early fusion of two centers) and one
in each half of the vertebral arch. During the sixth week of
development, mesenchymal cells between cranial and caudal
parts of the original sclerotome ill the space between two vertebral bodies to contribute to formation of the intervertebral
structures.11
Somitogenesis relies on the oscillatory expression of
several genes and gene products, some of which have been
elucidated. Principal gene networks inluence Notch, Wnt, and
FGF pathway targets.12–15 he networks responsible for putative segmentation appear to be regulated by cell-autonomous
oscillations between permissive and nonpermissive states in a
consistently timed manner, so much so that somitogenesis is
said to be coordinated by a “clock-and-wave” mechanism16,17
(Fig. 26.2). One of the many key outputs of the clock mechanism is the interval production of MESP2 transcription factor,
which has been implicated in the formation of somite boundaries and the rostrocaudal development of the sclerotome.18,19

Associated Anomalies
Because the development of the spine coincides with the
development of many other organ systems, associated anomalies occur in 30% to 60% of children with congenital spine
malformations. Many associated anomalies are part of the
VATER association. he acronym includes various deiciencies: vertebral defects (V), anal atresia (A), tracheoesophageal
istula (TE), radial limb reduction, and renal defects (R). he
acronym VATER was modiied in 1975 to VACTERLS by
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adding cardiac defect (C) and limb defect (L)20–22 and single
umbilical artery (S; Fig. 26.3). he most common anomalies
involve the spinal cord, the genitourinary tract, and the cardiac
system. Intraspinal anomalies include problems such as tethered cord, diastematomyelia, syringomyelia/Chiari malformations, and intradural lipomas (present in up to 35% of patients
with congenital scoliosis). he most common genitourinary
defects are horseshoe kidney, renal aplasia, ectopic kidney,
duplication, relux, and hypospadias (present in up to 20% of
patients with congenital scoliosis). Congenital heart defects
range from the more common atrial and ventricular septal
defects to the more complex tetralogy of Fallot, transposition

T1

T2

Sclerotome

Somite

Notochord

T3

T4
FIG. 26.1 Each vertebra is formed by a part of four somites.

of the great vessels (present in up to 25% of patients with
congenital scoliosis).23,24

Genetic Etiology
Mutations in downstream components and targets of the
Notch signaling pathway contribute to observed congenital
vertebral malformation phenotypes in humans,25 which are
mirrored in mouse models. Speciically, genetic mapping has
enabled the identiication of three forms of spondylocostal
dysostosis (SCD): mutations of DLL326–29 to SCD1, MESP2 to
SCD2,30–32 and LFNG to SCD3.
Alagille syndrome is an autosomal dominant condition
characterized by bile duct, heart, eye, kidney, pancreas, and
facial anomalies, as well as butterly vertebral anomalies.33,34
Vertebral anomalies are observed in 22% to 87% of patients
with Alagille syndrome. Mutations in JAG1 have been identiied in approximately 70% of patients with Alagille syndrome.35
Additionally, mutations in Notch2 have been observed, especially in those with severe renal anomalies.36
Congenital vertebral anomalies are also found with a high
incidence in Klippel-Feil syndrome, which is characterized by
the combination of cervical fusion, limited neck range of
motion, short neck, and low hairline.37 Various genetic
anomalies have been reported to occur in association with
Klippel-Feil syndrome including SLIT3, FBXW11, DUSP1,
FGF18, DC-UbP, and CDCA2.25,38
Additionally, congenital scoliosis has been associated with
Sprengel deformity, Mayer-Rokitansky-Küster-Hauser syndrome, Jarcho-Levin syndrome, Goldenhar syndrome, Genoa
syndrome,39–42 and many others.

FIG. 26.2 Illustration of “clock-and-wave” mechanism of somitogenesis segmentation. Oscillatory gene
expressions allow the development of “permissive peaks,” leading to somite formation. Shorter clock periods
lead to shorter somites and shorter intersomite spacing. PSM, presomitic mesoderm.
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FIG. 26.4 Wedge vertebrae due to a mild form of unilateral vertebral failure
of formation. Vertebral height is asymmetrical on the right and left sides.

As in other types of scoliosis, compensatory curves also
develop.

Failures of Formation
FIG. 26.3 Computed tomographic image of a 6-year-old child with
congenital scoliosis who also has epidural lipoma and neurenteric cyst at
T12.

Environmental Etiology
Growing evidence continues to suggest that congenital
scoliosis is not strictly a genetically caused anomaly. Studies
in mice suggest that maternal exposure to medications or
toxins, such as carbon monoxide, alcohol, boric acid, and/or
valproic acid, may cause congenital scoliosis.43–48 Aberrations
in the developmental milieu have also been associated with
vertebral malformations consistent with congenital scoliosis
such as hyperglycemia, hypoxia, and hyperthermia.45,49–51 he
causative mechanism underlying the carbon monoxide efect
on vertebral anomalies remains vague. However, maternal
acute exposure to carbon monoxide during embryo somitogenesis may act via gene mutation from the resulting hypoxia
or directly by disruption of the cartilaginous spine.
he interplay between genetics and environmental factors is
complex. Epigenetic factors in the development of congenital
vertebral malformations are a possible pursuit.52 he observation that increased DNA methylation can alter the phenotypic
expression of tail kinks in the axin-fused mouse (AxinFu)
supports an epigenetic contribution to congenital scoliosis.43,53
he literature continues to grow in elucidating the multiple
factors of pathogenesis of congenital vertebral malformations.

Classiication
Two basic types of vertebral anomalies occur: failures of
formation and failures of segmentation.54-57 hese anomalies
can occur as a solitary malformation or in conjunction with
additional vertebral malformations, adding complexity to
the resulting deformity with each additional malformation.

Failures of formation (type I deformity) exist along a broad
spectrum and have multiple subtypes characterized by longitudinal growth potential. Formation deformity can be partial,
which causes wedged vertebrae with intact pedicles, or complete, which causes hemivertebrae with a unilateral pedicle
(Fig. 26.4). Vertebral growth typically is provided by apophyses
on both the superior and inferior endplate of each vertebra.
In vertebrae afected by failure of formation, the apophyses
may be disrupted, thus afecting growth and lending a natural
method to the subtyping of type I deformity.
• Fully segmented: Both the superior and inferior endplates
of the afected vertebrae have growth potential, with disc
space both above and below. Adjacent vertebrae are normal.
• Semisegmented: Either the superior or inferior endplate of
the afected vertebrae has growth potential, with normal
disc space with the adjacent vertebrae; the other end is
fused to the adjacent vertebrae with an intervening thin,
ibrous lamellar tissue (Fig. 26.5).
• Nonsegmented: Neither the superior nor inferior endplate
of the afected vertebrae has growth potential. Both endplates are fused to the adjacent vertebrae and the interval
disc space is replaced by ibrous lamellar tissue (see
Fig. 26.5).
• Incarcerated: Both the superior and inferior endplates of
the afected vertebrae have growth potential; however, the
afected vertebra is bound within the lateral margins of the
adjacent vertebrae, and the adjacent vertebrae compensate
for the deformity by expanding their growth potential. his
results in the afected vertebrae appearing “carved into” the
adjacent levels (see Fig. 26.5).

Failures of Segmentation
Failure of segmentation (type II deformity) is associated with
derangements of the segmentation phase of somitogenesis.
Improper segmentation occurs along a spectrum from a
partial failure resulting in a partially segmented vertebra,
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FIG. 26.5 Hemivertebrae, classiied according to growth potential. (A) Segmented hemivertebra. (B)
Semisegmented hemivertebra. (C) Incarcerated hemivertebra. (D) Nonsegmented hemivertebra.

FIG. 26.6 Congenital unilateral bar. Partial fusion between two vertebrae
prevents longitudinal growth on its side.

causing a bar, or complete failure resulting in a complete
absence of intervening space between vertebrae, causing a
block vertebra. A congenital bar can be anterior, posterior,
lateral, or mixed. Depending on the position of the bar, a
diferent deformity may develop as the patient grows (Fig.
26.6). As with other bar malformations in the body, the bony
vertebral bar resulting from a partial failure in segmentation
will restrict growth in the same plane of direction as the bar.

Mixed Deformity
Vertebral anomalies oten exist in conjunction—failures of
formation and failures of segmentation frequently coexist as
mixed deformity (type III deformity). Occasionally, anomalies
are found on several levels. For example, unilateral bar with
contralateral fully segmented hemivertebra is a type III deformity and has the most rapid progression of curvature among
the deformities (Fig. 26.7).

Natural History
Congenital scoliosis, as with other types of scoliosis, progresses
in the majority of patients during periods of rapid growth.
Given that deformities of congenital scoliosis are by deinition
present at birth, they are subject to the intense growth of early

FIG. 26.7 Radiograph of 9-year-old child with congenital scoliosis of mixed
pattern, including multiple hemivertebrae, both incarcerated and
nonincarcerated, and fused pedicles and ribs on the left at T9–T10.

childhood—progression is most rapid in the irst 3 years of
life. Multiple reviews have shown that, statistically, 25% of
curves do not progress, 25% progress minimally, while 50%
progress signiicantly and require treatment58–61 (Fig. 26.8).
Without any treatment, 85% of patients with congenital scoliosis will have a curve greater than 45 degrees by maturity.56 he
potential for the increase in curvature is dependent on the
imbalances of growth potential (Fig. 26.9). he natural history
of congenital scoliosis relates to the type of deformity, location, number and span of deformities, initial severity of the
scoliosis, and the global growth potential balance between
each side of the spine. Analysis of these factors will allow the
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Location
he most deforming anomalies tend to be those at the cervicothoracic or lumbosacral junction. Both types of deformity
(formation and segmentation) may be lateral, causing scoliosis;
dorsal, causing lordosis; ventral, causing kyphosis62; or a
combination of these positions. Posterolateral positioning of
a hemivertebra may cause kyphoscoliosis; anterolateral may
cause kyphoscoliosis.62 Furthermore, if the anterior part of the
vertebra is deicient while the dorsal part is not malformed,
kyphoscoliosis, especially in the lumbar spine, is common.58,62

Progression of Curvature by Deformity Type
and Location

A

B

FIG. 26.8 Radiographs of congenital scoliosis with VACTERLS association
(vertebral defects, anal atresia, cardiac defects, tracheoesophageal istula,
renal anomalies, and limb abnormalities) managed by observation since
birth. Right thoracic curve and compensatory lumbar curve remain relatively
unchanged from birth at (A) age 1 year and (B) age 8 years.

1 growth
apophyses

he spectrum of vertebral deformities associated with congenital scoliosis is associated with diferent growth potentials.
In general, curves with fully segmented hemivertebrae have a
greater capacity for continued growth potential and therefore
greater risk for progression of curvature, whereas vertebrae
whose apophysis is blocked are at minimal risk. Complex
combinations of deformity contribute to a more pronounced
spine imbalance and are associated with the greatest risk for
curve progression.
For example, complete block vertebrae (complete type
II deformity) or nonsegmented hemivertebrae are blocked

2 growth
apophyses

FIG. 26.9 Hemivertebra forcing spine into a curve. There are two growth apophyses on the hemivertebra side
and only one on the other side, leading toward worsening during growth.
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on both the superior and inferior apophysis. herefore, the
longitudinal growth potential is very small, and tends not to
cause progressive scoliosis. Block vertebrae usually occur in
multiple sites along the spine and are associated with a small
potential for growth and a slow rate of progression (<1 degree
per year56,58,63). Nonsegmented hemivertebrae demonstrate a
similar rate of progression since they are also limited in their
growth potential by being fused to the adjacent vertebrae.
Incarcerated hemivertebrae also do not cause progressive scoliosis. When wedge vertebrae are located in the lower thoracic
or thoracolumbar regions, the deformity demonstrates a relatively low rate of progression of 1 to 2 degrees per year.56,58,63
he location and number of hemivertebrae deformities
along the spine afect the rate of curve progression. Speciically, the upper thoracic hemivertebrae tend to progress on
average 1 to 2 degrees per year before puberty, then 2 to 2.5
degrees during the pubertal growth spurt. However, when the
deformity is present in the lower thoracic spine, curves demonstrate a more rapid progression of 2 degrees per year before
puberty and 2.5 to 3 degrees per year during the pubertal
growth spurt. Furthermore, when located in the thoracolumbar spine, the rate of progression is again much more rapid—2
to 2.5 degrees per year before puberty and about 3.5 degrees
per year during puberty. he more rapid progression and
caudal location result in substantial trunk imbalance compared to other locations of curvature.56,58,63
Similarly, the span and location along the spine of a unilateral unsegmented bar greatly afect the natural development of
the resultant curve. When located in the upper thoracic spine,
the rate of progression averages 2 degrees per year before
puberty and 4 degrees aterward. For deformity located within
the lower thoracic area, curvature progression is 5 degrees per
year before puberty and 6.5 degrees per year during puberty.
Again, deformities with an apex located in the thoracolumbar
area demonstrate the highest rate of deterioration—curves
typically increase 6 degrees per year prior to puberty and 9
degrees per year ater. Curves in the lumbar area progress
about 5 degrees per year both before and ater puberty.56,58,63
he most progressive anomaly is a convex, fully segmented
hemivertebra associated with a concave unilateral bar. here
is no growth potential on the side of the bar, but the side of
the spine with the segmented hemivertebra continues to grow.
herefore, the spine is imbalanced, resulting in highly progressive curves. hese types of disorders occur more frequently
in the thoracic spine and are the most severe of all scoliosis
disorders. hey demonstrate rapid deterioration of up to 14
degrees per year prior to puberty, resulting in trunk shortening,
limb-length discrepancy, and frank cosmetic deformity.56,58,63

patient grows, the patient’s thorax becomes unable to support
normal respiration, a condition termed thoracic insuiciency
syndrome (TIS). TIS can be assessed both clinically by respiratory rate and the thumb excursion test, by speciic tests such
as pulmonary function tests, and radiographically by plain
radiographs and computed tomography (CT) volumetric
studies.67 Early fusion of scoliotic deformity before age 9 years,
especially in patients requiring more than four levels of fusion
and those with proximal fusions, also puts patients at risk for
the development of restrictive pulmonary disease.68,69 Additionally, compared with healthy peers, congenital scoliosis
patients who were treated with extensive early spinal fusion
demonstrate decreased pulmonary function test values in
forced vital capacity, forced expiratory volume, vital capacity,
and total lung capacity, and lower quality-of-life scores at 6.9
years’ follow-up. Compared to congenital scoliosis patients
who were fused in nonthoracic areas, patients treated with
thoracic spinal fusion have reported shorter spinal height,
more pain, and lower pulmonary functioning.70 he increased
appreciation of the need to preserve pulmonary function and
to allow maximum spinal height has spurred the development
of growth-preserving surgical alternatives to spinal fusion,
including growing rods, guided growth, epiphysiodesis, and
distraction thoracoplasty.

Assessment of Patient
Physical Examination
he physical examination of a patient with congenital scoliosis
is guided by the knowledge of a high frequency of other structural and neural anomalies. Maternal, perinatal history, and
developmental milestones must be fully explored. Presence
of a dimple, nevi, hemangiomas, or hairy patches and/or any
other cutaneous mark on the back should be noted. he sagittal plane balance and coronal balance, shoulder malalignment,
as well as any deviation of head and trunk from the center
of the pelvis should be checked. Due to the connection of
scoliosis with Klippel-Feil syndrome, the cervical spine should
be especially examined, including range of neck motion. In
addition, it is critical to assess and document the neurologic
status, including strength, relexes, presence of atrophy, and
the existence of latent ataxia or myelopathy. Flexibility of the
deformity, gait, trunk shortening, and limb-length inequality
should be checked. Pain, if present, should be localized and
quantiied. he examiner should search for other anomalies of
the extremities (particularly radial malformation).

Associated Anomalies
Efects on Thoracic Contents
Congenital defects in the ribs and vertebrae oten occur in
conjunction. Rib fusion in the setting of scoliosis may constrict
the thoracic contents during a crucial developmental period,
and ultimately compromise pulmonary development. his
occurs because alveolar development mostly takes place before
5 years of age and early restriction of the respiratory physiology efectively causes restrictive lung disease.64–66 As the

Patients with congenital scoliosis have an increased incidence
of other systemic diferences including but not limited to
respiratory, cardiac, renal, gastrointestinal, and neurologic
systems. Pulmonary function tests, echocardiogram, and renal
duplex may add to the overall case preparation. Oten, the
renal system is visualized on spinal magnetic resonance
imaging (MRI), obviating the need for an additional study.71
Collaboration with other specialties and with the patient’s
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FIG. 26.10 It is easier to analyze a (A) segmented hemivertebra or a (B) unilateral bar when radiographs are
taken prior to 4 years of age. (C) Lumbar segmented hemivertebra in a 9-year-old child.

Preoperative CT scans deine the anatomy and posterior
element deiciencies. MRIs can exclude associated conditions
of the spine, craniocervical junction, and viscera.

landmarks and irregular numbering/positioning of vertebrae
increase intraobserver and interobserver measurement error
up to 10 degrees. Comparing current radiographs with prior
radiographs reduces this error.72–74 Since compensatory curves
involve normally formed vertebrae, they are more reproducibly measured and can serve as a marker for progression of
the congenital curvature. If a compensatory curve has not
progressed, it is less likely that signiicant progression has
occurred in a congenital curve.

Radiographs

Computed Tomography

Plain radiographs remain the standard for the diagnosis and
classiication of congenital scoliosis and measuring curve
magnitude and progression. Ideally, radiographs are obtained
prior to 4 years of age (Fig. 26.10). Ater this time period, it
may be diicult to fully appreciate the deformity because
vertebrae are more ossiied, especially in the areas of fusion or
bars. Radiographs that were taken earlier—such as chest,
abdominal, or renal radiographs—can provide valuable information to the orthopaedic surgeon about early development.
Subtle indings—such as the presence and spacing of pedicles
as well as fused, atretic, or absent ribs—provide clues about
underlying deformity.
Standard anteroposterior and lateral ilms allow one to
check the type and the location of deiciency, to measure the
spine curvature, and to assess the pedicle width. However,
studies have shown that, even in the hands of an expert,
congenital scoliosis curves measured by the Cobb angle on traditional radiographs are diicult to reliably measure. Irregular

Intraobserver reliability of measuring Cobb angles from
plain radiographs is low in congenital scoliosis, with up to
10 degrees of measurement error; interobserver reliability
demonstrates a greater measurement error.74 Accurate and
reliable reporting of curves as the patient matures through
time is especially diicult. Furthermore, plain radiographs
cannot demonstrate the spatial relationship of each structure
of the vertebrae and the three-dimensional component of
congenital scoliosis is diicult to appreciate. CT with threedimensional reconstruction can be used to more completely
and more consistently identify spinal abnormalities, especially
posterior element deiciencies, in complex cases (Fig. 26.11).
Spatial disposition of the afected vertebrae and the balance of
deformity can be better classiied. CT and three-dimensional
reconstruction aid in the evaluation of the thorax and the
lung and highlight thoracic wall deformities, including: rib
synostoses, rib hypoplasia or agenesis, intracanal protrusions
through the radicular foramina, and evaluation of TIS.75,76

primary care provider will serve to prepare the surgical team
and optimize the patient for surgery.

Imaging
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However, about 50% of congenital scoliosis cases require
surgical treatment.58–61 Correction of deformity should occur
early in congenital scoliosis, which allows the correction of the
fewest vertebrae possible and protection against continued,
severe structural spine decompensation.82–84
Congenital vertebral anomalies require close clinical monitoring at periodic intervals during growth. Consistent observation allows for assessment of the evolution of spinal curves.
In complex malformations, early treatment is oten more
straightforward and safer.

Nonoperative

FIG. 26.11 Computed tomographic image with three-dimensional
reconstruction allows the surgeon to more fully appreciate complex spine
abnormalities.

Magnetic Resonance Imaging
Intraspinal anomalies are oten associated with congenital
scoliosis. Careful physical examination can suggest underlying
spinal dysraphism.38,77 MRI demonstrates intraspinal anomalies in 30% to 41% of cases.78–80 Congenital scoliosis patients
with cervical and thoracic hemivertebrae tend to have more
intraspinal abnormalities than those with lumbar hemivertebrae.81 he most common anomalies reported are tethered
cord, syringomyelia, and diastematomyelia. MRI is indicated
to assess congenital scoliosis because of three factors:
1. Intraspinal anomalies are encountered in about one-third
of cases of congenital scoliosis.81 Some may require neurosurgical treatment for their own sake (e.g., a large syrinx),
whereas others may require neurosurgical collaboration if
corrective orthopaedic surgery is planned (e.g., diastematomyelia).
2. Normal neurologic exam does not rule out malformations
of the neuraxis.79,80
3. MRI of the spine will also typically demonstrate the presence or absence of renal anomalies, which may or may not
capture evaluation of genitourinary anomalies.71
In practice, given the need for general anesthesia to obtain
MRI in young children, it should be ordered when there is
a concerning examination inding and/or prior to surgical
procedure.

Treatment
hose malformations that present a very low progression rate
should be periodically evaluated for possible progression.

Contrary to idiopathic scoliosis, nonoperative treatment has
little value in congenital scoliosis. Only a small number of
cases, characterized by long and lexible curves, may be temporized by bracing to slow the progression of the curvatures.58,85,86 However, these curves will eventually decompensate
to the degree requiring surgical management. In general,
carefully monitoring every 4 to 6 months with regular examination and radiographic evaluation is prudent in curves
measuring up to 40 degrees.87 However, other factors—
including deformity personality, pulmonary, cardiac, or neurologic function—may require earlier surgical intervention.
For example, spines with successive, fully segmented hemivertebrae concomitant with additional severe deformities of the
rib cage, therefore causing TIS, may undergo surgical intervention earlier regardless of the Cobb’s angle.87

Operative
Without any treatment, 85% of patients with congenital
scoliosis will have a curve greater than 45 degrees by maturity.56 Congenital scoliosis progresses because the growth
potential of the spine is imbalanced. Early recognition of
curves with a poor prognosis is crucial to prevent severe
curve progression and possible neurologic complications. he
advent of pediatric-speciic implants has minimized the
problem of implant prominence in young children and has
been shown to be safe from a neurologic standpoint.83 Motorand sensory-evoked potential monitoring is recommended
whenever possible. here is an increased risk of a perioperative neurologic injury when baseline monitoring cannot be
established.88 Furthermore, postoperative monitoring and
thorough documentation of neurologic functioning is important because paraplegia ater deformity surgery may present
in a delayed fashion, especially in the irst 72 hours.89,90
Indications for surgery depend on many factors, including
the nature of the vertebral anomaly as well as its location and
span, the curve magnitude and its lexibility, the patient’s age,
and the presence of other deformities. he aim of surgery is
fourfold: (1) achieve a straight spine, with or without deformity
reduction; (2) restore a physiologic sagittal proile while maintaining lexibility; (3) limit curve progression; and (4) preserve
normal spinal growth as much as possible by fusing only a
short segment. Seven major operations have been described:
posterior spine fusion, combined anterior and posterior spine
fusion, convex hemiepiphyseodesis, hemivertebra excision,
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Posterior Spine Fusion
Posterior fusion is among the “simplest” and “safest” techniques, but is not without its limitations or complications.91
Ideal candidates for posterior fusion are those with small, relatively short curves who otherwise have limited growth potential in the anterior spine. In general, curves no greater than 25
degrees that are limited to no greater than ive vertebrae may
be considered.87
Selection of these curves minimizes the risk of the crankshat phenomenon92 that can be seen if the anterior spinal
growth is still active. he crankshat phenomenon occurs
when growth remaining increases the curve. Additionally,
lordosis in the proposed region of fusion is a contraindication
to posterior fusion because anterior growth will worsen lordosis. A review of 54 congenital scoliosis patients reported a
15% crankshat incidence in patients undergoing posterior
fusion before the age of 10 years, especially those with surgery
at an early age and greater than 50-degree curves.92
Posterior spinal fusion may cause signiicant issues as the
child continues to age. In a large meta-analysis review of
patients with early-onset scoliosis, congenital scoliosis, and
infantile scoliosis who underwent posterior spinal fusion
for presumed deinitive fusion in early childhood, revision
surgery has been required in 24% to 39% of cases.93 Additionally, restrictive pulmonary disease occurs in many of these
patients,93 although it should be noted that nonoperative
management and continued curve progression are also likely
to have negative efects on pulmonary function.94 Patients 1 to
4 years old are best suited for this procedure. Posterior fusion
can be considered a prophylactic procedure.
Imaging the spine prior to exposure is useful because the
area of deformity is oten diicult to localize by inspection and
palpation alone. During exposure, failure to recognize the
potentially complex posterior laminar defects can lead to
neurologic injury. Ater exposure of the posterior elements,
the spine should again be imaged to conirm that the targeted
deformity, which may have anterior components, aligns with
posterior elements. Some deformities, particularly anterior
bars or malaligned hemivertebrae, have anterior elements that
do not correspond to the logical posterior elements. Due to
diicult localization of the deformity, there is a risk of extending the fusion past the originally planned surgery. Fusion must
include all vertebrae involved in the congenital curve and
should extend laterally to the transverse processes. Successful
fusion is achieved by thorough facet resection, decortication,
and placement of abundant bone grat. Posterior instrumentation can be used safely in the pediatric patient to decrease the
risk of pseudarthrosis. Of course, posterior elements may be
deformed, with fused or missing laminae, or thin pedicles that
do not lend themselves well to instrumentation. With advancing age, typically by the age of 2 years, instrumentation
becomes feasible. A postoperative cast or a rigid brace is then
required for 2 to 3 months to achieve fusion and curve
correction.

Combined Anterior and Posterior Spine Fusion
While the posterior-only approach has shortcomings due to
the risk of anterior growth, the combined anterior and posterior fusion can more efectively prevent progression.84 he
main indications for a combined anterior and posterior fusion
are a deformity with signiicant anterior and posterior growth
potential. For example, a unilateral bar with a contralateral
hemivertebra would be appropriate for a combined anterior
and posterior spine fusion.
Performing an anterior approach allows for discectomy
and removal of the vertebral endplates, which augments spine
lexibility and the potential for deformity correction. Unlike
the posterior-only fusion, the combined approach, or even
anterior only, is appropriate for lordotic curves. he combined
fusion may decrease the rate of pseudarthrosis, decrease the
crankshat phenomenon, and can also be augmented by
instrumentation. Anterior bone grat is typically placed for
fusion. Depending on surgeon preference and the location of
the deformity, the anterior procedure may be performed either
through an anterior, open technique, thoracoscopically,95 or
through a posterior approach. Accessing the anterior vertebrae
via a posterior approach is most feasible at the thoracolumbar
junction via retropleural dissection, especially if the surgeon
is able to take advantage of a kyphotic element.

Convex Hemiepiphysiodesis
he concept of convex hemiepiphysiodesis is the same as that
commonly employed for deformity of growing long bones.
he surgeon is able to take advantage of this and spare the
patient intraoperative destabilization or growth arrest of the
whole fused spine segment, with convex growth arrest. Convex
hemiepiphysiodesis slows convex-side growth while the
concave curve still grows, allowing for safe and relatively
controlled progressive deformity correction.96 hus, failures of
segmentation with little or no growth potential cannot be
successfully treated this way. Ideal candidates for convex
hemiepiphysiodesis are young enough that growth will allow
for signiicant correction, a curve less than 70 degrees, have
six or fewer involved vertebrae, and demonstrate signiicant
concave growth potential.97 Patients should be 6 years old or
younger because spinal growth is two-thirds complete by this
age.98 Traditionally, pathologic congenital kyphosis or lordosis
has been a contraindication for this procedure.99 For example,
an appropriate deformity for this treatment may be a single or
multiple hemivertebrae in a patient 6 years old or younger.
Convex hemiepiphysiodesis typically requires an anterior
and posterior exposure; however, posterior-only methods are
feasible. he traditional combined anteroposterior approach
allows for the removal of the convex portion of discs and
vertebral endplates and fusion of this convex portion with
bone grat via the anterior approach; removal of the unilateral
facet joints and fusion is completed via the posterior exposure.
Traditional convex hemiepiphysiodesis without instrumentation typically yields modest curve correction, on the order of
0 to 15 degrees by maturity; some patients achieve only an
arrest of progression.100 Much of the correction with convex
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growth arrest seems to be achieved acutely at the time of the
initial procedure, which is then attempted to be maintained
with postoperative immobilization.
As with the other treatments, instrumentation can be used
to achieve better intraoperative correction—convex posterior
compression is typically utilized with good results in convex
growth arrest.101,102 Early follow-up analysis of 11 patients with
long, sweeping congenital curves (involving multiple anomalous vertebrae) who underwent this method of concave posterior distraction in convex instrumented hemiepiphysiodesis
yields encouraging results. A posterior-only instrumented
convex growth arrest with pedicle screws at each segment on
the convex side may obviate the need for anterior surgery. A
collection of 13 patients treated with the posterior-only convex
growth arrest procedure described earlier demonstrated that
the procedure is safe and that curves improved by 5 degrees
or greater in nine patients, while two patients’ curves remained
the same.103

Hemivertebra Excision
Hemivertebra excision is preferred in cases in which a hemivertebra causes progressive curve and deformity with truncal
imbalance. In contrast to fusion and convex epiphysiodesis,
hemivertebra excision acutely corrects the curve and corrects
for truncal imbalance. Excision of the hemivertebra is recommended if the curve progresses signiicantly. Instrumented
hemivertebra excision provides the highest degree of correction, particularly if carried out before 3 years of age.104 Hemivertebra excision is ideal for a fully segmented hemivertebra
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at the apex of the curve in the thoracolumbar junction, lumbar
spine, or lumbar sacral spine, and with a ixed lateral translation of the trunk. Cervicothoracic or cervical hemivertebra
excision has been reported but is a more complex procedure
due to the vertebral artery.105 Hemivertebrae may be resected
by an anteroposterior or posterior procedure only.
he combined anterior and posterior excision of the
hemivertebra allows for the circumferential exposure of the
spine and complete excision of the adjacent discs. Anterior
and posterior exposure can be achieved either by sequential
procedures under a single anesthetic or when performed
simultaneously.106,107 Ater excision, the unstable spine is
then stabilized with anterior and/or posterior instrumentation typically by utilizing an anterior structural grat, which
is useful on the concave side to maintain a normal sagittal
contour. Instrumentation may then be used both anteriorly
and posteriorly to apply compression and to further stabilize the spine. he need for postoperative immobilization is
determined by the surgeon’s impression of spinal stability
(Fig. 26.12).
Similar to convex hemiepiphysiodesis, hemivertebra excision can also be accomplished via a single posterior approach
due to advances in imaging and monitoring.108–111 he ideal
indication for a posterior-only approach is a hemivertebra
located at the thoracolumbar junction or in the lumbar spine,
with some associated kyphosis.62 he posterior-only approach
is stabilized with segmental transpedicular instrumentation
ater excision.111,112 Clinical experience has shown that pedicle
screws even in young children do not cause spinal stenosis. If
needed, hooks can augment the screws.
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FIG. 26.12 (A–C) Radiographs of a 2-year-old boy with progressive kyphoscoliosis at the level of the L1
hemivertebra. (D–E) The patient underwent hemivertebra resection and anterior and posterior spinal fusion
with posterior spinal instrumentation. He was placed in a cast and maintained good correction postoperatively.
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Complex curves with multiple fusions, prior instrumentation,
and signiicant trunk imbalance may justify multiple anterior
and posterior osteotomies to allow for spinal mobilization.
Patients undergoing osteotomies should have preoperative
imaging of the entire spine to rule out intraspinal anomalies
in the canal. Ater osteotomies are created, correction of the
curve may be achieved at the same stage. Complex deformity
correction may incorporate osteotomies with other types of
procedures. Multiple concave rib osteotomies add lexibility.
It can be considered as an alternative in the treatment of rigid
congenital curves involving more than three levels or multiple
curves separated by at least two segments that would otherwise
require multiple vertebral resections.

Vertebral Column Resection
Vertebral column resection (VCR) describes the complete
resection of vertebral segments using either combined anterior
and posterior approaches or a posterior-only approach, which
enables signiicant three-dimensional deformity correction.113,114 his technique may be applied to correct moderate
to severe spinal deformities, including those with large rigid
curves, ixed trunk translation, or asymmetry between the
length of the convex and concave column of the deformity.
VCR carries signiicant risk of neurologic injury114–116 (Fig.
26.13). his high risk is partially secondary to the severe
nature of the deformity eligible for VCR and partially due
to the resulting instability from segmental resection and
instrumentation.
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Rigid instrumentation that controls the spinal column
above and below the resection area must be performed in VCR
procedures. Instrumentation is imperative for preventing and
treating the very real risk of spinal subluxation. Anterior
structural grat can be used on the concave side of the construct to maintain a normal sagittal contour. Similarly, a
posterior structural grat, preferably from the patient’s rib, can
be used to cover a laminectomy defect.115,116 Releases are also
typically performed at the apex of scoliosis or kyphoscoliosis
deformities to facilitate pedicle screw placement.

Guided Growth Procedures
In a young patient with progressive deformity, growing rods
provide progressive correction of the curve and the expansion
of the thorax. his is especially of value for congenital spine
deformities with concomitant rib fusions, which lead to
restrictive pulmonary disease and/or TIS. In general, guided
growth procedures should be considered as an alternative to
long spinal fusion. An important consideration to discuss with
the patient and family is the commitment to undergoing
multiple surgical spinal procedures, typically every 6 months.
Among the potential complications are drit of the spinal
anchors, infection, postoperative pain, device fracture due to
stress fatigue, brachial plexus palsy, and neurologic injury.117,118
Dual growing rods lengthened at 6-month intervals were
shown to achieve greater curve correction and allow for greater
spinal growth when compared to single growing rods.119 In
patients with spondylocostal dysostosis, vertical expandable
prosthetic titanium rib guided growth has more marked
impact on curve progression and chest wall development:

C

D

FIG. 26.13 (A–B) Radiographs of severe congenital scoliosis measuring 120 degrees in a 15-year-old girl. (C–D)
The patient underwent posterior spinal fusion instrumentation, right vertebral column resection, and multiple
discectomies.
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FIG. 26.14 (A) Radiograph of severe chest deformity associated with congenital scoliosis and multiple rib
fusions in a symptomatic 4-year-old child. (B–C) The patient underwent multiple rib osteotomies with the use
of vertical expandable prosthetic titanium rib anchored from rib to rib and from rib to spine.

increases in thoracic height and width and improvement in
the Cobb angle (Fig. 26.14).
Magnetic controlled growing rods (MCGRs) continue to
expand the possibilities for guided growth procedures. Rather
than continued reoperation with exchange of implants, as is
needed with conventional growing rods, MCGRs can facilitate
curve control, maintain growth along the spine, and spare the
patient multiple reoperations by using nonsurgical distraction
methods. Preliminary data on MCGRs are promising both
from a safety and eicacy standpoint.120,121 Long-term outcome
studies are needed to better inform surgical decision making
regarding the use of guided growth procedures.

Conclusion
Congenital scoliosis presents immense variation in deformity,
impact, and treatment options. Not all cases beneit from
surgery. Regular examination will make clear which patterns
require intervention. Advances in growth-friendly surgery
have provided many other options for treatment. Advances in
imaging, monitoring, and operative techniques will make the
treatment as safe as possible.

KEY POINTS
1. Assessment of vertebral anomalies is best in early childhood.
2. Progressive deformation is due to imbalance in spine growth.
Some vertebral anomalies do not lead to imbalance and are
not likely to produce deformity.
3. Bracing has almost no efect on congenital spine curves.

4. Surgery should be performed as early as is practical to prevent
secondary structural changes.
5. All patients with congenital scoliosis should be evaluated for
genitourinary anomalies. They should also undergo panspinal
MRI if signiicant progression occurs or if surgery is indicated.
6. The irst available ilm should be analyzed and used for
subsequent comparisons.
7. The measurement error for congenital scoliosis is greater than
idiopathic (approximately 10 degrees).
8. Neurologic risk of spine surgery is higher for congenital
scoliosis than other types.
9. Congenital anomalies of the posterior elements do not often
correlate with anomalies of the bodies and may require
three-dimensional CT to previsualize.
10. The surgeon should be aware of midline laminar defects when
using a posterior exposure.
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Idiopathic scoliosis is the most common cause of spinal
deformity in pediatric patients, encompassing 80% of all
scoliosis. Because its etiology is not known, it is a diagnosis of
exclusion—other causes such as congenital, syndromic, neuromuscular, and positional (leg-length discrepancy) must be
ruled out. he radiographic diagnosis requires a coronal plane
angle, measured by the Cobb method, of 10 degrees or greater.
Patients with curves less than 10 degrees are considered to
have spinal asymmetry.1,2 Ponseti and Friedman3 irst described
early-onset scoliosis in 1950. Later, Dickson4 expanded further
on that concept and proposed that idiopathic scoliosis be
divided into early (0–5 years old) and late onset (>5 years old),
based on spinal growth velocity noted in these two age groups.
Currently, idiopathic scoliosis is divided into four categories
based on the age of onset: infantile (birth to 2 years + 11
months), juvenile (3–9 years + 11 months), adolescent (10–17
years + 11 months), and adult (18 years and older).5 Treatments include close observation, bracing, and surgical intervention. Patient safety is imperative and is achieved by
appropriate training, careful patient selection, and adherence
to the principles of deformity surgery. Advanced technology
and procedures have improved surgical treatment, with the
ultimate goals being patient safety, satisfaction, motion preservation, and choosing the optimal fusion levels to prevent the
need for further surgical intervention.

Epidemiology
Infantile and juvenile scoliosis are less prevalent than adolescent idiopathic scoliosis. Infantile idiopathic scoliosis is more
common in Europe, constituting less than 1% of idiopathic
scoliosis cases in the United States. Typically, these are letsided thoracic curves, oten occurring among boys. Recent
reviews suggest that there might be a decline in its incidence.6
In contrast, juvenile cases are typically diagnosed at age 5 years
in boys and 7 years in girls, accounting for about 10% to 20%
of idiopathic scoliosis cases.3 Additionally, juvenile cases occur
predominantly in girls; however, between 3 and 6 years of age,
there seems to be a similar distribution between boys and

girls, only to become predominant again in girls ater age 6
years. he curve patterns closely resemble those of adolescents.
Adolescent idiopathic scoliosis (AIS) is the most prevalent
type. Among adolescents, the prevalence of 10-degree curves
is less than 3%, with about 5% of curves showing a progression
of greater than 30 degrees.4 his prevalence decreases as a
function of curve magnitude, however, to about 0.3% to 0.5%
and 0.1% in curves measuring 20 degrees and 40 degrees,
respectively.7 he prevalence of curves greater than 10 degrees
is higher among girls, with a 4 : 1 ratio of girls to boys, increasing to 9 : 1 when curves reach an operative range of about 40
to 50 degrees.8

Etiology
Despite decades of research, the speciic cause of idiopathic
scoliosis remains elusive and likely multifactorial. Possible
causes of infantile idiopathic scoliosis include intrauterine
molding or postnatal pressure on the spinal column from
supine positioning during sleep. Other etiologies that have
been considered in idiopathic scoliosis include dysfunction in
proprioception to maldevelopment in central pattern generators in the spinal cord, connective tissue disorders, hormonal
issues, and muscle/structural changes.9-12 he literature suggests, however, that in the observed deformation of the spine,
the unique mechanics of the fully erect posture, which is
exclusive to humans, as well as genetics, both play important
roles in its development and progression. Kouwenhoven and
Castelein13 concluded that many factors may play a role in the
initiation and progression of AIS at a certain age. he growth
spurt noted among adolescents seems to play a role in progression because, as the spine grows, there seems to be a mechanical inluence as a critical buckling load is reached. Reports in
the literature continue to strongly suggest a genetic link.14

Genetics
It is widely accepted that genetics plays a major role in idiopathic scoliosis. In 2008, Kulkarni and colleagues15 mapped a
developmentally critical CHD gene to 15q26.1 and, together
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with CHD7, suggested a possible role of CHD2 in the embryonic development of the spine. In eforts to map out the
gene(s) responsible for idiopathic scoliosis, Gao and colleagues16 reported the irst gene (CHD7) in the 8q12 locus to
be associated with a familial idiopathic scoliosis. However,
Tilley and colleagues failed to replicate Gao’s indings.17 In
contrast, Takahashi et al. detected a strong association between
AIS and rs11190870 near LBX1, noting that this was associated with both susceptibility and curve progression of AIS.18
Hua et al. corroborated the latter indings as they reported on
the strong association between AIS and rs11190870 near
LBX1 in a Japanese group with AIS.19 In terms of inheritance,
the prevalence is 11% among irst-degree relatives, 2.4%
among second-degree relatives, and 1.4% among third-degree
relatives.20 Concordance among monozygotic and dizygotic
twins has been reported to range from 73% to 92% and 36%
to 63%, respectively.21,22 Anderson and colleagues23 published
a population-based study taken from the Danish Twin Registry in which 46,418 twins were registered. From the 34,944
respondents, the concordance rate for monozygotic twins was
13% versus 0% for dizygotic twins. Gurnett and colleagues24
published a report of a single multigenerational family in
which AIS and pectus excavatum segregated as an autosomal
dominant condition. hrough linkage analysis, the investigators identiied a genetic locus for the two conditions on
chromosome 18q. Hence, even though the exact genetic and
hereditary basis of scoliosis remains elusive, several chromosomes appear to play a role. Furthermore, its mode of inheritance remains unclear as both autosomal recessive, autosomal
dominant with variable penetrance, and X-linked dominant
modes of inheritance have been reported.

Natural History
About 90% of infantile curves show spontaneous resolution,
especially among infants who are younger than 1 year at
diagnosis.6,25 Curves that typically progress are double curves
with a thoracic component. Insight into curve progression can
be obtained from the rib-vertebral angle diference (RVAD)
and “phase of the rib head.”26 To calculate the RVAD, a line is
drawn perpendicular to the apical vertebral endplate, another
line is drawn from the mid-neck to the mid-head of the corresponding rib; the angle formed by the intersection of these
lines is the rib vertebral angle or RVA. For calculating the
RVAD, the angle on the other side of the same vertebra is
calculated as well. he diference between the values of the
RVAs on the concave and convex sides of the curve is the
RVAD. In terms of phase of the rib head, if the head and neck
of the convex rib of the vertebral body at the apex of the curve
does not overlap the vertebral body, it is termed phase I; if it
does overlap, it is termed phase II. It is unnecessary to calculate
the RVAD when a curve is noted to be a phase II type, as those
are almost certain to progress. Curves with RVAD greater than
20 degrees or phase II angles are very likely to progress.
Although juvenile scoliosis curves less than 25 degrees can
also spontaneously resolve, about 70% of juvenile curve types
tend to progress, with 50% requiring bracing and 50% surgical

treatment. hese curves tend to progress if idiopathic scoliosis
is diagnosed before age 6 years and/or if they have a Cobb
angle of greater than 30 degrees. Here, the RVAD has not
proven to be a useful predictor of curve progression.
Many factors inluence the natural history of AIS. Growth
potential, skeletal maturity, curve magnitude, and location are
important considerations when assessing progression of AIS.
Family history, gender, and rotation do not seem to inluence
progression. Peak height growth seems to correlate best with,
and is a better predictor of, progression than skeletal maturity.
In terms of biomechanical inluences, this likely is secondary
to attaining a critical vertebral column height, which leads to
a critical buckling load and greater bending moments with
eventual curve progression. In girls, peak height growth seems
to occur 6 to 12 months before the onset of menarche. In boys,
peak height growth seems to correlate with the closure of the
triradiate cartilage. Larger or double curves tend to progress
more than smaller or single curves. Additionally, curves can
progress ater skeletal maturity; thoracic curves greater than
50 degrees and thoracolumbar/lumbar (TL/L) curves greater
than 40 degrees can progress on average 1 degree per year.27,28

Evaluation
History and Physical Examination
A complete history, including any family history of scoliosis,
is obtained and a physical examination is performed. With
infantile and juvenile cases, in particular, a thorough prenatal,
birth, and developmental history is obtained. In the adolescent, the growth spurt history is noted. Length of time postmenarche is an indication of potential growth remaining. A
girl grows fastest one year before onset of menarche and
usually inishes growing 2 years ater its onset. Voice changes
in boys are noted as well, because when such change has
begun, the growth spurt is in its most intense phase. When
the voice has acquired adult characteristics, the growth rate
has started to decelerate. he duration of voice change varies
between less than 1 year to more than 3 years. his information is imperative in determining peak growth velocity and as
predictors of growth potential and its implications on possible
curve progression.29 Symptoms of pain and/or weakness and
how the patient perceives her or his appearance relative to the
deformity are especially important with AIS.30 During the
examination, height, weight, and age (years plus months since
last birthday) are recorded. he head is examined with special
attention to torticollis and plagiocephaly, given its higher
incidence with infantile scoliosis. Possible conditions and
anomalies that might be present include buccal and palatal
anomalies, café-au-lait spots, and midline dimples or hair
patches, or both, over the lumbodorsal spine, which can be
important clinical clues to the presence of intraspinal pathology. Limb laxity is also checked and, when present, genetic
counseling is requested. Trunk shit, a clinical correlate of
curve rotation, is evaluated as the patient stands with the hips
and knees fully extended. he relationship of the patient’s head
to the pelvis is also noted in evaluating the overall coronal and
sagittal balance. Any shoulder, breast, or pelvic asymmetry is
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Radiographic Evaluation
Initial posteroanterior and lateral 36- × 14-inch standing long
cassette views are obtained. Coronal and sagittal Cobb angles
are measured.2 Curves greater than 20 degrees in infants and
children; any neurologic symptoms present in patients with
idiopathic scoliosis; and let-sided, sharp angular, or irregular
curve patterns require further investigation, including screening with total spine magnetic resonance imaging.34,35 When
anomalies of the nervous system are present on magnetic resonance imaging, a pediatric neurosurgical consultation is
indicated.36,37 In advanced curves when surgery is planned,
supine, side-bending, and push-prone ilms are obtained for
curve classiication and to assess curve lexibility.

Classiication Systems
Currently, there are no accepted formal curve classiication
systems for infantile or juvenile scoliosis. However, utilizing
formal consensus-building methods, surgeons experienced in
treating early-onset scoliosis (EOS) have developed a novel
classiication system for EOS, with all core components demonstrating substantial to excellent interobserver reliability.
his classiication system will likely serve as a foundation to
guide ongoing research eforts and standardize communication in the clinical setting.38 Similarly, in their efort to develop
a classiication system for juvenile scoliosis, Lenke et al. have
modiied the initial Lenke classiication for AIS. his basically
follows all the tenets of the AIS classiication, but uses the C7
plumb line and the central sacral vertical line (CSVL) to
decide on whether the minor thoracic or thoracolumbar
curves are structural or not, respectively. he proximal thoracic curve’s structural character is assessed by the relationship
of the irst rib to the main thoracic curve. Although such
classiication has not gained wide use, it attests to the authors’
desire to continue to contribute to the treatment of deformity
patients.39

he irst treatment-based AIS classiication was developed
in 1983 by King and colleagues.40 Based on a series of 405
patients with AIS, their uniplanar system analyzed thoracic
curves only in the coronal plane. his system allowed for
surgical planning and helped in assessing whether or not a
King II curve could be selectively fused.41 Interobserver and
intraobserver reliability of this traditional thoracic classiication system has proven to be fair at best.42,43 Additionally,
coronal decompensation has been reported ater King II
selective fusions, leading Lenke et al. to develop stricter criteria for selective thoracic fusions.
Lenke and colleagues44 developed a comprehensive, practical classiication system in 2001 that analyzes the coronal and
sagittal planes (Fig. 27.1). It includes not only thoracic curves,
but also TL/L curve patterns. Its interobserver and intraobserver reliability has been demonstrated.42,43 Its deinition of
the structural characteristics of the proximal thoracic curve
has been deemed reliable, leading to shorter proximal fusions
when that curve is nonstructural.45 It also allows a stricter
evaluation of a curve’s structural nature, permitting a more
objective analysis of when a given curve can tolerate a selective
fusion leading to a balanced outcome.46,47 he latter is clinically signiicant, as one of the most important principles in
preventing postoperative decompensation is proper identiication of curve patterns, including which curves can tolerate a
selective fusion.41,48 his three-tiered classiication combines a
curve type (1 through 6) with coronal lumbar (A, B, or C) and
sagittal thoracic (−, N, or +) modiiers to produce a triad
comprehensive curve classiication (e.g., 1A−).
Recent advances based on the Lenke classiication system
have led to the tentative inclusion of a third modiier: the last
touched vertebra (TV). he TV is the most cephalad TL/L
vertebra, T12–L5, of the lowest structural curve that is touched
by the CSVL. In curve types 3 to 6, the TV is the most cephalad
vertebra (T12–L5) touched by the CSVL below the apex of the
structural TL/L curve, whether that curve is included in the
fusion or not. Such a modiier aids in a more thorough evaluation of the Lenke curve classiication (e.g., 5CN–L3, where
L3 is the TV of the lowest structural curve), and serves as a
landmark for the objective selection of the lowest instrumented
vertebra (LIV) in Lenke 1A curves as well as selective thoracic
fusions. Identiication of the TV and comparison with the
selected LIV also helps in postoperative curve analysis, assessment of distal fusion length, and overall evaluation of the
surgical treatment of AIS.49,50 If the LIV is the preoperative TV,
then the TV to LIV relationship is (0); if the LIV is one level
cephalad to the TV, then it is (−1); and (+1) when the LIV is
one level caudal to the preoperative TV.

Three-Dimensional Classiication
Scoliosis is a known three-dimensional deformity, and
although the Lenke classiication system takes into account
the coronal and sagittal planes, it does not account for the axial
or transverse planes of the deformity. A task force of the
Scoliosis Research Society continues to work on developing a
clinically useful three-dimensional analysis to aid in further
deining the classiication of scoliosis. he key factor in a
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noted.31 Curve rotation is assessed by performing an Adams
forward-bend test and is quantiied with a scoliometer. his is
of critical importance when considering a selective thoracic
fusion. his assessment is modiied in infants by laying the
patient on the examiner’s knee, which also helps in assessing
the rigidity of the curve, an important factor in terms of
prognostication. Alternatively, a sitting forward-bend test can
be performed. he latter maneuver can also help assess for
plagiocephaly and developmental hip dysplasia, especially in
infants. Leg-length discrepancy and pelvic obliquity are also
evaluated.32 When leg-length discrepancy is the likely cause of
the deformity, a shoe lit is used to reevaluate the patient to
determine if the curve corrects. A thorough neurologic examination includes all cranial nerves, motor strength, relexes
(including abdominal relexes, oten associated with Chiari
malformations), sensory modalities, and gait.33 Finally, other
possible causes of scoliosis—such as congenital, syndromic,
and neuromuscular types, as well as infection, neoplasms, and
spondylolisthesis—must also be ruled out.
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THE LENKE CLASSIFICATION SYSTEM FOR AIS

Curve type

Proximal thoracic

Main thoracic

Thoracolumbar/lumbar

Descripition

1

Nonstructural

Structural*

Nonstructural

Main thoracic (MT)

2

Structural†

Structural*

Nonstructural

Double thoracic (DT)

3

Nonstructural

Structural*

Structural†

Double major (DM)

4

Structural†

Structural§

Structural§

Triple major (TM)

5

Nonstructural

Nonstructural

Structural*

Thoracolumbar/lumbar (TL/L)

Nonstructural

Structural†

Structural*

Thoracolumbar/lumbar-main thoracic (TL/L-MT)

6

*Major curve: largest Cobb measurment, always structural; †Minor curve: remaining structural curves; §Type 4 - MT or TL/L can be the major curve

STRUCTURAL CRITERIA
(Minor curves)

LOCATION OF APEX
(SRS definition)

Proximal thoracic – Side bending Cobb ≥25°
– T2–T5 Kyphosis ≥+20°
Main thoracic – Side bending Cobb ≥25°
– T10–L2 Kyphosis ≥+20°

CURVE

APEX

Thoracic
Thoracolumbar
Lumbar

T2 to T11/12 disc
T12/L1
L1/2 disc to L4

Thoracolumbar/lumbar – Side bending Cobb ≥25°
– T10–L2 Kyphosis ≥+20°
MODIFIERS
Lumbar coronal
modifier

Center sacral vertical line to
lumbar apex

A

Between pedicles

B
C

Thoracic sagittal profile T5-T12
Modifier

Cobb angle

– (Hypo)

<10°

Touches apical body(ies)

N (Normal)

10°–40°

Completely medial

+ (Hyper)

>40°

A

B

C

Curve type (1–6) + Lumbar coronal modifier (A. B, C) + Thoracic sagittal modifier (–, N, +) =
Curve classification (e.g. 1B+): ______

FIG. 27.1 Lenke adolescent idiopathic scoliosis (AIS) classiication system schematic.

three-dimensional assessment is the plane of maximum curvature, which is the three-dimensional deformity that occurs
as the spine translates and rotates out of the normal sagittal
proile in scoliotic deformities. his work is expected to
provide further understanding so that three-dimensional
analysis and classiication will become a standard for all scoliosis surgeons.1,51

Treatment Options
hree fundamental treatment options exist for idiopathic
scoliosis: observation, casting/bracing, and surgery. hese
treatment modalities are based on the natural history of
idiopathic scoliosis or the potential or probability of curve
progression.1,52 However, other modalities have been proposed
to slow or halt curve progression, such as electrical stimulation and physical therapy. Yet, none of these modalities has
been scientiically proven to be a viable alternative in the
treatment of scoliosis.53 Romano et al. noted that there is a lack
of high-quality evidence to recommend the use of scoliosisspeciic exercises for AIS, although a very low-quality study

suggested that these exercises may be more efective than
electrostimulation, traction, and postural training to avoid
scoliosis progression.54 Better-quality research needs to be
conducted before the use of scoliosis-speciic exercises can be
recommended in clinical practice. Similarly, Mordecai et al.
concluded from their extensive literature search that there is
poor-quality evidence supporting the use of exercise therapy
in the treatment of AIS.55

Observation
Up to 90% of infantile curves have been known to resolve
spontaneously, but they can progress.56 Deciphering which
infantile curves will progress can be guided by the RVAD and
the relationship of the apical rib head to the vertebral body, as
previously noted.27 Infants with curves less than 30 degrees
and RVAD less than 20 degrees and juveniles with curves less
than 20 degrees should be followed clinically and radiographically every 3 to 6 months. Adolescent idiopathic patients with
curves less than 25 degrees are also followed clinically and
radiographically every 3 to 6 months. Brace treatment is
started for curve progression.
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Bracing57 is the nonoperative treatment of choice in small but
progressive scoliosis in growing children and adolescents. In
about 75% of cases, bracing can control the curve and avoid
progression, rendering the curve small enough so that the risk
of progression ater growth is unlikely.53 In a younger child
whose growth potential remains a signiicant issue, bracing
allows curve control and continued growth until the patient
requires eventual operative treatment should curve progression ensue.
With infantile cases, serial Mehta casting (derotational
type) or a thoracolumbar orthosis are appropriate treatments
in lexible curves, Cobb angles greater than 30 degrees, RVAD
greater than 20 degrees, and curves with a phase II vertebralrib relationship. Bracing alone can be employed where there
is incomplete correction with Mehta casting. Bracing and
casting of these patients comes with potential consequences,
however, that include pulmonary restriction, which can have
future ramiications.58,59 Yet, Sanders and colleagues60 found
serial casting to be beneicial in the treatment of infantile
scoliosis. hey reported that curves less than 60 degrees oten
fully corrected in infants if casting was started before age 20
months.
Juveniles with curves 20 to 50 degrees are candidates for
bracing. Here, the intent is to prevent curve progression and not
so much attain correction. hese patients are essentially braced
16 to 23 hours a day until the completion of skeletal growth
or until they become surgical candidates. Patients with thoracic hypokyphosis should not be braced.
In adolescents with curves between 20 and 30 degrees,
bracing is started if a curve progresses greater than or equal
to 5 degrees or more in two consecutive visits or greater than
or equal to 10 degrees in one visit. Bracing is usually started
ater the irst oice visit if the patient is skeletally immature
(Risser ≤2) and presents with a 25- to 40-degree curve. his
treatment modality is efective only for lexible curves and, as
with the juvenile type, the goal is to stop progression versus
curve correction. Male, obese, and noncompliant patients, as
well as those with poor in-brace correction and hypokyphotic
curves, are less likely to beneit from bracing. Patients must
wear their brace 16 to 23 hours a day until the completion of
skeletal growth or until they become surgical candidates.
Bracing is deemed successful if there is less than 5 degrees
progression at brace discontinuation (skeletal maturity).
Conversely, if the curve progresses to greater than 60 degrees
ater brace discontinuation and/or if there is absolute progression to greater than 45 degrees at or prior to discontinuation,
the patient is considered to have failed bracing treatment.
Several brace options exist. Deciding which brace to use
depends on the apex of the curve and physician preference.
Curves with an apex above T6 would likely require the use of
a Milwaukee (cervicothoracolumbosacral orthosis).61 Conversely, curves with apices at T7 or below and above L2 do well
in a Boston underarm thoracolumbosacral orthosis. hese
braces are more socially acceptable due to lack of a cervical
extension. he Charleston bending brace is an option if the
child is noncompliant to wearing the brace during the day.

Although the eicacy of a brace seems to depend on the length
of time the brace is worn,62 this brace is typically worn at night,
and some studies have shown its eicacy.63,64 Modiications to
the standard thoracolumbosacral orthosis include variations
of the Chêneau brace (Jacques Chêneau) and the SpineCor
dynamic brace (SpineCorporation). he Chêneau 2000 orthosis allows for a greater amount of initial correction by using a
hypercorrected mold and pads, which provide derotational
forces.65 his brace is the irst that uses the theory of expansion
to allow for active correction by respiratory movements.66 he
SpineCor67 and TrIAC (Boston Brace International) are nonrigid braces. hey work by using straps, which correspond to
a speciic correcting movement depending on the curve
pattern, producing a progressive positional change, dynamic
curve correction, and appropriate muscle balance. When
bracing is initiated and pad placement is deemed appropriate,
patient follow-up occurs every 4 to 6 months, with in-brace
radiographic evaluation and appropriate itting adjustments
made when necessary.

Operative Intervention
Operative intervention is usually recommended for patients
whose curves progress despite nonoperative management.67 In
infants, operative intervention is controversial. It is occasionally performed in infants with thoracic curves greater than 45
degrees, TL/L curves greater than 40 degrees, or those who
fail Mehta casting or bracing. Juveniles are typically more
prone to curve progression and are more likely to require
operative intervention, particularly with curves greater than
50 degrees. Other patients who are likely to beneit from
operative intervention are skeletally immature patients with
AIS with a greater than 40- to 45-degree curve and mature
patients with curves greater than 50 degrees.27

Surgical Techniques
Anterior-only, posterior-only, and circumferential procedures
remain the mainstay of surgical treatment options.68 However,
the prevalence of anterior-only and circumferential procedures
has declined with a concomitant development of surgical
technologies permitting successful posterior-only procedures.
Surgeons are now aware that early intervention with a deinitive anteroposterior fusion for progressive infantile and juvenile curves leads to loss of trunk height development, which
can lead to chest wall and lung underdevelopment.69,70 his
problem has promoted innovative techniques to try to control
progressive curves surgically without deinitive fusion, including epiphysiodesis,71,72 dual growing rod placement (Fig.
27.2),73 intervertebral stapling (Fig. 27.3),74,75 spinal tethering
(Fig. 27.4),76,77 and the vertical expandable prosthetic titanium
rib (VEPTR),78 with the last used more in progressive EOS, in
which rib and chest wall deformities can be quite severe. In
those cases, Cobb angles greater than 45 degrees and failed
Mehta casting or bracing are operative indications, with fusion
as close to skeletal maturity as possible. Among juveniles,
fusionless techniques are also indicated in small children with
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FIG. 27.2 (A–B) Radiographs of a girl, age 2 years + 9 months, who presented with severe infantile-onset
idiopathic scoliosis. Her left thoracic curve measured 122 degrees. (C–D) She was placed in halo-gravity traction
and underwent a short apical anterior release and fusion, and was prepared for a growing rod construct. (E–F)
She had a dual-rod, pedicle screw growing rod construct placed. At 5 years + 6 months after initiation of
growing rod treatment, she continues to be lengthened with overall good coronal and sagittal balance and
acceptable lung ields. (G–H) Preoperative and latest postoperative clinical images show maintenance of trunk
alignment and growth.

curves greater than 40 to 50 degrees with signiicant growth
potential, allowing continued spinal growth over unfused
segments, until a deinitive fusion can be performed close to
or at skeletal maturity. Anteroposterior fusions are reserved
for younger patients with curves greater than 50 degrees with
a potential to crankshat or for very severe curves. Anterioronly instrumentation and fusions are indicated for TL/L
curves greater than 40 to 50 degrees with a normal sagittal
proile. Posterior-only fusions are performed for curves greater
than 50 degrees as well as double major curves, when the child
has grown closer to skeletal maturity, or even in those who are
skeletally immature with the use of segmental pedicle screws
and adequate fusion levels that will prevent the adding on
phenomenon.

Many surgeons today still prefer to perform an anterior
approach in younger patients when there is risk of crankshat
development and especially for thoracolumbar and lumbar
major curves. However, with the introduction of pedicle
screws, a posterior approach has shown numerous beneits
over an anterior procedure, such as better maintenance of the
obtained correction, more powerful corrective forces, threecolumn control, and oten obviating the need for anterior
releases and thoracoplasties.79–85 In addition, a posterior
approach avoids the negative consequences of chest cage
disruption and pulmonary compromise that can result from
an open anterior approach86,87 (Fig. 27.5). Yet, according to
a 2010 study by Tis and colleagues,88 with the advances in
anterior instrumentation, surgeons theoretically should see
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FIG. 27.3 (A–B) Radiographs of a boy, age 7 years + 9 months, who presented with progressive juvenile-onset
right thoracic idiopathic scoliosis. His main thoracic curve measured 60 degrees and was progressive despite
bracing. (C–D) He had anterior thoracic stapling performed but had slow progression of his deformity with
growth. (E–F) A posterior dual screw-rod growing construct was placed. Five years after insertion, his deformity
correction has been maintained to 18 degrees in the main thoracic curve with a good sagittal proile. (G–I)
Clinical images before surgery, status post-stapling, and 5 years status post–growing rod construct show
improvement of truncal deformation.

a reduction in the rate of rod breakage, pseudarthrosis, and
sagittal decompensation, and obtain improved correction
rates. hese authors concluded that open anterior spinal
fusion surgery is a safe method for the treatment of thoracic
AIS. At 5-year follow-up, they reported good coronal and
sagittal correction of the main thoracic and compensatory
TL/L curves, but they also reported that pulmonary function was mildly decreased as with any procedure in which a
thoracotomy is performed. Tis and colleagues also concluded
that in skeletally immature patients, an open anterior spinal
fusion can increase kyphosis; however, newer techniques used
in their series seemed to limit progressive kyphosis, which has
been noted in previously published reports.89
Adolescent curves can typically be surgically treated via an
anterior or posterior approach (or both) with instrumentation
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and fusion.88 horacoscopic procedures have shown advantages over open anterior thoracotomy procedures. Kishan and
colleagues90 showed that anterior thoracoscopy had fewer
adverse efects on pulmonary function. Sucato and colleagues91
found that adding a thoracoscopic release performed in the
prone position to a posterior instrumentation and fusion
ofered the advantages of minimally invasive surgery and did
not require repositioning to perform the posterior procedure.
In addition, when double-lung ventilation is used, acute pulmonary complications are signiicantly reduced. A signiicant
learning curve is required, however, and these techniques have
diminished in popularity owing to the proliferation of pedicle
screw constructs.
During surgical planning, determination of proximal and
distal fusion levels is paramount because choosing incorrect
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FIG. 27.4 (A–B) Radiographs of a girl age 8 years + 8 months who presented with progressive left thoracic
scoliosis. She had a positive family history of scoliosis, with her mother requiring scoliosis fusion as a child. Her
left thoracic curve progressed to 25 degrees with a normal sagittal proile. (C–D) She was treated with a single
left thoracic mobile tether, with slow progressive correction of her deformity to 6 degrees with a normal
sagittal proile 4 years after treatment. She had only one surgery and did not wear a brace postoperatively.

levels is the main reason for postoperative decompensation.31,92
Adding on is another phenomenon that can result if a fusion
is stopped “short.” Suk and colleagues93 reported 5-year results
of 203 patients in which they found that adding on occurred
in 17 patients who were fused, on average, two levels short of
the neutral vertebra.

Upper and Lower Instrumented
Vertebra Selection
With anterior-only approaches, fusion levels typically extend
from end-to-end vertebrae, as measured with the Cobb technique. Short fusions above and below the apex, depending on
whether the apex is a disc or a vertebra, have been advocated
for lexible thoracolumbar curves.9 In this technique, if the
apex is a vertebral body, the discs above and below the apex
are included in the fusion. If the apex is a disc, the two discs
above and below the apex are included in the fusion. Brodner
et al.94 predicted fusion levels based on the supine-pull
(“stretch”) ilms, ensuring that a thorough release is performed
to obtain a bone-on-bone fusion. Anterior structural grats
have been used to counter the kyphogenesis associated with
anterior instrumentation.88
With posterior approaches, the selection of the upper
instrumented vertebra is based on clinical and radiographic
shoulder height, size, and stifness of the proximal thoracic (PT)
curve, hyperkyphosis of the upper thoracic region and amount

of main thoracic curve correction planned (dynamic criteria).
In general, when the let shoulder is elevated, the PT curve is
structural and/or kyphotic (T2–T5 >20 degrees) and marked
correction is planned (apical translation), T2 is a wise choice
for the upper instrumented vertebra in this scenario. When the
shoulders are level and the PT curve is close to being structural
and/or mildly kyphotic (T2–T5 >10 degrees and <20 degrees),
with marked correction planned, T3 is an appropriate choice.
Finally, T4 or T5 is a wise choice when the right shoulder is
elevated and the PT curve is nonstructural and not kyphotic.
Selection of the lower instrumented vertebra (LIV) requires
identiication of the end, neutral, and stable vertebra (SV) of
the distal structural curve to be included in the fusion.95 A safe
place to end the fusion is the SV; however, the Lenke classiication and current correction techniques employing pedicle
ixation and derotation maneuvers allow for shorter distal
fusion levels (Fig. 27.6). As noted earlier, in addition to all
Lenke 1A curves, in selective thoracic fusions of Lenke 1C and
2C curves, the TV can be the LIV if it is proximal to the stable
vertebra. With possible selective thoracic fusion of Lenke 3C
and 4C curves, the TV is still going to be below the apex of
the structural TL/L curve even when that curve is not included
in the fusion. Similarly, with nonselective thoracic fusions, as
well as Lenke 5C and 6C curves, the LIV can be cephalad to
the SV provided that the intended LIV touches the CSVL, does
not have signiicant rotation (Nash-Moe grade ≤1.5), and the
disc below is parallel or closed on the convexity and the apex
of the TL/L curve is L1 or the L1–L2 disc, not L2.

Chapter 27 Idiopathic Scoliosis

459

S E C T I O N

IV

A

B

E

F

C

G

D

H

FIG. 27.5 (A–D) Radiographs of a female, age 14 years + 9 months, with a Lenke 5CN curve. She was treated
with a posterior-only approach. (E–H) Note postoperative balanced spine and excellent clinical results.

In placing thoracic screws, it is essential to follow sequential
steps at every screw placement.79,80 With small pedicles, time
should be taken to expand the pedicle to accommodate a
screw.96 Alternatively, parapedicular screw placement is a safe
possibility.97 Although we advocate the use of pedicle screws
whenever possible, when employing hook-and-rod segmental
instrumentation, it is imperative to reverse hook orientation
where the discs are reversed in orientation to maintain coronal
and sagittal balance.98 We also advocate selective thoracic
fusions whenever feasible.

Selective Fusions
he term selective fusion refers to minor structural thoracic
or lumbar curves that cross the midline, but are not included
in the fusion. hat is, they are let untreated. Similarly, rare

situations arise when one considers fusing nonstructural,
secondary curves for the sake of cosmesis, spinal balance,
or both.
he Lenke classiication system provides an objective way
to decide when to perform selective fusions in patients with
AIS, especially with type C curve patterns, including Lenke
1 and 2C, and possibly Lenke 3C and 4C types.47,92 Selective fusions of the latter types are achieved by having stricter
criteria that deine the structural characteristics of individual
curves, leading to an objective analysis that helps in choosing
which curves can be selectively fused without ensuing clinical imbalance.43,44,99,100 Clinical assessment of the deformity
cannot be overemphasized because it plays as important a
role as the radiographic assessment when deciding whether
to perform a selective fusion. Hence, the analysis of whether
or not to proceed with a selective thoracic fusion (STF) begins
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FIG. 27.6 (A–D) Radiographs of a female, age 14 years + 7 months, with a Lenke 1BN/L1 curve. She was
treated by posterior-only approach, T3–L1 (0). (E–H) Note postoperative balanced spine with spontaneous
lumbar correction from B to A modiier and excellent clinical results.

with the clinical assessment of the patient’s deformity as well
as skeletal maturity.41,43,92 he magnitude of the thoracic and
lumbar prominences are evaluated in order to decide if the
patient is willing to accept a moderate lumbar hump when
contemplating an STF. Next, the radiographic analysis entails
comparing the relative Cobb angle measurements and apical
vertebral rotation and translation ratios of the thoracic and
TL/L curves.48,49 Also, one cannot overlook the thoracolumbar
sagittal proile because this can lead to curve misclassiication
and incorrect operative management; that is, proceeding with
an STF in a curve pattern when selective fusion might not

be recommended. In terms of operative management, attention must be paid to the degree of tilt let on the LIV when
carrying out an STF; this is guided by the lumbar modiier
to allow for harmonious balance of the unfused structural
lumbar curve.
A rough estimate of the degree of tilt to be let on the
LIV is equal to the remaining tilt on a preoperative supine
ilm. his tilt is further assessed with intraoperative full-spine
radiographs.99 Again, this is imperative in allowing for accommodation of the structural component of the lumbar curve,
especially with selective fusions.47 he lower endplate of the
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FIG. 27.7 (A–D) Radiographs of a girl, age 11 years + 9 months, with progressive right thoracic compensatory
left lumbar scoliosis. Her main thoracic curve progressed to 70 degrees, and her compensatory 46-degree curve
decreased on side bending to 16—a 1CN/T12 classiication. (F–G) She underwent a selective thoracic fusion,
T3–T12 (0) with a pedicle screw construct, with nicely matched 14-degree thoracic and 13-degree lumbar
scoliotic curves 1 year postoperatively with spontaneous lumbar correction from modiier C to B and adequate
sagittal balance. Preoperative and postoperative clinical images show improved truncal correction on upright
(E, J) and forward bend (H, I) views.

LIV should be horizontal for type A lumbar modiier curves,
a mild tilt should be let on type B curves, and an appropriate
degree of tilt should be let on the LIV for type C curves
(Fig. 27.7).
Selective anterior fusions of major TL/L curves associated
with minor and partially structural thoracic curves in Lenke
5C and 6C curves can also be considered.92 he analysis here
parallels that of a thoracic STF. Additionally, the thoracic
curve should be less than 50 degrees, bend out to 20 degrees
or less, the TL/L-to-thoracic Cobb ratio should be 1.25
or greater, and the triradiate cartilages should be closed.46
However, such selective fusions should not be undertaken
when shoulder depression ipsilateral to the TL/L curve exists,
the patient is highly skeletally immature, or a clinically unacceptable thoracic hump is present. To prevent decompensation, if the lumbar curve bends out more than the thoracic
curve does, the lumbar curve should not be overcorrected
because the thoracic curve likely would not compensate to
achieve postoperative balance.91 One study showed an average
spontaneous correction of 14 degrees or 36% improvement

of the thoracic curve when a selective TL/L fusion was
performed.47

Adjuncts to Correction
Direct Vertebral Rotation
In the past, curves greater than 75 degrees, curves that do not
correct below 50 degrees, and curves needing a thoracoplasty
have required anterior releases. With the use of modern
techniques of multisegmental pedicle screw ixation and the
addition of direct vertebral rotation (DVR) techniques, safe
and efective procedures demonstrating greater coronal and
sagittal realignment along with acceptable cosmesis without
the need for an anterior procedure have been reported.101-103
Additionally, in the thoracic region, DVR helps derotate the
spine and signiicantly decreases the rib prominence. Care
must be taken to use stifer rods, prebent in the sagittal proile,
to prevent inducing hypokyphosis in the thoracic spine. DVR
also helps to obtain better three-dimensional correction in the
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TL/L component of Lenke double major curves and to minimize the LIV tilt angle.101
A DVR is performed only if screw placement is adequate,
if the thoracic spine is not overly lordotic or kyphotic, and
when there is a clinically signiicant thoracic or lumbar prominence. he DVR technique necessitates accurate placement
of pedicle screws at the apex of the deformity and the three
levels at the proximal and distal ends of the fusion. When
the thoracic spine has a (+) sagittal modiier, per the Lenke
classiication, a DVR maneuver is not performed because
increased kyphosis places considerable strain on the proximal screws unless appropriate releases via posterior column
osteotomies are performed. Otherwise, the coronal and sagittal deformities are addressed simultaneously by convex rod
instrumentation irst.

Osteotomies
Several osteotomy choices are available to correct sagittal,
coronal, and multiplanar deformities associated with previously fused or more severe idiopathic scoliosis curves, including posterior column osteotomies (Ponté, Smith-Petersen),
pedicle subtraction osteotomy, and vertebral column resection
(VCR). A Smith-Petersen osteotomy classically refers to an
osteotomy performed through a previous lumbar fusion
mass, whereas a Ponté osteotomy refers to a posteriorly based
thoracic osteotomy through a previously unfused spine. We
prefer the term posterior column osteotomy, as it avoids this
prevalent confusion. Like sagittal imbalance, coronal imbalance can be classiied as type A or B. In type A, the shoulders
and pelvis are tilted in the opposite direction, whereas in type
B, they tilt in the same direction.104,105 Typically, single-plane
type A deformities can be addressed with one pedicle subtraction osteotomy (PSO); multiple or asymmetrical pedicle
subtraction osteotomies can be used when dealing with stif
or kyphoscoliotic cases. Simple trigonometric calculations
at the vertebral body where the osteotomy is going to be
performed permit precise determination of the angle of bony
resection required for global balance.106 Type B deformities
likely require a VCR.
VCRs can be performed via a combined anterior and posterior approach (i.e., circumferentially) or from a posterior-only
approach (Fig. 27.8).107 Compromised pulmonary function
lends consideration, however, to performing a posterior-only
approach. he surgeon must balance the potential pulmonary compromise of the patient with the understanding that
the extracavitary approach (i.e., posterior only) requires
a higher level of surgical expertise and is technically more
demanding.108,109 As with all surgical procedures, adherence
to safety is the most important principle, and if the surgeon
is uncomfortable with a particular approach or technique,
a referral should be made.110 Nevertheless, this correction
modality is appropriate in the setting of congenital cases,
multiplanar or stif kyphoscoliotic curves, curves previously
fused circumferentially, and cases of global imbalance.
In the last-mentioned situation, attention must be paid to
the direction of the shoulder and pelvic tilt imbalance (see
Fig. 27.8).

Minimally Invasive Techniques
Minimally invasive spine surgery is a popular concept that
uses imaging, retraction, and implant technologies to help
surgeons locate the exact area on which they are to operate.
his type of procedure is done through incisions less than 1
inch long, minimizing damage to surrounding muscles and
other tissues, which rapidly increases the healing and reduces
recovery time. It also uses technology to perform the surgery
more eiciently. One example is a video-assisted thoracoscopic
procedure. According to Newton and colleagues,111 this procedure can be used for an anterior thoracic release or to
achieve deformity correction via rod-screw constructs. Given
the small incisions and the muscle-splitting technique used, a
reduction in chest wall disruption and subsequent lung volume
decrease, as is the case with an open thoracotomy approach,
was noted. his procedure ofers comparable curve correction
and a faster return to presurgical function.90,91 However, with
advances in instrumentation as mentioned previously and the
enhanced ability to perform a direct vertebral derotation with
posterior pedicle screw constructs, the use of video-assisted
thoracoscopic instrumentation procedures has declined substantially. he decision between an anterior and a posterior
approach is based purely on surgeon preference at this point.

Postoperative Care
Patients are usually observed in the intensive care unit overnight. Sitting and standing with assistance is permitted, and
physical therapy is usually started on the irst postoperative
day. When stable, patients are transferred to the regular loor.
As bowel function returns and patients are able to tolerate
clear luids, routine intravenous narcotics are replaced with
oral narcotics as needed. Typically, no postoperative bracing
is used. When patients are ambulatory, the urinary catheter is
removed. On postoperative day 3, the drains are discontinued
along with prophylactic antibiotics. Ater discharge, usually on
postoperative day 4 or 5, patients may start to slowly resume
activities.

Complications
Complications can occur during any of the treatment stages—
preoperative, intraoperative, or postoperative.112,113 At the
preoperative stage, inappropriate curve classiication and
inadequate surgical planning can lead to inappropriate surgical decisions. hus, it is essential to ensure that when performing a selective fusion, the clinical exam is considered and
appropriate structural curve criteria are met.92 Choosing
inappropriate fusion levels can also be included in the category
of preoperative complications.114
Intraoperative complications most commonly result from
technical errors, including instrumentation misplacement.
Hooks that do not hug the lamina or misplaced pedicle screws
can lead to devastating complications, including spinal cord
insults. Overcorrection of curves and, conversely, inadequate
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FIG. 27.8 (A–D) Radiographs of a girl, age 12 years + 6 months, with a severe progressive right thoracic
scoliosis. Her curve progressed to 159 degrees bending to only 135 degrees. (E–F) She underwent a posterior
single-level vertebrectomy and T2–L4 fusion with pedicle screw construct with marked correction of her
coronal plane deformity at 5 years postoperatively. (G–H) Preoperative and postoperative clinical photographs
show her much improved clinical appearance.

releases, leading to an unbalanced spine, account for other
types of intraoperative complications. Inappropriate decortication, inadequate bone grat material, and the use of bulky
crosslinks can result in a higher rate of pseudarthrosis.
Intraoperative neurophysiologic monitoring with somatosensory evoked potentials, motor evoked potentials, and/or
descending neurogenic evoked potentials help alert the
surgeon to any impending intraoperative spinal cord neurologic deicit.115,116 hese deicits typically occur from spinal
cord distraction, overcorrection, vascular compromise, or,
rarely, directly from instrumentation. If intraoperative neurophysiologic monitoring declines past warning criteria, the
surgeon should implement a course of action that includes
ensuring that the irrigation being used is of adequate temperature, keeping mean arterial blood pressure elevated at a
minimum greater than 80 to 90 mm Hg, and reversing instrumentation or spinal correction to the prewarning criteria state.

If intraoperative neurophysiologic monitoring data do not
return to baseline within a reasonable time, a wake-up test
should also be performed to assess true neurologic function.
In addition to adhering to the proven sequential technique of
freehand screw placement, pedicle screw stimulation provides
an added safety measure.79,80 Judicious use of intraoperative
imaging can also be employed, especially with signiicant
deformities.
Postoperative complications can arise from delayed consequences of technical errors, neurovascular compromise,
medical comorbidities, and wound infections. Although
perioperative antibiotics are commonly used, when wound
infections do occur, they generally are treated aggressively
with wound irrigation and debridement. Instrumentation
well seated on the spine is always let in place; however, the
decision to remove or maintain the bone grat is deined by
the individual case and surgeon preference. Removal of the
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instrumentation can lead to loss of curve correction and
decompensation.117 Additionally, at inal closure, powder
antibiotics can be placed inside the wound (deep and supericial to the fascia), and long-term parenteral antibiotics
are provided based on the results of intraoperative wound
cultures and sensitivities. With delayed or late infections, the
instrumentation is initially removed and later usually replaced
because the deformity can progress as the fusion mass is
subject to repeated bending forces.117,118 Also, the fusion mass
is inspected further, and any pseudarthrosis noted is repaired
at the reinstrumentation stage.

Summary
Understanding and treatment of spinal deformities has broadened; however, idiopathic scoliosis remains a diagnosis of
exclusion. With advances in genetic mapping of idiopathic
scoliosis, better understanding of the etiology and incidence
of the disease is promising. It is hoped that better understanding will bring earlier identiication, more insight into curve
progression risk, and treatments of the condition without
the need for major surgery of severe curves. Technological
advances—including the advent of pedicle screw instrumentation, better derotation equipment, and osteotomy techniques—
have signiicantly improved spinal surgeons’ ability to treat
more rigid curves while obtaining better correction and
maintaining safety.
Possible treatment modalities include close observation,
bracing, and surgical intervention. he Lenke classiication of
AIS allows for the identiication of appropriate fusion levels and
choice of selective fusions, which are imperative for optimal
surgical management. Although all curves can be approached
posteriorly, one can employ an anterior approach in selected
Lenke 1 curve patterns, Lenke 6CN curves, and many Lenke
5CN curves. Selective fusions should be performed whenever
possible, and critical curve analysis should be performed
preoperatively with all available objective modalities. Direct
vertebral rotation ofers improved thoracic correction and a
decreased need for thoracoplasty. Complex, decompensated,
large, rigid curves and curves previously fused may require
osteotomies to achieve the desired correction. Some pitfalls
of scoliosis surgery, such as decompensation and adding on
of a fused curve, can be avoided when these principles are
applied.
One must be mindful of the lessons of the past in understanding the assessment and management of spinal deformity.
Spinal surgeons constantly must strive for improvements in
surgical technique that lead to shorter, selective fusions and a
balanced spine with maximum possible correction. hese
improvements can include less invasive approaches while not
forgetting the basic principles of curve identiication and
fusion techniques. he ultimate goal should be correction of
the curve without fusion of unnecessary vertebrae, allowing
for continued spinal motion. Safety for patients is of the
utmost importance and is achieved by appropriate training,
careful patient selection, and adherence to the principles of
deformity surgery.

PEARLS AND PITFALLS
1. Bracing of the juvenile idiopathic or skeletally immature
adolescent idiopathic patient is still a viable option for those
with curves between 25 degrees and 45 degrees. Brace
compliance, the it of the orthosis, and the number of hours of
brace wear per day are critical components to success, along
with the genetic predisposition toward curve progression.
2. It is important to determine the lexibility of the spinal deformity.
Therefore, preoperative radiographic assessment should include
not only upright radiographs, but also side-bending, supine,
push-prone, traction (if applicable), and hyperextension (for
hyperkyphosis) radiographs, alone or in combination.
3. Proper classiication of AIS curves preoperatively will aid in the
regions of the spine to be fused. One must remember to
include the thoracolumbar sagittal proile in preoperative
planning to prevent misclassiication and incorrect surgical
management.
4. It is critical to examine shoulder symmetry clinically and
radiographically, the PT curve (stifness and sagittal proile),
and degree of MT curve correction when selecting proximal
fusion levels in idiopathic scoliosis patients to obtain optimal
shoulder balance after surgery.
5. Distal fusion levels are determined by the relationship among
the end, neutral, and stable vertebrae of the distal structural
curve to be fused, along with the TV in relation to the position
of those vertebrae to the CSVL. Most commonly, the distal
fusion level will be one level above stable if that level is fairly
neutral and the vertebra is at least “touched” by the CSVL on
the upright coronal ilm (the TV rule), does not have much
rotation, and the disc below is parallel or closed on the
convexity.
6. Satisfactory clinical and radiographic results can be achieved
with selective thoracic fusions of properly selected lumbar C
modiier curves.
7. The use of anterior procedures and circumferential surgery for
AIS has markedly decreased since 2000, with the predominant
use of posterior-only surgery with spinal osteotomies as
needed for adequate three-dimensional correction.
Disadvantages such as chest cage disruption (including
suboptimal pulmonary function), risk of implants abutting the
major vessels, and the ability to treat only a single curve at a
time have limited these approaches over time.
8. The use of posterior instrumentation and fusion with or without
various forms of spinal osteotomies has become the mainstay
for the surgical management of pediatric and adult idiopathic
scoliosis deformities. All curve patterns can be managed by
surgeons familiar with the classic midline posterior approach.
9. Surgical outcomes are based on radiographic parameters and
clinical assessments, such as scoliometer measurements and
shoulder height, as well as patient-reported outcome
questionnaires.
10. The use of segmental pedicle screw ixation for the posterior
treatment of pediatric and adult idiopathic scoliosis curves has
become the primary instrumentation construct. In addition,
thorough bone grafting with a combination of autogenous
bone, allograft bone, and/or the use of osteobiologics,
especially in the adult population, has become routine at many
centers throughout North America.
11. Optimal surgical outcomes in the treatment of idiopathic
scoliosis deformities include proper patient selection, exacting
surgical technique, and a well-balanced spinal alignment with
minimal to no complications.

Chapter 27 Idiopathic Scoliosis

KEY POINTS

KEY REFERENCES
1. Lenke LG, Betz RR, Bridwell KH, et al. Intraobserver and
interobserver reliability of the classiication of thoracic
adolescent idiopathic scoliosis. J Bone Joint Surg Am. 1998;80:
1097-1106.
This study showed poor to fair reliability of the King classiication
of adolescent idiopathic scoliosis, questioning its usefulness as an
accurate system.
2. Lenke LG, Betz RR, Harms J, et al. Adolescent idiopathic scoliosis:
a new classiication to determine extent of spinal arthrodesis.
J Bone Joint Surg Am. 2001;83:1169-1181.
This new two-dimensional treatment-based AIS classiication
system was found to have good to excellent reliability and allows
classiication of all adolescent idiopathic scoliosis curves.
3. Lenke LG, Betz RR, Clements D, et al. Curve prevalence of a
new classiication of operative adolescent idiopathic scoliosis:
does classiication correlate with treatment? Spine. 2002;27:
604-611.
Of 606 consecutive AIS cases classiied by the Lenke et al system,
type 1 main thoracic curves were the most common (51%), and 90%
of curves were fused as predicted by the system.
4. Sanders AE, Baumann R, Brown H, et al. Selective anterior fusion
of thoracolumbar/lumbar curves in adolescents: When can the
associated thoracic curve be left unfused? Spine.
2003;28:706-713.
Of 49 patients with AIS who underwent an anterior selective
thoracic fusion, 43 had satisfactory results based on the preoperative
thoracolumbar/lumbar-to-thoracic ratio of 1.25 or greater.
5. Edwards CC II, Lenke LG, Peelle M, et al. Selective thoracic fusion
for adolescent idiopathic scoliosis with C modiier lumbar
curves: 2- to 16- year radiographic and clinical results. Spine.
2004;29:536-546.
Satisfactory results were achieved with selective thoracic fusion of
properly selected C modiier lumbar curves with under-correction of
the instrumented thoracic curve (36%) to match the spontaneous
correction of the lumbar curve (34%).

REFERENCES
1. Bunnell WP. he natural history of idiopathic scoliosis before
skeletal maturity. Spine. 1986;1:773-776.
2. Cobb JR. Outline for the study of scoliosis. Instr Course Lect.
1948;5:261-275.
3. Ponseti IV, Friedman B. Prognosis in idiopathic scoliosis.
J Bone Joint Surg Am. 1950;32:381-395.
4. Dickson RA. Conservative treatment for idiopathic scoliosis.
J Bone Joint Surg Br. 1985;67:176-181.

5. James JI. Idiopathic scoliosis: the prognosis, diagnosis, and
operative indications related to curve patterns and the age at
onset. J Bone Joint Surg Br. 1954;36:36-49.
6. Fernandes P, Weinstein SL. Natural history of early onset
scoliosis. J Bone Joint Surg Am. 2007;89(suppl 1):21-33.
7. Kane WJ, Moe JH. A scoliosis-prevalence survey in
Minnesota. Clin Orthop Relat Res. 1970;69:216-218.
8. Pring ME, Wenger DR. Adolescent deformity. In: Bono
CM, Garin SR, eds. Spine Orthopedic Surgery Essentials.
Philadelphia: Lippincott Williams & Wilkins; 2004:163-164.
9. Moreau A, Wang DS, Forget S, et al. Melatonin signaling
dysfunction in adolescent idiopathic scoliosis. Spine. 2004;29:
1772-1781.
10. Azeddine B, Letellier K, Wang da S, et al. Molecular
determinants of melatonin signaling dysfunction in
adolescent idiopathic scoliosis. Clin Orthop Relat Res. 2007;
462:45-52.
11. Yamamoto H. A postural dysequilibrium as an etiological factor
in idiopathic scoliosis [abstract O]. In Programs and Abstracts
of the 17th Annual Meeting of the Scoliosis Research Society,
Denver, 1982, p 52.
12. Machida M, Dubousset J, Imamura Y, et al. An experimental
study in chickens for the pathogenesis of idiopathic scoliosis.
Spine. 1993;18:1609-1615.
13. De Seze M, Cugy E. Pathogenesis of idiopathic scoliosis: a
review. Ann Phys Rehabil Med. 2012;55(2):128-138.
14. Kouwenhoven JW, Castelein RM. he pathogenesis of
adolescent idiopathic scoliosis: review of the literature. Spine.
2008;33:2989-2998.
15. Kulkarni S, Nagarajan P, Wall J, et al. Disruption of
chromodomain helicase DNA binding protein 2 (CHD2)
causes scoliosis. Am J Med Genet. 2008;146A:1117-1127.
16. Gao X, Gordon D, Zhang D, et al. CHD7 gene
polymorphisms are associated with susceptibility to idiopathic
scoliosis. Am J Hum Genet. 2007;80:957-965.
17. Tilley MK, Justice CM, Swindle K, et al. CHD gene
polymorphisms and familial idiopathic scoliosis. Spine.
2013;32(22):E1432-E1436.
18. Takahashi Y, Kou I, Takahashi A, et al. A genome-wide
association study identiies common variants near LBX1
associated with adolescent idiopathic scoliosis. Nat Genet.
2011;43:1237-1240.
19. Hua J, Xusheng Q, Jin D, et al. Association of rs11190870 near
LBX1 with adolescent idiopathic Scoliosis susceptibility in a
Han Chinese population. Eur Spine J. 2013;22(2):282-286.
20. Risser JC, Norquist DM, Cockrell BR Jr, et al. he efect of
posterior spine fusion on the growing spine. Clin Orthop Relat
Res. 1966;46:127-139.
21. Carr AJ. Adolescent idiopathic scoliosis in identical twins.
J Bone Joint Surg Br. 1990;72:1077.
22. Kesling LK, Reinker KA. Scoliosis in twins: a meta-analysis
of the literature and report of six cases. Spine. 1997;22:
2009-2014.
23. Anderson MO, homsen K, Kyvik KO. Adolescent idiopathic
scoliosis in twins: a population-based survey. Spine.
2007;32:927-930.
24. Gurnett CA, Alaee F, Bowcock A, et al. Genetic linkage
localizes an adolescent idiopathic scoliosis and pectus
excavatum gene to 18q. Spine. 2009;4:E94-E100.
25. Diedrich O, von Strempel A, Scholz M, et al. Long-term
observation and management of resolving infantile
idiopathic scoliosis: a 25-year follow-up. J Bone Joint Surg Br.
2002;84:1030-1035.

S E C T I O N

1. Patient evaluation skills and highly specialized technical skills are
essential for the scoliosis surgeon.
2. Anterior approaches are possible, but all curves can be
addressed posteriorly.
3. Selective fusions should always be considered when
appropriate.
4. Adjuncts to posterior correction possibly can help obviate more
extensive approaches.
5. Be careful in choosing appropriate fusion levels and leaving an
appropriate tilt on the LIV when performing a selective fusion.
6. Avoidance and treatment of complications in the preoperative,
intraoperative, and postoperative periods is important.
7. Some form of spinal cord monitoring is mandatory for all
scoliosis corrective procedures.
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General Principles
Neuromuscular disorders commonly lead to spinal deformities that are some of the most challenging treatment dilemmas
addressed by spine surgeons. Despite the various conditions
that fall in this category, neuromuscular disorders involve
neurologic or muscular deiciencies that produce progressive
multiplanar skeletal deformities. Common features of neuromuscular scoliosis include the following:
Large curves early in life: Early neuromuscular insult predisposes patients to rapidly progressive scoliosis.
Stif curves: hese patients are more likely to develop stif
curves because of the early onset of neuromuscular deiciency,
resulting in limited mobility and secondary contractures.
Progressive curves: As in idiopathic scoliosis, the potential
for curve progression is greatest during rapid growth and with
loss of ambulation. Increasing weakness or persistent muscle
imbalance around the spine in patients with neuromuscular
disorders can cause progression of scoliosis independent of
growth, however.
Long curves: Less severely afected individuals may have an
S-shaped curve with well-balanced double curves. Long
C-shaped curves are more likely in severely afected patients
with resultant sitting imbalance.
Pelvic obliquity: Lower extremity contractures and imbalanced spinal deformity cause pelvic obliquity, which may
impair comfortable sitting for these patients.
Sagittal plane deformity: Gravity and muscular deiciency
can also lead to sagittal plane deformity, including thoracic or
lumbar hyperkyphosis or lumbar hyperlordosis.
Patients with neuromuscular disorders are challenging
because of the complexity of their deformity and fragility of
their overall health; they are best treated by an experienced
surgeon with support from a multidisciplinary team.

muscular (e.g., muscular dystrophy). Neurologic deiciencies
can be broken down further into upper motor neuron dysfunction, as seen in myelomeningocele, or lower motor neuron
dysfunction, as seen in spinal muscular atrophy (SMA).

Natural History and Associated Complications
Neuromuscular scoliosis generally begins early in life, is oten
rapidly progressive, and causes signiicant morbidity. Some
patients are capable of ambulation, although many lose their
ability to walk early in life or never achieve ambulatory status
at all. he use of a wheelchair afords these patients educational
and social opportunities that enrich their lives. Spinal deformity can impair comfortable sitting and dramatically reduce
the individual’s quality of life. Unbalanced curves and signiicant pelvic obliquity make wheelchair positioning diicult and
may cause uneven distribution of weight that may lead to
pressure sores (Fig. 28.1). Prominences created by the convexity of a curve may result in skin breakdown; creases within the
concavity of the trunk deformity are susceptible to skin
maceration and infection (Fig. 28.2). Majd and colleagues1
showed a correlation between deformity size, functional
decline, and decubitus. Large rigid curves restrict lung volume
and impair respiration in patients who oten already have
limited pulmonary capacity. Treatment of neuromuscular
scoliosis can also help the caretakers of these patients, improving the ease of transfers, positioning, feeding, and hygiene.
he ultimate goal of treatment of patients with neuromuscular
scoliosis is the maintenance of as much independence and
function as possible. When patients with neuromuscular
scoliosis lose the ability to sit comfortably, their quality of life
is dramatically decreased. he natural history for a given
patient is largely determined by the speciic underlying neuromuscular condition and the degree of involvement.

Classiication

Treatment Principles

he classiication of neuromuscular scoliosis can be based on
the underlying disorder: neurologic (e.g., cerebral palsy) or

he basic principles of observing or bracing smaller, lexible curves and surgically fusing larger, more rigid curves
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FIG. 28.1 Progression of scoliosis after skeletal maturity in a patient with cerebral palsy. (A) At age 15, curve
measures 75 degrees. (B) At age 18, curve measures 115 degrees. (C) At age 23, curve measures 143 degrees.
(D) The patient is unable to be comfortably positioned in her wheelchair.

in adolescent idiopathic scoliosis apply to the treatment of
neuromuscular scoliosis, although with less aggressive parameters. Observation alone is employed until curves begin to
cause functional impairment. Bracing can be a temporizing
measure, used primarily to provide sitting support while
the patient grows. Eventually, many of these patients require
surgical stabilization with a spinal instrumentation and fusion
procedure.

Nonoperative Treatment
Medical Treatment
Spinal Muscular Atrophy
Before the 1990s, there was no clear molecular target for SMA
diseases. As a result, various medications were tried in an
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of-label fashion that found diferent degrees of success in
other diseases causing muscle weakness, such as amyotrophic
lateral sclerosis. Randomized placebo-controlled trials have
been conducted to investigate the eicacy of several medical
treatments for SMA, including creatine, phenylbutyrate, gabapentin, and thyrotropin-releasing hormone.2–5 None of these
compounds has proven to be an eicacious drug treatment for
SMA.2 he discovery of the survival of motor neuron (SMN)
gene has resulted in the development of animal models to test
new therapies. he main objective of these therapies is to
increase the expression of the SMN protein. hese RNA-based
molecule therapies along with gene therapy have shown
promise in animal models and are currently in the preclinical
testing phase.6 However, as of yet these therapies have not
been efective in human trials.

Cerebral Palsy
Several medical therapies have been investigated for the treatment of spasticity in patients with cerebral palsy (CP). Botulinum toxin has gained a growing acceptance as a treatment
of upper and lower limb spasticity. Initial reviews of the literature by the Cochrane Collaboration and others yielded
inconclusive evidence that could neither conirm nor deny the
eicacy of botulinum toxin in the treatment of spasticity.7
Inclusion of more recent randomized controlled trials (RCTs)
into the analysis has provided evidence that supports the use
of botulinum toxin to provide a time-limited beneit to
decrease muscle tone in children with upper and lower limb
spasticity associated with CP.8 In a study of 16 children with

CP, botulinum toxin A injections into the gastrocnemius
muscle decreased spasticity and improved ankle range of
motion (ROM), pattern of walking, and reduced energy consumption, providing improvement in function. he evidence
trend is in favor of using this therapy to reduce spasticity early
in the management of CP, although there is little evidence that
this has a role in preventing or treating scoliosis.
Intrathecal baclofen is a well-established treatment that
has been shown to provide signiicant beneits in controlling
spasticity in patients with CP. Intrathecal baclofen has been
shown to reduce the need for orthopaedic lower extremity procedures and the rate of postoperative complications
associated with these procedures.9 Concerns have been raised,
however, regarding its impact on the progression of scoliosis
in patients with spastic quadriplegia. In a retrospective review,
Ginsburg and Lauder10 found a six-fold increase in the rate
of scoliosis curve progression at 2-year follow-up in a group
of 19 quadriplegic CP patients with spasticity. Caird and colleagues11 showed a signiicantly higher rate of complications
associated with posterior spinal fusion and instrumentation
in a group of 20 CP patients with spasticity with intrathecal
baclofen pumps compared with a matched control group. his
study was limited by its relatively small sample size and lack of
a control group. Shilt and colleagues12 found no diference in
curve progression at 3-year follow-up between 50 CP patients
treated with intrathecal baclofen and 50 matched control CP
patients. In a review of the literature, Scannell and Yaszay
suggested that no conclusive evidence exists to support the
hypothesis that intrathecal baclofen pumps lead to worsening
of the scoliosis in CP patients.13 herefore, based on the current
evidence, no signiicant conclusions can be drawn about the
impact of intrathecal baclofen pumps on the progression or
treatment of spinal deformity in patients with CP. Baclofen
can provide signiicant relief of spasticity, and this evidence
must be considered in the context of any potential side efects.

Duchenne Muscular Dystrophy
Advances in general care, glucocorticoid treatment, noninvasive ventilatory support, cardiomyopathy management, and
scoliosis management have signiicantly changed the course
of Duchenne muscular dystrophy (DMD). Survival into
adulthood is now a realistic expectation for many patients
who receive optimal treatment.13 Although gene-based and
cellular-based therapies are currently under development for
the treatment of DMD, the eicacy of glucocorticoid steroids
has been evaluated by several randomized controlled trials.
In their Cochrane review and meta-analysis, Manzur and
colleagues14,15 concluded that there is evidence that muscle
function and strength are improved in the short term (6
months to 2 years) with corticosteroid therapy. he authors
based their conclusion on six RCTs and observed that the
most efective prednisolone dose seemed to be 0.75 mg/kg
per day, given daily.14 Markham and colleagues16 showed that
glucocorticoid therapy provides the added beneit of retarding the anticipated development of ventricular dysfunction
if begun before ventricular dysfunction in their series of 14
DMD patients treated with steroids compared with 23 DMD
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FIG. 28.2 Severe spinal deformity can lead to skin maceration on concave
side of curvature and pressure sores on convex side.
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FIG. 28.3 Bracing in neuromuscular scoliosis is often poorly tolerated. Although it provides modest correction,
as shown in these radiographs, rigid bracing may lead to excessive skin pressure in patients who cannot
actively pull away from the brace.

patients treated without steroids. Shapiro and colleagues17
evaluated 85 DMD patients who were not receiving steroids,
inding that 97% had progression of their scoliosis of more
than 10 degrees ater becoming wheelchair dependent, regardless of age. Based on their indings, Shapiro et al.17 advocated
for spinal fusion in the majority of patients ater the curve had
progressed beyond 20 degrees and who were not on steroid
therapy to avoid future cardiac and pulmonary complications.
Conversely, Lebel et al.18 found a reduced incidence of scoliosis development and need for spinal fusion in patients treated
with long-term glucocorticoids.

Genetic and Family Counseling
Because of the complexity of the medical and psychosocial issues
associated with neuromuscular disorders and spinal deformity,
care needs to be coordinated with a multidisciplinary team. he
primary care physician should be well informed of all orthopaedic issues and play a central role in managing care. Psychosocial
support for patients and parents is also vital. Patient advocacy
groups have proven to be very useful in helping families cope
with the illness and associated surgical care. Physicians may
wish to provide information regarding clinical trials or refer
families to clinical trial websites (www.clinicaltrials.gov provides a current listing of open clinical trials). Patients and
parents may need to be referred for genetic counseling to
conirm the patient’s diagnosis and aid in family planning.

Bracing
Bracing is a controversial treatment method in idiopathic and
neuromuscular scoliosis. Bracing in neuromuscular scoliosis

may be used for postural support, although there is limited
evidence of its eicacy in limiting curve progression (Fig.
28.3). he etiology of the patient’s scoliosis and the patient’s
muscle tone have an impact on the practicality of brace treatment. Patients with spastic disorders generally do not tolerate
rigid brace treatment, whereas patients with laccid paresis are
more apt to be compliant with brace treatment. he type of
orthoses may play a role in the outcome of the treatment.
Kotwicki and colleagues19 followed 45 nonambulatory
patients with neuromuscular scoliosis treated with a suspension trunk orthosis (STO) and found that the STO slowed
curve progression in 23 patients. he STO construction functions contrary to the classic thoracolumbosacral orthosis
(TLSO), with the STO not resting against the patient’s pelvis
but rather directly against the seat. he evidence supporting
STO use to prevent curve progression is limited, however, and
skin intolerance found in 36 patients complicates its clinical
practicality. Although there is limited research on the results
of the STO brace, there are numerous studies investigating the
TLSO brace. In a study of 15 patients, Shoham and colleagues20
found that a TLSO reduced scoliotic deformity and pelvic
obliquity leading to reduced sitting pressure. hese results are
contrary to other studies reported in the literature. In a study
of 23 patients, Miller and colleagues21 followed 23 patients
with CP who wore a rigid Wilmington TLSO for an average
of 67 months and concluded that the bracing did not slow
progression of their deformity. Olafsson and colleagues22 followed 90 patients with various neuromuscular conditions
treated with a sot Boston orthosis for an average of 3 years
ater brace treatment. hey concluded that brace wear was
indicated only in a limited subset of patients—ambulatory
patients with hypotonia and short thoracolumbar curves (<40
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FIG. 28.4 Soft total-contact thoracolumbosacral orthosis in an older child. Less rigid forms of bracing are
better tolerated but do not seem to alter the natural history of curve progression.

degrees). In all other patients, brace wear was inefectual in
altering progression but did provide assistance in sitting.
Patients with neuromuscular scoliosis may lack sensate
skin to feel pressure from the brace or the muscular control
to pull away from the sides of the brace. hese patients rarely
tolerate the rigid braces oten used in idiopathic scoliosis.
Patients tend to tolerate sot TLSOs designed to provide
improved sitting stability and head and trunk control, while
limiting discomfort and skin breakdown (Fig. 28.4).23
he impact of the orthosis on pulmonary function is
another important factor to consider when contemplating a
TLSO for patients with neuromuscular scoliosis. he efect of
bracing on pulmonary dysfunction seems to depend on the
level of muscle spasticity. Flaccid patients are more amenable
to rigid bracing, although this bracing may signiicantly
decrease chest expansion, leading to compromised pulmonary
function.24 Patients with spasticity seem to be more amenable
to sot bracing, which does not seem to compromise pulmonary function,24 although this bracing has been shown only to
enhance seating comfort.21 Olafsson and colleagues22 and
Bunnell and MacEwen25 suggested that a subset of patients
with minimum deformity and muscle hypotonia or mild
spasticity may experience slowing of curve progression by
bracing without a negative impact on pulmonary function.
Other factors to evaluate when choosing orthotic treatment
for neuromuscular scoliosis include ease of application and
obstructions. A bivalved brace may be easier for a caregiver to
place, although it cannot provide as much corrective strength
as a single-opening brace. Winter and Carlson26 found the
two-piece bivalved brace to be a useful support in children

with myelomeningocele and SMA. Patients with a stoma or
gastrostomy tube require modiication of the brace to accommodate these features. Nakamura et al27 described their preliminary results on 52 patients with neuromuscular scoliosis
who were treated with a dynamic spinal brace (DSB), which
is a novel three-point support brace. Many of the patients in
the study were not surgical candidates due to signiicant surgical risk factors. Although the authors found that the brace
could not prevent the progression of scoliosis, it was efective
in maintaining sitting stability and function in neuromuscular
patients. Furthermore, no patients needed to discontinue the
brace during the study period due to complications. In
summary, the study showed that the DSB could be a useful
tool in patients who are poor surgical candidates with long
C-shaped curves in the early stages of their scoliosis.
Wheelchair modiications can aid in providing a more
comfortable seating position for patients with spinal deformity. Modular seating systems can be conigured for optimal
support of an individual patient (Fig. 28.5). A biomechanical
evaluation of seating insert conigurations by Holmes and
colleagues28 concluded that three-point force application
provides signiicant sitting support and static correction of
scoliosis. Patients with more severe deformity may beneit
from custom-molded seatbacks, although these items are
expensive, and younger patients may outgrow them quickly.

Operative Treatment
he timing for operative treatment is inluenced by curve
severity, underlying neuromuscular pathology, and other
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FIG. 28.5 Wheelchair systems can provide sitting support for patients who are not good candidates for
bracing. Custom-molded seatbacks can be made to accommodate substantial spinal deformities.
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FIG. 28.6 (A) Clinical photograph and (B) lateral radiograph of a child with severe kyphosis that impedes
balanced sitting.

factors. he curve severity guidelines are loosely based on,
but less aggressive than, the guidelines used in idiopathic
scoliosis. Fusion should be considered as coronal deformity
approaches 40 to 60 degrees. DMD may be an important
exception to this concept: surgery has been advocated when
the deformity reaches 20 to 40 degrees because of pulmonary

considerations.29 Patients with severely limited respiratory
function have been shown to have good outcomes in spinal
surgery, however. he sagittal proile is another important
consideration because lordotic and kyphotic deformities can
also impair sitting balance and pulmonary capacity (Fig.
28.6). Other factors that play a role in the decision to operate
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herefore, no evidence-based recommendations could be
made. Although the practicality of conducting an RCT of this
nature is questionable, the literature does not provide suicient
evidence to support the role of spinal surgical treatment in
patients with neuromuscular scoliosis. It is recommended that
the decision for surgical intervention be made based on the
needs of the individual patient in consultation with the multidisciplinary neuromuscular care team.
he goal of treatment is preservation of function, which
may entail maintaining ambulatory status, maintaining sitting
without upper extremity support, or simply allowing assisted
comfortable sitting. he decision to operate on a patient with
neuromuscular scoliosis is a highly individualized process that
should involve a frank and open discussion with the family and
patient about the risks and expectations of such a procedure.

Preoperative Considerations
Neurologic
Many patients with neuromuscular scoliosis are on long-term
antiseizure therapy, which has some important operative
ramiications. Antiepileptic medications such as phenytoin
and valproate have been linked to decreased bone turnover
and decreased intestinal absorption of calcium, resulting in
osteopenia, which may afect implant ixation and should be
considered in the selection of construct components.38,39 A
study by Kumandas and colleagues40 that analyzed 88 prepubertal ambulatory epileptic patients divided into two treatment groups over the course of 2 years on carbamazepine or
valproic acid found bone mineral density (BMD) to be
adversely afected. he BMD in the lumbar spine was signiicantly reduced in patients taking carbamezapine or valproic
acid compared to the age- and sex-matched control group.
According to the authors, carbamazepine and valproic acid
therapy results in a hyperparathyroid state and altered vitamin
D metabolism associated with reduced BMD. It is well known
that antiepileptic drugs (AEDs) adversely afect the coagulation system. Drugs such as carbamazepine, phenytoin, and
valproic acid can result in thrombocytopenia.41 Valproic acid
and gabapentin in previous studies have shown to cause
acquired von Willebrand disease type 1, hypoibrinogenemia,
decreased factor XIII, and abnormal platelet function.42
Koenig and colleagues43 showed that 47% of patients receiving
valproic acid had abnormal thromboelastographs (TEGs).
However, other studies have shown that patients on valproic
acid are not at increased risk of bleeding complications at
surgery. Manohar and colleagues44 showed in a study of 84
children undergoing craniotomy for resection of seizure focus
or hemispherectomy that none of the cohort showed signiicantly abnormal prothrombin time, activated partial thromboplastin time, or platelet count preoperatively. A total of 38%
of the study patients received allogenic blood transfusions;
4.7% showed clinically signiicant coagulopathy intraoperatively and postoperatively. However, prospective clinical
studies are needed that evaluate platelet function and coagulation problems to conirm if indeed AEDs pose little or signiicant intraoperative bleeding risks.

S E C T I O N

include patient age, nutritional status, cardiac function, curve
progression, patient comorbidities, and family and caretaker
support.
he beneit of scoliosis surgery in this population is a topic
of much debate. Many of these patients are poor operative
candidates and risk much undergoing involved corrective
surgery. Preoperatively, patients may have compromised pulmonary function, limited cardiac capacity, poor bone stock,
and high risk for aspiration, which put them in danger of
intraoperative or postoperative complications. Correction of
large deformities requires extensive exposures and long procedures that can lead to blood loss greater than one to two
patient blood volumes. Although many patients already have
neurologic compromise, they are still at risk for further compromise because of intraoperative spinal column manipulation. More powerful instrumentation systems have led to less
postoperative decompensation and pseudarthrosis; however,
there remains a considerable risk of curve progression, sometimes necessitating revision surgery.30-32
Despite the risk of surgery, the beneits of corrective scoliosis surgery for many of these patients are substantial. Halting
or slowing curve progression has a positive impact on the
functional ability, comfort, and overall quality of life of these
patients. Lonstein and Akbarnia33 reported that more than
50% of patients treated had functional improvement ater
surgery. In a study of 79 patients with total body spastic CP,
Comstock and colleagues31 found that 85% of caretakers surveyed were satisied with the surgery, reporting improved
comfort, sitting ability, and cosmesis for the patients. Bridwell
and colleagues30 found similar trends in a study of 54 patients
with neuromuscular disorders with all caretakers reporting
beneit from the surgery, speciically in the areas of ease of
patient care, skin breakdown, patient comfort, pulmonary
complications, and quality of life. Askin and colleagues34
evaluated 20 patients with neuromuscular scoliosis preoperatively and 6, 12, and 24 months ater corrective spinal surgery.
he authors noted decreased physical ability at the 6-month
time point followed by a return to preoperative function by 12
months, and concluded that scoliosis surgery in these patients
can stabilize, but not improve, function. However, 75% of
patients or caregivers were extremely pleased with the cosmetic results of the surgery. Although most of these patients
have deteriorating courses, the correction of spinal deformity
seems to improve their function and quality of life.
Although these positive results make a strong case for spine
surgery in patients with neuromuscular scoliosis, several
review studies have been unable to show a clear beneit of
surgical intervention for the patient. Mercado and colleagues35
evaluated 198 publications and graded their results on the
concept of Grades of Recommendation introduced in the
Journal of Bone and Joint Surgery.36 hese authors concluded
that the current literature shows that there is poor-quality
evidence that spinal fusion improves the quality of life in
patients with CP or DMD.35 In a 2015 updated Cochrane
Collaboration review by Cheuk and colleagues37 that reviewed
49 relevant studies, they found that no relevant randomized
controlled clinical trials were available to suiciently evaluate
the efectiveness of scoliosis surgery in DMD patients.
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Pulmonary
Patients with neuromuscular disorders are prone to pulmonary complications, necessitating a thorough preoperative
pulmonary assessment. Poor upper airway tone and anatomic
deviations can lead to increased risk of airway obstruction
during and ater surgery. hese patients are at high risk for
aspiration because of poor oropharyngeal tone and coordination; not only can chronic aspiration lead to pulmonary
ibrosis, but acute aspiration can result in perioperative
aspiration pneumonia. Patients may require a dietary change,
placement of a gastrostomy tube, or a Nissen fundoplication
with gastrostomy tube placement to control this aspiration
tendency before undergoing spinal surgery. Reactive airway
disease is common in these patients and may necessitate the
use of preoperative bronchodilators and inhaled steroids. In
addition, these patients may have chronic hypoventilation
with carbon dioxide retention and poor oxygenation.
Full pulmonary assessment should be conducted by a
pulmonologist and include a chest radiograph, arterial blood
gases, and pulmonary function tests if the patient’s developmental age is at least 4 years old. Vital capacity that exceeds
500 mL and peak expiratory low greater than 180 mL/min
are associated with decreased perioperative pulmonary complications. Although surgery may be considered in appropriately selected patients with preexisting respiratory failure,
Chambers et al.45 and Gill and colleagues46 showed that
patients with a forced vital capacity (FVC) of 20% of predicted
value can safely be operated on for deformity correction. his
prospective observational study followed eight patients on
noninvasive night ventilation for respiratory failure 48 months
ater surgery and found that all patients recovered well with
no major complications.
As a follow-up study to that of Gill et al., Chong and
colleagues47 evaluated the prognostic value of preoperative
pulmonary function tests (PFTs) for postoperative pulmonary complications and the operability despite signiicantly
decreased FVC (<30%) in laccid neuromuscular scoliosis. A
total of 74 patients stratiied into three groups (<30% FVC,
30–50% FVC, and >50% FVC) were evaluated. hey found no
statistical diference between groups in the number of complications. If a patient cannot be assessed with formal pulmonary
function tests, other signs of ventilatory capacity must be used,
including crying, laughing, and other vocalizations.48-50
Proper nutritional balance is crucial for successful surgical
outcomes in patients with neuromuscular scoliosis. Many
patients are malnourished secondary to a combination of relux,
low calorie intake, and high metabolic demand from frequent
illness. Malnourished patients are more prone to perioperative
complications such as wound dehiscence, wound infection, and
pulmonary complications. Conversely, older patients may be
obese, presenting further operative complications associated
with their body habitus. Nutritional status should be assessed
preoperatively with albumin and total blood lymphocyte levels.
Albumin should be greater than 3.5 g/L, and total lymphocyte count should be greater than 1.5 g/L.50 In a study of 44
patients, Jevsevar and Karlin51 found that patients had a lower
incidence of postoperative infections if they met these criteria.

A prospective randomized control study of total parenteral
nutrition (TPN) for long spinal deformity, performed by Lapp
and colleagues52 on 46 patients who underwent same-day or
staged procedures to evaluate the efect on complications and
recovery from postoperative malnutrition, showed TPN to be
safe. here was a trend toward faster recovery to nutritional
baseline in patients receiving TPN versus those who did not.

Gastrointestinal
Because patients with neuromuscular scoliosis are prone to
gastrointestinal dysmotility, they are at risk for a postoperative
ileus, requiring aggressive hydration, maximized nutritional
status, and a rigid daily toilet regimen. In addition, some
patients are very thin, and supine positioning and the acute
straightening of their deformity put them at risk for superior
mesenteric artery syndrome with obstruction of the duodenum. Although less common since the advent of segmental
instrumentation and decreased use of casting, this prolonged
obstruction carries signiicant morbidity; identifying at-risk
patients and maintaining a high index of suspicion when
encountering protracted vomiting is essential.

Cardiovascular
Patients may have cardiac problems secondary to their deformity and other cardiac issues that are comorbidities of the
primary disorder. horacic cage deformity resulting from
scoliosis can cause hypoventilation and subsequent increased
pulmonary vascular resistance; this increased vascular resistance can cause right ventricular hypertrophy and eventually
cor pulmonale. Patients with DMD may have cardiomyopathy
and arrhythmias. he complications associated with arrhythmias may be alleviated with glucocorticoid steroid treatment.14
Patients with myotonic dystrophy may also have cardiac
arrhythmias. Let ventricular hypertrophy can be associated
with Friedreich ataxia.

Hematologic
Studies have shown that patients with neuromuscular scoliosis
have greater blood loss than patients with idiopathic scoliosis
undergoing similar procedures. In this neuromuscular group,
the underlying disorder plays a major role in determining the
extent of blood loss. In a review article, Shapiro and Sethna53
found that patients with DMD had the greatest mean levels of
blood loss. Much of this diference is due to the requirement
for larger fusions in patients with neuromuscular scoliosis,
although osteopenia in these patients may also play a role.54,55
Preparation for major blood loss, sometimes exceeding 200%
of a patient’s blood volume, is essential.48 Oten, these patients
have already had major surgery, and previous blood loss
experience can be used as a guideline for preoperative preparation. Patients should have partial thromboplastin time,
prothrombin time, and platelet function evaluated as a part of
their preoperative blood work. A more aggressive coagulopathy workup should be conducted if the patient has previously
shown a tendency toward excessive blood loss.
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Radiographic Assessment
Patients should have preoperative anteroposterior and lateral
ilms taken of the entire spine, preferably in an upright (sitting
or standing) position. For assessment of skeletal maturity, a
separate anteroposterior radiograph of the pelvis should be
considered because scoliosis ilms oten truncate the anatomy
necessary to determine skeletal maturity. To assess spinal

lexibility, supine bending ilms or traction ilms are used.
Accurate measurements of the coronal Cobb angle, sagittal
Cobb angle, and pelvic obliquity are crucial for complete
preoperative planning and postoperative evaluations. In a
more recent analysis of the interobserver and intraobserver
variability of radiographic measurements of patients with
neuromuscular scoliosis, Gupta and colleagues60 found that
neuromuscular radiographs can be reliably analyzed with the
use of the coronal Cobb angle. Patients who may have congenital spinal anomalies or spinal tethering, such as patients
with myelomeningocele, should undergo MRI to evaluate the
neural elements fully before surgery. CT may also be useful in
some patients with severe deformity or in patients with a
congenital malformation of the vertebrae.

History of Instrumentation
in Neuromuscular Scoliosis
In 1942, Haas61 published one of the irst references to surgical
intervention in neuromuscular scoliosis: a case report describing muscle and fascial transfers to obtain complete and permanent correction in one patient. With the introduction of
the Harrington rod in 1962, use of this instrumentation with
fusion of the spine in patients with neuromuscular scoliosis
became the standard. Series using only Harrington rods and
posterior spinal fusion have been associated with high incidences of pseudarthrosis (19–40%), moderate initial correction (20–57%), and loss of correction ranging from 14% to
28%.33,62 Ater Harrington rod instrumentation, most patients
required bed rest and bracing or casting for up to 1 year.
he introduction of segmental spinal instrumentation by
Luque63 in 1976 led to major advances in the biomechanical
stability and correction of these very deformed spines (Fig.
28.7). Several studies revealed that Luque segmental sublaminar wire ixation had fewer complications than Harrington
instrumentation and was stable enough so that most patients
required no brace or cast postoperatively.62,64,65 Using the
Luque method, the only patients with CP requiring postoperative bracing may be patients with athetosis or poor ixation
because of severe osteopenia. his is a tremendous advantage
because postoperative casting carries the potential for skin
and pulmonary complications. Because of these attributes, the
Luque technique became the standard method for posterior
spinal instrumentation in patients with neuromuscular spinal
deformities.
Contouring Luque spinal rods ater the technique introduced by Allen and Ferguson66 (Galveston technique) allowed
the rods to be ixed to the pelvis, providing surgeons with a
more efective method of controlling pelvic obliquity. Bell,
Moseley, and Koreska developed the unit rod, a precontoured
U-shaped rod that includes the Galveston portion for pelvic
ixation (Fig. 28.8). Studies of patient outcomes with unit rod
ixation have revealed excellent correction and maintenance
of correction.66-69 Bulman and colleagues70 compared the unit
rod with double Luque rods and reported superior correction
of sagittal and coronal alignment and pelvic obliquity with the
unit rod constructs. Tsirikos and colleagues71 evaluated 287
children treated with unit rod instrumentation to the pelvis
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For a posterior procedure, 2 to 4 units of packed red blood
cells is generally suicient; however, the addition of a kyphectomy or an anterior procedure may increase this requirement.
Intraoperative blood work may conirm a dilutional coagulopathy, necessitating the use of fresh frozen plasma, platelets,
or cryoprecipitate to correct this imbalance.
Several pharmacologic agents have been under investigation for their eicacy in reducing blood loss during surgery.
Aprotinin, tranexamic acid (TXA), and aminocaproic acid
have also been investigated to determine their efect on blood
loss in spinal surgery. Aprotinin, a serine protease inhibitor,
was shown to reduce blood loss in adults, but its production
was halted in 2007 by the US Food and Drug Administration
(FDA) because of concerns of higher mortality rates ater its
use in cardiac surgery.
A prospective, double-blinded, placebo control study of 40
pediatric patients56 found that TXA administration signiicantly reduced perioperative blood transfusions. hese results
have been supported by a meta-analysis by Gill and colleagues,57 which found that TXA and aminocaproic acid are
efective in minimizing blood loss and transfusion in patients
undergoing spine surgery. A multicenter retrospective review
of a prospectively collected database of 84 consecutive enrolled
patients with CP who underwent posterior spinal fusion and
instrumentation showed that the use of antiibrinolytic agents
(AFs) signiicantly reduced the estimated blood loss (EBL)
intraoperatively without adverse efects.58 However, the investigators could not demonstrate a signiicant diference between
total transfusion requirements between patients who received
AF agents and those who did not except for cell salvage
transfusion. he study showed that patients who received
TXA had signiicantly less EBL compared with patients who
did not.58
A prospective, randomized, double-blind comparative
study performed on 125 patients with adolescent idiopathic
scoliosis by Verma and colleagues showed that TXA and
epsilon-aminocaproic acid (EACA) reduced operative blood
loss but not transfusion rate compared to control subjects.59
As in the study by Dhawale et al,58 the investigators showed
that TXA was more efective in reducing total blood loss and
postoperative drainage compared to EACA. Furthermore, the
authors recommended maintaining the mean arterial pressure
(MAP) greater than 75 during the exposure to utilize the
maximize beneit.59 he side efects for TXA and aminocaproic
acid are minor but should be discussed with the patient before
using these agents. he surgeon and the anesthesiologist
should familiarize themselves with these agents and make a
collaborative decision on their use based on the needs and
concerns of the individual patient.
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FIG. 28.7 The one-piece Luque “box” modiication of the original double
Luque rod technique is a more rigid construct.

A

B

FIG. 28.8 Unit rod, as shown in a patient with cerebral palsy, provides a
method for obtaining ixation to the pelvis and correction of pelvic
obliquity.

with 2-year follow-up and concluded that it ofers the advantages of good correction of deformity and pelvic obliquity, a
low complication rate, and a 96% caretakers’ survey satisfaction rate. Unit rod instrumentation has also been shown to
have good results in ambulatory patients, with excellent
deformity correction and preservation of ambulatory function
at 2.9-year follow-up in 24 patients.72 Additionally, biomechanical studies have shown that the addition of an L5 pedicle
screw increases the construct stifness and the strengthreducing complications associated with the loss of ixation.73
hrough a desire to achieve similar correction as the unit
rod construct, without the need for pelvic ixation, the U-rod
was investigated by McCall and Hayes.74 his rod is an outgrowth of the unit rod concept except that the rod terminates
in pedicle screws at the L5 level, relying on the iliolumbar ligaments to achieve correction of the pelvic obliquity. In their
comparison study of 30 patients with unit rod instrumentation
and sacral fusion and 25 patients with U-rod instrumentation
and L5 fusion, McCall and Hayes74 found that the U-rod
provided comparable correction of scoliosis and pelvic obliquity in curves with less than 15 degrees L5 tilt at 4 years of
follow-up. Regardless of whether the precontoured unit rod or
double Luque rods are used, segmental sublaminar wire
instrumentation provides simple, inexpensive, and fairly
powerful correction of coronal plane deformity. Segmental
sublaminar wire instrumentation has limitations in the maintenance of sagittal plane alignment, however, because the
sublaminar wiring fails to ix spinal length and the vertebrae
can slide along the smooth rod construct, particularly during
trunk lexion (Fig. 28.9A).
Multihook segmental systems, such as Cotrel-Dubousset
(CD) and Isola, have also been shown to be eicacious in
patients with neuromuscular scoliosis.75-77 he comparative
eicacy of these two diferent constructs is inconclusive. In a
study of 47 patients with neuromuscular scoliosis, Yazici and
colleagues78 concluded that the Isola instrumentation combined with Galveston pelvic ixation provided correction and
maintenance of pelvic obliquity superior to Luque-Galveston,
unit rod, or CD instrumentation. he results of this study are
in contrast to the work of Wimmer and colleagues,77 who
found that there was no diference between Luque-Galveston
and Isola instrumentation in radiographic outcomes, patient
satisfaction, or complication rate.
In some circumstances, a hybrid system with a combination of hooks, pedicle screws, and sublaminar wires may
provide optimal ixation with maximal correction. A biomechanical study conducted at the authors’ institution showed
that the addition of bilateral L1 pedicle screws to a LuqueGalveston construct on a cadaveric axial skeleton increased
construct stifness by greater than 60%. he addition of
selective hooks or screws or both to an otherwise sublaminar
wire construct allows use of compressive and distractive force
to address the coronal and the sagittal deformities. Additionally, proximal ixation with sublaminar wires compromises the
ligaments above, making junctional kyphosis more likely.
Hooks (transverse process) or pedicle screws or both may
limit this complication in kyphotic patients at greatest risk.
Pedicle screw ixation has become the standard at many
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FIG. 28.9 (A) Failure of proximal sublaminar wiring in this construct resulted in increased kyphosis and
prominent hardware, necessitating revision surgery 3 years after primary procedure. (B) After proximal revision,
the patient developed pullout of the Galveston portion of his construct. This clinical course emphasizes that
ixation challenges are present in patients with neuromuscular deformity, particular hyperkyphosis.

centers for nearly all forms of spinal deformity, although there
are synthetic bands now available that can be utilized in a
sublaminar fashion similar to Luque wires.

Pelvic and Sacral Fixation
Severe pelvic obliquity secondary to unbalanced scoliotic
curves and lower extremity contractures is common and
progressive in patients with neuromuscular scoliosis. A
solid spinal fusion to the pelvis aids in sitting comfort and
balance79; however, achieving this goal can be troublesome
(see Fig. 28.9B). Controlling the motion across the lumbosacral joint requires secure ixation to the pelvis to prevent a
pseudarthrosis.
Various systems have been proposed to provide ixation to
the pelvis. he Galveston technique was the irst advancement
to improve fusion rates and clinical success in long fusions to
the sacrum.60,66 When paired with either contoured Luque
rods or unit rods, it provides powerful coronal correction of
pelvic obliquity. his technique places greater forces, however,
on the lumbrosacral junction, and proper contouring of the
rods may be diicult. he initial concern regarding the association between radiolucency around the screw tips (“windshield wiper” sign) and an increased incidence of complications
is of little clinical signiicance (Fig. 28.10).79-81 Although a
biomechanical evaluation of the Galveston technique by Sink
and colleagues32 showed that this construct creates a long lever

FIG. 28.10 Radiolucency around rod tip in ilium (“windshield wiper” efect)
suggests lumbosacral pseudarthrosis, which may remain asymptomatic and
resolve spontaneously.
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arm that places considerable cantilever forces at the lumbrosacral junction, these forces lead to a high incidence of proximal ixation pullout and distal migration of Galveston rods.
he rods also require three-dimensional bending, which
makes it diicult to contour the rod properly.82
Other systems of sacropelvic ixation use an “S” bend,83
which hooks distally over the sacral alae, while the more proximal portion is secured to the lumbar spine at L4 or above with
a pedicle screw or infralaminar hook. Reviewing the results of
67 patients, McCarthy and colleagues83 found that this technique had decreased operative time compared with Galveston
ixation and achieved excellent clinical results, although in 2
of the 67 constructs, there was migration of the rods into the
pelvis. Other techniques of rod contouring to ix to the pelvis
include the Warner-Fackler and McCall techniques, both commonly used in the treatment of myelomeningocele-associated
kyphosis, in which posterior elements of the lumbar or sacral
spine may be absent. In the Warner-Fackler technique,84 Luque
rods are bent to 90 degrees in two places at the distal end,
allowing the rods to pass through the S1 foramina and lever
against the front of the sacrum to provide sagittal correction
(Fig. 28.11). In a slight variation of this technique, McCall85
described bending Luque rods to 20 to 40 degrees, passing
them through the S1 foramina and bending the protruding
portion according to the contour of the anterior sacrum. In
16 myelomeningocele patients with hyperkyphosis, McCall85
found satisfactory correction and maintenance of correction
ater 5 years of follow-up.
Improvement on the Galveston concept has been the
focus of many clinical studies.83,86-88 he use of S1 screws

A

alone was investigated, but bone quality is generally not
substantial enough for successful use in patients with neuromuscular scoliosis. Early and colleagues86 compared the
biomechanical properties of Galveston sacropelvic ixation
versus Colorado II sacropelvic plates using S1 screws, S2
alar screws, and iliac screws, and found that both methods
provided similar construct stifness with the Colorado II
plate limiting L5–S1 motion in lexion-extension. hese
authors found that addition of a pair of L1 screws increased
the construct stifness by approximately 50% in both ixation
techniques.
he use of iliac screw ixation has become a subject of
several more recent articles because of its ease of implantation,
avoiding the complex lumbosacral three-dimensional Galveston rod contouring. Clinical and biomechanical studies have
shown an improved fusion rate and high pullout strengths ater
the use of iliac screws for caudad lumbosacral ixation.87,88 In
a review of 50 patients treated with one or two bilateral iliac
screws, Phillips and colleagues89 concluded that iliac screws
provide a safe and efective means to treat neuromuscular
scoliosis at 21 months of follow-up. hese authors also noted
that two screws in each iliac wing provided a more stable
ixation with fewer implant-related complications than using
a single screw. In a direct comparison of 20 patients with
Galveston rod ixation versus 20 patients with iliac screw
ixation, Peelle and colleagues90 found that both techniques
ofer similar pelvic ixation with the iliac screw construct,
allowing additional screw ixation points to the sacrum and
lower lumbar vertebrae. he long-term impact of these screws
on the sacroiliac joint was investigated in 67 adult patients by

B

FIG. 28.11 Warner-Fackler method of pelvic ixation used after kyphectomy in a patient with myelodysplasia.
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studies on this traction technique have been described for
patients with idiopathic and congenital scoliosis. In nonambulatory patients with neuromuscular scoliosis, surgeons have
relied on rods or screws inserted into the iliac wings by a
cantilever method to level the pelvis. his method has the
potential to weaken the bone-construct connection in patients
with poor bone stock. In a study of 20 nonambulatory patients
with neuromuscular scoliosis with halofemoral traction and
20 matched patients without halofemoral traction, Takeshita
and colleagues95 found that halofemoral traction provided
signiicantly improved lumbar curve and pelvic obliquity correction at 2-year follow-up. hese authors had no associated
perioperative complications with this technique, and found
that unilateral femoral traction with corresponding halo traction was able to level the pelvis to an acceptable position
before the surgery was begun. However, when a signiicant
hip lexion contracture exists, traction results in an increase
in lumbar lordosis that may be undesirable.
Some authors have argued that the pelvis can be let unfused
in patients with slight pelvic obliquity, mild contractures, and
little pelvic deformity in the sagittal plane, whereas others
have argued that an ambulatory patient should never be fused
to the pelvis.92-94 McCall and colleagues74 advocated that
patients with less than 15 degrees of L5 tilt should be considered for a fusion to L5. hese authors believed that this fusion
allows greater mobility and improves the patients’ ability to
carry out activities of daily living (ADLs). Other studies
promote fusion to the pelvis in all patients regardless of
ambulatory status. A study by Tsirikos and colleagues71 of

FIG. 28.12 A 12-yea-old with neuromuscular scoliosis status post T2 to pelvis with sacral-alar-iliac screw
technique.
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Tsuchiya and colleagues88; no evidence of degeneration was
observed at 5- to 10-year follow-up.
Although iliac screws provide a promising alternative to
Galveston ixation, several studies have shown diiculty with
implant prominence causing skin irritation.91 Peelle and colleagues90 did not observe this complication in their patient
series, however, because they countersunk the screws below
the supericial portion of the posterior iliac crest. he patient’s
body habitus must be considered when selecting the means of
sacropelvic ixation.
A lower proile method of iliac ixation has been developed
by Kebaish92 and Whitaker and colleagues93 that starts in the
sacral ala lateral to the S1 foramen and traverses the sacroiliac
joint before entering the iliac wing. his has proven a useful
method for limiting implant prominence (Fig. 28.12).
A retrospective study by Funk et al.94 looking at patients
treated with posterior spinal fusion to the pelvis for neuromuscular scoliosis with minimum 1-year follow-up in 80 patients
showed advantages in favor of rigid spinopelvic instrumentation.
In this study, the authors deined rigid instrumentation as
consisting of at least 50% pedicle screw ixation with iliac or
sacral alar iliac screw pelvic ixation. he correction of deformity
at inal follow-up was signiicantly greater when measuring Cobb
angle and pelvic obliquity in the group of patients treated with
rigid instrumentation. he pseudarthrosis rate was 5% in the
rigid group and 22% in the nonrigid treated group.94
When patients with neuromuscular scoliosis are instrumented because of the severe obliquity of the pelvis, intraoperative halofemoral traction may also be beneicial. Previous
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ambulatory CP patients with severe pelvic obliquity who were
treated with fusion to the pelvis by Luque-Galveston instrumentation found that 23 of 24 patients maintained their
ambulatory status. Given the progressive nature of this deformity and the fragility of these patients as operative candidates,
the authors generally recommend including the pelvis in the
fusion mass for most neuromuscular deformities.
Growing rod (GR) constructs connected to the pelvis in the
neuromuscular population have become more common over the
past decade. Sponseller and colleagues96 analyzed the outcomes
and complications unique to GR systems with the pelvis as
the distal anchor point. he records of 36 patients from the
Growing Spine database were analyzed with diagnoses including
SMA, CP, multifocal motor neuropathy (MMN), congenital,
arthrogryposis, and syndromic deformity with follow-up greater
than 2 years. hey found that GRs anchored to the pelvis can
be used to safely and efectively correct pelvic obliquity, with
dual iliac ixation providing the best correction. Iliac screws
performed signiicantly better at correcting Cobb angle and
pelvic obliquity when compared to sacral ixation.97

Anterior Spinal Release and Fusion
Indications
he addition of an anterior procedure can assist in the correction of neuromuscular spinal deformity and may be justiied
in several situations (Fig. 28.13). Anterior release and fusion
has generally been indicated in patients with rigid scoliosis,
patients with rigid kyphosis, immature patients at risk for
the development of crankshat growth, and patients at risk
for pseudarthrosis owing to incompetent posterior elements
(myelomeningocele or severe osteopenia).93 In assessing the
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rigidity of the deformity, traction and supine bending ilms
are useful but may underrepresent the available lexibility. An
anterior release of a large rigid curve increases the overall spine
mobility and makes the posterior correction easier with a relatively high fusion rate. In a study by Newton and colleagues,98
the fusion rate achieved with anterior release combined with
posterior corrective instrumentation and fusion was found to
be comparable between adolescent patients with neuromuscular scoliosis and idiopathic scoliosis at 3-year follow-up. Keeler
and colleagues99 performed a comparative study in 52 patients
who underwent intraoperative halofemoral traction. Twenty
six patients underwent posterior spinal fusion (PSF) only for
spastic neurmuscular scoliosis and were matched against an
equal numbered cohort that underwent an anteroposterior
spinal fusion (A/PSF) with no demographic or preoperative
radiographic diferences between the two groups. he study
revealed that PSF-only surgery provides excellent curve correction and spinal balance with no statistical diferences in
terms of the inal thoracolumbar/lumbar curve Cobb angle,
percentage of correction of the thoracolumbar/lumbar Cobb
angle, pelvic obliquity, C7 plumb line, and the center sacral
vertical line at 2-year follow-up compared to A/PSF.96 he
patients who underwent PSF only had signiicantly reduced
operative time, lower EBL, and lower frequency of postoperative pulmonary complications.99 On the other hand, Auerback
and colleagues100 determined that CP patients with rigid and
large major curves beneited more from an anterior release
combined with a posterior fusion versus a posterior fusion
alone. hey compared 19 patients who had larger major
curves, greater pelvic obliquity, and more rigid curves preoperatively who underwent anterior release against 42 patients
with more lexible curves who underwent posterior fusion
only. Correction of pelvic obliquity was similar in both groups.

C

D

FIG. 28.13 (A) This severe thoracolumbar curve has a preoperative Cobb angle of 136 degrees. (B) Because of
inlexibility, anterior disc excision and anterior instrumentation were used as the irst stage of this procedure.
(C–D) Posterior instrumentation T2 to pelvis was used in this quadriplegic patient with spasticity.

Chapter 28 Neuromuscular Scoliosis

483

S E C T I O N

IV

A

B

C

D

FIG. 28.14 (A–B) A severe 140-degree lumbar curve was upsetting wheelchair sitting balance in a quadriplegic
patient with spasticity. (C–D) This curve was treated with a staged procedure. Anterior release did not provide
suicient lexibility, and anterior L1 and L2 corpectomy was performed. This procedure was followed by T2 to
pelvis posterior instrumentation with completion of L1 and L2 corpectomy posteriorly.

While no signiicant diference was noted in the percentage
of correction in the coronal and sagittal plane in the group,
those with more rigid curves who underwent anterior release
tended to have a greater percentage of correction compared
to their preoperative bending ilms.100
Anterior instrumentation and spinal fusion alone and in
combination with posterior instrumentation have also been
shown to be successful techniques in a subset of patients with
neuromuscular scoliosis. Our current algorithm indicates an
anterior procedure for “severe” curves (most oten thoracolumbar). If a near-complete correction of the major curve can
be predicted with anterior instrumentation ater an aggressive
multilevel discectomy, a single-rod anterior system is included.
If the curve remains rigid ater an anterior release, the anterior
instrumentation is skipped, and either an apical vertebrectomy
is performed or the correction is achieved ater posterior
osteotomies (Fig. 28.14). It is important to avoid “locking in”
a poor correction with anterior instrumentation in rigid
curves. he goals of achieving a level pelvis and balanced spine
must be weighed against the added morbidity of an anterior
release or instrumentation procedures, or both.
In skeletally immature patients with idiopathic scoliosis,
anterior release and fusion reduces anterior overgrowth that
results in crankshat deformity; however, whether this principle
can be applied in neuromuscular scoliosis is controversial. In
a study of 50 skeletally immature patients with neuromuscular
scoliosis treated with posterior instrumentation only, Smucker
and Miller101 noted no signiicant curve progression at an average
of 4 years of follow-up. In contrast, Comstock and colleagues,31
ater review of 60 skeletally immature patients with CP who
underwent surgical scoliosis correction, concluded that skeletally
immature patients have the best correction and long-term
outcomes when treated with anterior and posterior procedures.

Instrumentation
he indications for anterior instrumentation have been a
subject of investigation more recently. Several studies have
shown that anterior instrumentation alone provides acceptable correction without the need for posterior instrumentation
in selected short lexible curves that do not include the pelvis
or have less than 15 degrees of pelvic obliquity.102,103 Some
studies advocate anterior release followed by posterior instrumentation, whereas others ind indications for anterior disc
excision and anterior instrumentation before proceeding
posteriorly. Anterior instrumentation provides a very powerful means of addressing coronal plane deformities, and in
many cases simpliies the posterior instrumentation across the
levels instrumented anteriorly.
he present options for maximal deformity correction
include anterior instrumentation followed by relatively simple
posterior ixation versus anterior release and posterior ixation
with greater use of posterior osteotomies. he irst option
also has the advantage of allowing an indeinite time between
stages if required. Ultimately, the decision to include an anterior procedure (release or instrumentation) is multifactorial
and depends on the experience of the surgeon, the overall
health of the patient, and the characteristics of the deformity.

Intraoperative Considerations
Patient Positioning
he patient is positioned for anterior surgery with the apex of
the deformity centered over the table break in a nearly lateral
position. Flexing the table improves exposure, as does leaning
the patient back toward the surgeon. If anterior instrumentation is planned, a direct lateral position is preferred. Posterior
surgery is generally performed on a spinal frame; this allows
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the abdomen to hang free, decreasing the pressure on the vena
cava and epidural venous system. his position limits problematic epidural blood loss, particularly when a laminotomy
for posterior release and sublaminar wire passage are required
at several levels. In a smaller patient, chest rolls may suice for
prone positioning.
Spinal Cord Monitoring
Multimodality monitoring is a useful tool in children with
neuromuscular scoliosis. Although patients with true paralysis
and myelomeningocele do not beneit from this observation,
the use of spinal cord monitoring is helpful for other patients
to protect existing extremity function. Current evidence
supports the use of transcranial motor evoked potentials
(TcMEPs), somatosensory spinal evoked potentials, and
H-relex potentials in spinal cord monitoring.97,98 TcMEPs
provide useful data on the motor function and vascular status
of the spinal cord, whereas somatosensory spinal evoked
potentials provide information on the integrity of the sensory
pathways of the dorsal columns. TcMEP monitoring has
become a vital component of spinal cord monitoring. In a
study of 1121 consecutive patients with adolescent idiopathic
scoliosis undergoing spine surgery, Schwartz and colleagues105
concluded that TcMEP monitoring is the most efective means
to detect evolving spinal cord injury. TcMEPs monitor the
anterior horn motor neurons, whose high metabolic rate is
especially vulnerable to ischemic injury.106
Salem and colleagues106 determined that TcMEPs do not
increase the likelihood of triggering intraoperative or postoperative seizures and are not associated with deterioration in
the seizure control of patients alicted with epilepsy prior to
scoliosis surgery. Because of the complexity and associated
hematologic issues of patients with neuromuscular scoliosis,
multimodal spinal cord monitoring is highly recommended.
Surgical correction of scoliosis in patients with CP has a
higher morbidity associated with it compared to adolescent
scoliosis.107,108 Reames et al.107 showed that surgical correction
of neuromuscular scoliosis had the highest rate of complications
(17.9%) when compared with correction of congenital scoliosis
(10.6%) and adolescent idiopathic scoliosis (AIS) (6.3%). he
complication rate with surgical correction of neuromuscular
scoliosis is 1.1% compared to 0.8% for AIS. Diiculties with
obtaining baseline intraoperative neuromonitoring (IONM)
signals with neurologic deicits such as CP is well documented.
Mo and colleagues108 analyzed the IONM data of 206 children
with neuroanatomic malformations such as hydrocephalus,
encephalomalacia, and periventricular leukomalacia. From their
analysis, they found that patients with these neuroanatomic
malformations are signiicantly at risk of having unobtainable
IONM signals, in particular TcMEPs. hey recommend, if
possible, to review all cranial imaging studies prior to scoliosis
correction to help with predicting IONM outcomes.108
Blood Conservation
Antiibrinolytic agents, hypotensive anesthesia, Cell Saver,
subperiosteal dissection, and electrocautery all can reduce
blood loss. If an anterior approach is selected, unilateral ligation of the segmental vessels can be performed without

signiicant risk of ischemia of the neural elements. Several
studies have concluded that unilateral ligation carries no risk
of causing neurologic compromise. Some authors recommend
spinal cord monitoring during temporary (10–15 minutes)
clamping of the segmental vessels before division.109-111 Periodic intraoperative coagulation panels should also be used to
detect a dilutional coagulopathy, which ideally can be treated
with early use of fresh frozen plasma, cryoprecipitate, and
platelets before disseminated intravascular coagulopathy
(DIC) develops. he hematologic status of CP patients should
be monitored very closely because they typically have increased
bleeding that starts earlier in a procedure despite a normal
coagulation proile.112
Bone Graft
In patients with neuromuscular scoliosis, the autologous iliac
crest bone grat is oten of poor quality and limited quantity.
Also, harvesting may interfere with the placement of pelvic
instrumentation. Because these patients need a signiicant
volume of grat given the extent of fusion, supplemental grat
in the form of freeze-dried or frozen cancellous allogeneic
bone is almost always necessary to supplement local bone
grat (facets, spinous process). Although allograt is generally
regarded as safe and reliable for fusion augmentation in these
patients,78 evaluation by Sponseller and colleagues113 of 210
patients with neuromuscular scoliosis revealed an increased
risk of infection with the use of allograt. Glotzbecker and
colleagues114 performed a systematic literature review to
analyze the risk factors and preventive strategies for surgical
site infection (SSI) following spine surgery in the pediatric
population, inding good evidence from their review to indicate that ceramic bone substitute did not increase the risk of
SSI when compared with autograt. However, there is poorquality evidence to determine whether allograt increases SSI
risk following scoliosis surgery in the pediatric age group.114
In a study by Yazici and Asher,115 the rate of pseudarthrosis in
patients with neuromuscular scoliosis undergoing surgery
with allograt was 2.5%.
Timing of Combined Procedures
he evidence for performing staged versus same-day anterior
and posterior procedures is unclear. In a study of 45 patients
who underwent combined anterior and posterior surgery,
Tsirikos and colleagues116 found that same-day procedures
were associated with longer operative time, greater blood loss,
and a higher incidence of medical and technical complications. hese results were in contrast to a study by Mohamad
and colleagues,117 who found no diference between singlestage and staged surgical procedures in their review of 175
patients with neuromuscular scoliosis. Further studies on
staging combined procedures have focused on the use of traction and deining the curve characteristics that would be most
appropriate for a staged procedure. For large, rigid curves, the
use of staged surgery with anterior release and halopelvic
traction as the irst stage and posterior instrumentation and
fusion as the second stage was investigated by Yamin and
colleagues.118 hese authors concluded that patients whose
Cobb angle was greater than 80 degrees and lexibility was less
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Anterior Surgical Approaches
Transthoracic Approach
he standard approach to the thoracic spine is via an open
thoracotomy performed on the convexity of the scoliosis. he
rib one to two levels above the most cephalad vertebral body
to be approached should be removed. he spine can be exposed
over approximately six levels between T4 and L1 with this
approach. he supericial dissection is in line with the rib,
dividing the serratus anterior and latissimus dorsi muscles.
he rib is stripped subperiosteally and removed as far posteriorly as possible. With a rib-spreading retractor in place, the
parietal pleura is opened longitudinally along the spine. he
segmental vessels may be clamped and ligated or maintained,
based on the required exposure.
Thoracoscopic Approach
In the thoracic spine, thoracoscopy is an option instead of
open thoracotomy. Video-assisted thoracic surgery allows
exposure of the entire thoracic spine through three to ive
intercostal portals. he thoracoscopic approach is less invasive,
sparing the chest wall musculature. Investigation has shown
that there is less perioperative pulmonary dysfunction associated with this approach in adolescent patients with idiopathic
scoliosis. his assertion is supported by Newton and colleagues,119 who found that comparable correction rates and
pulmonary function are present at 5-year follow-up in adolescent patients with idiopathic scoliosis. Although the beneits
in adolescent patients with idiopathic scoliosis have been well
described, the potential beneits in respiratory function remain
unclear in patients with neuromuscular scoliosis.
In a study of perioperative complications ater surgical
correction in 175 patients with neuromuscular scoliosis,
Mohamad and colleagues117 discussed no positive or negative
correlations associated with video-assisted thoracic surgery
and pulmonary function. Given this lack of evidence and the
technical demands of this technique, the beneits of this procedure must be weighed in the context of the experience of
the surgeon and possible complications. Mastery of this less

invasive approach may prove to be a valuable tool in treating
these fragile patients, however.
Thoracoabdominal Approach
When exposure of the thoracolumbar junction is required, the
thoracoabdominal approach extends a thoracotomy incision
distally. his extended incision allows exposure from the lower
thoracic spine to the sacrum. he diaphragm is detached from
the chest wall, which may have pulmonary consequences in
patients with limited pulmonary reserve. he thoracotomy
approach is combined with a retroperitoneal exposure of the
lumbar spine. he diaphragm is divided near the chest wall
circumferentially to its origin on the spine at L1.
Retroperitoneal Lumbar Approach
he retroperitoneal approach to the lumbar spine provides
exposure from L1 to the sacrum, but placement of instrumentation above L2 oten requires a thoracoabdominal exposure.
he incision is in line with the 12th rib, curving to parallel
the rectus abdominis inferiorly. he three abdominal muscle
layers are divided, taking care to identify the translucent layer
of peritoneum. he plane between the transversus abdominis
and the peritoneum is developed posteriorly. he psoas muscle
is relected posteriorly, exposing the spine. Inferiorly, the iliac
vessels and commonly a large iliolumbar vein require careful
dissection. he L5–S1 disc can be exposed either by elevating the
iliac vessels or by working between the bifurcation anteriorly.
Vertical Expandable Prosthetic Titanium Rib
he vertical expandable prosthetic titanium rib (VEPTR)
has gained attention more recently for its role in the correction of early-onset scoliosis (EOS) and congenital spinal
deformities.120 Hell and colleagues121 investigated the eicacy
of VEPTR in 15 children, 6 of whom were diagnosed with
neuromuscular scoliosis. hese authors concluded that this
technique was safe, efective, and improved sitting ability
and cosmesis. hese results were supported by a preliminary
investigation by Latalski and colleagues, who found that
VEPTR considerably improved respiratory capacity in two
patients with congenital spinal deformity and one patient with
neuromuscular scoliosis.122
Neuromuscular patients with pelvic obliquity can be treated
with GR constructs anchored to the pelvis to help correct the
obliquity. Sponseller and colleagues96 analyzed the records of
36 patients from the Growing Spine Study Group database
with neuromuscular disorders and found that GRs anchored
to the pelvis with dual iliac ixation provided the best correction of the patient’s pelvic obliquity.
Akabarnia and Emans123 described that the best indication
for VEPTR in EOS is thoracogenic scoliosis or multiple fused
ribs in association with congenital scoliosis. his is compared
to GRs, which are indicated in the setting of a progressive
deformity in a normally segmented deformity such as infantile
idiopathic scoliosis not controlled by bracing or casting. hey
also describe various complications associated with GR and
VEPTR devices. Among the possible complications of VEPTR
devices is proximal ixation failure. Neuromuscular scoliosis
curves exert a high stress on VEPTR devices due to their
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than 20% should be treated with this method. Yamin and
colleagues118 also recommended that patients whose spine
lexibility was less than 10% with a Cobb angle that remained
greater than 70 degrees ater the irst-stage anterior release and
halopelvic traction should undergo pedicle subtraction osteotomies in the second-stage surgery.
It is important to anticipate the need for a staged procedure
because unplanned staged procedures have a higher complication rate than planned staged procedures.117 Given the evidence,
the authors recommend planning a staged procedure in larger
patients with severe deformity or a history of large-volume
blood loss in previous surgeries or both. Despite careful planning, hemodynamic instability may force unplanned staging.
Blood loss in the posterior procedure tends to be two to
three times the blood loss during the anterior procedure; if
the surgeon encounters anterior blood loss greater than half
the patient’s blood volume, a staged procedure should be
considered.
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rigidity. he high-tensile stress forces on the VEPTR devices
caused by the coronal and sagittal demands of the curves
can lead to proximal ixation failure. Park and colleagues124
showed that neuromuscular patients with increased major
curve angle and normokyphosis or hyperkyphosis had a high
correlation with rapid VEPTR anchor failure. Neuromuscular
scoliosis curves exhibit high stress on VEPTR devices due
to the rigidness of the curves. Furthermore, the increased
coronal and sagittal curves result in a high-tensile stress level
on VEPTR devices, which leads to complications associated
with growing spine surgery. Although initial results show
promise, the clinical application of the VEPTR in neuromuscular scoliosis remains a subject that requires further study.
he Shilla method119 and others designed to guide growth
posteriorly have also been utilized by some in the very young
neuromuscular patients. Hybrid methods of limited fusion
and some form of growth guidance/maintenance remain an
option in these most challenging cases (Fig. 28.15).

Postoperative Care
Intensive Care Unit
Patients with neuromuscular scoliosis who have undergone
extensive spinal surgery are best managed immediately postoperatively in an intensive care unit (ICU) setting. Ventilatory
support is oten needed for 24 to 48 hours or more. An
intensivist accustomed to caring for these children is invaluable in the early postoperative course.
Bracing
Postoperative bracing is usually not required if the bone
quality is suicient to provide secure implant ixation. In dificult cases, a molded orthosis may be needed; it should be
molded ater the surgery if signiicant deformity correction is
anticipated. Ater kyphosis correction, an orthosis may be
helpful for reducing the stress on the proximal posterior ixation points.

Complications
he surgical treatment of neuromuscular scoliosis has been
shown to have a higher complication rate compared with
surgical treatment of idiopathic scoliosis. In the largest study
to date of perioperative complications associated with neuromuscular scoliosis surgery, Mohamad and colleagues117
reported their complication rate to be 33% in 175 patients.
hese results are consistent with previous studies that found
the complication rate to range from 24% to 75%.80,81,126,127 he
factors that are associated with perioperative complications
include a history of seizures, unplanned staged surgical procedures, and increased blood loss.128 Pulmonary issues have
been found to be the most prevalent complication of spinal
surgery in these patients, thus should be closely monitored by
the multidisciplinary care team.
Wound Infections
he rate of wound infections in this type of surgery is higher
than in surgery for adolescent idiopathic scoliosis, ranging

FIG. 28.15 An 8-year-old with spinal muscle atrophy status post T2 to T3
Shilla procedure and T10 to pelvis posterior spinal fusion.

from 8% to 15% in the literature. Supericial wound infections
are more common than deep wound infections, and require
close monitoring because they can quickly progress in patients
with neuromuscular disorders. Wound infection is also more
common in nonambulatory patients with severe involvement,
and tends to involve multiple gram-negative organisms. A
higher rate of wound infection has also been found in patients
with sacropelvic ixation with a trend toward a higher rate of
deep wound infection.117
Crot et al. found in their analysis of 598 patients, 22 of
which had SSIs, that patients with neuromuscular scoliosis
and a weight-for-age at the 95th percentile or higher were at
signiicantly higher risk for SSI.129 heir results supported the
indings of earlier studies by Allesia et al.129a and Mackenzie
et al.129b he authors also found that use of allograt alone (or
in combination with autograts or synthetic grats) and
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Respiratory Complications
Given the baseline susceptibility of patients with neuromuscular disorders to respiratory complications and the chest wall
insult and immobilization associated with scoliosis correction,
respiratory complications are common in the postoperative
period; the reported incidence ranges from 9% to 22%. hese
complications include pneumonia, pleural efusion, and atelectasis that may require prolonged intubation.80,81,127 A preoperative consultation with a pulmonologist to maximize the
patient’s pulmonary health and aggressive care in the ICU help
to reduce the incidence of problems; however, caregivers and
patients should be warned that permanent ventilator dependence is a possible sequela of surgery for some patients.
Urinary Tract Infections
he incidence reported in the literature of urinary tract infections (UTIs) in patients with neuromuscular scoliosis is 9% to
22%. Expeditious removal of a urinary catheter inserted for
the procedure and adequate hydration may reduce the risk of
UTI. Patients with myelomeningocele oten have chronic colonization of bacteria in their bladder. Perioperative prophylactic
antibiotics should address these organisms.8,81,126,127

Cerebral Palsy
An estimated 25,000 children are diagnosed with CP each
year. With this huge volume of patients, CP has replaced polio
as the prototypic neuromuscular disorder. CP is caused by a
static upper motor neuron lesion that interferes with the
developing motor system. his lesion is usually caused by an
anoxic insult in the perinatal period; however, child abuse in
young infants is another common cause of brain injury that
can lead to CP.

Scoliosis in Cerebral Palsy
Scoliosis is common in CP, with a 25% incidence of spinal
deformity in all CP patients. he incidence and degree of
deformity correlate with the amount of neurologic deicit and
ambulatory status. In a study of 272 institutionalized patients,
the highest prevalence of scoliosis was found in the most
severely afected patients with 75% of spastic quadriplegic and
68% of spastic diplegic patients having at least 10 degrees of
spinal deformity. In this study, 44% of patients who could
ambulate independently, 54% of patients who could ambulate
with assistance, 61% of patients who could sit independently,
75% of patients who could sit with assistance, and 76% of
bedridden patients had signiicant deformity. Although these
numbers may be inlated by the fact that the study population
was composed entirely of institutionalized patients, they still
reveal a trend of increased deformity with increased spasticity
and decreased independent mobility.135,136
he development of scoliosis in CP patients is thought to
result partly from persistent primitive relex patterns and
asymmetrical tone in the paraspinous and intercostal muscles.
Pelvic obliquity from contractures around the hip plays a role
in scoliosis development; however, it is oten diicult to isolate
this as a contributing factor because pelvic obliquity, hip
contractures, and scoliosis oten develop simultaneously.
Placing patients with a weak trunk and total body involvement
into artiicial upright sitting positions without appropriate
spinal support may encourage gravity-related kyphosis and
scoliosis. his suspicion was raised by Madigan and Wallace136
when they found a 75% incidence of scoliosis in a predominantly institutionalized population comprising “prop sitters”
but only a 25% incidence in a population of quadriplegics with
spasticity in which prop sitting was not pursued.
Scoliosis in CP has been classiied into four categories
based on curve pattern (single vs double) and the presence or
absence of pelvic obliquity. Long C curves with pelvic obliquity
generally occur in more severely involved nonambulatory
patients with spasticity. S curves occur more frequently in
sitting or walking patients with little spasticity. S curves seem
to be more idiopathic in nature, oten without associated
pelvic obliquity.33 Patients with severe involvement and a
developmental level less than 6 months seldom attain independent sitting balance. Lack of neuromuscular control prevents proper alignment of the head; these patients do not
develop compensatory curves to bring the shoulders and head
over the pelvis.
Curve progression is related to these risk factors and
quadriplegia, poor functional status, and a single thoracolumbar curve.1,137,138 As in idiopathic scoliosis, risk of progression
is also related to curve magnitude and to the amount of
remaining spinal growth. Because progression of spinal deformity begins at the onset of the neuromuscular condition,
patients with CP have a much longer time to progress and have
the potential for developing larger curves than patients with
adolescent idiopathic scoliosis. his period of potential curve
progression is prolonged further because these patients oten
maintain open growth plates into their late teens or early 20s.
In adults, hometz and Simon138 found that larger curves
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increased blood loss were signiicantly correlated with SSI.
Prevention of SSIs in this patient population is the goal, with
one study showing that the incidence of deep wound infection
may be reduced in patients with neuromuscular disease
undergoing spine surgery by using an antibiotic-loaded bone
grat. In a study of 220 children with CP treated with unit rod
instrumentation, Borkhuu and colleagues130 found that the use
of gentamicin-impregnated bone grat decreased the incidence
of deep wound infection by 11% compared with patients who
received bone grat without antibiotics. However, when
Mikhael et al.131 analyzed the efects of gamma irradiation,
they found that irradiated bone allograt did not decrease the
rate of culture-positive infection following spinal fusion
compared to nonirradiated allograt and autograt at 1 year.
In patients with neuromuscular disease, a high index of
suspicion must still be maintained, and any suspected infection must be aspirated from deep and supericial layers. A
wound infection requires débridement and closure over drains
with broad-spectrum antibiotics. Vacuum-assisted closure for
deep infections has shown good results, with an ease of use
and a marked reduction in the need for hardware removal.132
When a wound has been infected, the risk for pseudarthrosis
increases.115,126
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progress faster than smaller curves; they noted curve progression of 0.8 degree per year in curves less than 50 degrees and
1.4 degrees per year in curves greater than 50 degrees. Even
patients who have completed growth are at risk for scoliosis
progression.

Treatment Options
Bracing
he natural history of scoliosis in children with CP is early
onset with a lexible spine deformity between 3 and 10 years
of age with a relatively fast progression to a rigid structural
curve.137 Most of the articles in the literature do not support
the use of bracing. Bracing can function as a temporizing
measure, however, in patients with early-onset, lexible scoliosis or in patients with contraindications for surgery.19 CP
patients with spasticity have poor tolerance for bracing because
of the spasticity of their limbs inhibiting brace application, the
incidence of skin pressure irritation, and sometimes increasing respiratory problems.19,21 A sot brace may be used owing
to the lack of practicality of dynamic bracing, although it
becomes mainly a sitting support rather than a treatment
modality. For patients who cannot tolerate bracing, wheelchair
seating systems can facilitate upright posture and allow
patients to participate in more activities with greater social
interaction.

Surgical Management
Various techniques and instrumentation exist for surgical
scoliosis correction in CP patients. In patients with hypotonia,
a thoracolumbar or lumbar curve that does not extend to the
pelvis, and a pelvic obliquity less than 15 degrees, fusion to L5
without sacropelvic ixation may occasionally be appropriate.71 For most CP patients with spinal deformity, an extensive
posterior fusion with instrumentation from the upper thoracic
level (T1 or T2) to the pelvis is indicated. he most common
instrumentation systems used have been the combination of
Luque wires and a unit rod or two Galveston rods. LuqueGalveston constructs may be modiied with iliac screw ixation
to aid in the ease of insertion and to provide safe, reliable
correction.88,89 Several studies have shown the eicacy of these
methods in CP patients. Boachie-Adjei and colleagues127 retrospectively reviewed 45 patients treated with Luque-Galveston
constructs and found 53% correction of scoliosis and 50%
correction of pelvic obliquity. he correction was maintained
at an average of 3 years of follow-up despite a 6.5% pseudarthrosis rate. Benson and colleagues126 reported on a cohort of
50 patients also treated with Luque-Galveston instrumentation who showed a 65% scoliosis correction rate with maintenance of correction at 40 months of follow-up. Only one
patient in this series had a pseudarthrosis (2%).
Other studies have reported successful correction using the
unit rod system in CP patients. Bulman and colleagues70
compared 15 patients instrumented with Luque-Galveston
constructs to 15 patients with unit rod instrumentation and
concluded that the unit rod provided signiicantly improved

correction and maintenance of correction of both scoliosis
and pelvic obliquity at 2 years ater surgery. Although the
power of this study is limited by its small size and short followup, the indings are echoed in the results of other studies.
Westerlund and colleagues139 reported 66% scoliosis correction and 75% pelvic obliquity correction that was maintained
at an average of 5 years’ follow-up. Tsirikos and colleagues116
retrospectively reviewed 287 CP patients treated with unit rod
instrumentation and found a 68% correction of scoliosis and
71% correction in pelvic obliquity at 2-year follow-up.
More recently, there has been a trend toward using more
hooks and screws in neuromuscular constructs. Segmental
screw ixation common in idiopathic scoliosis may result in
improved ixation with a reduced complication rate.140
Teli et al.141 analyzed 60 patients with CP with a minimum
2-year follow-up who were treated with segmental thirdgeneration CD instrumentation and showed an average correction of coronal deformity of 60% and pelvic obliquity of
40%. In their study, 26 patients received anteroposterior surgeries and 34 had posterior-only procedures, noting that
correction of the scoliosis was similar in both groups. However,
correction of pelvic obliquity was improved in patients who
underwent an anterior release. Signiicant complications
afected 13.5% of patients and included loosening of implants,
deep tissue infection, and pseudarthrosis.141
Despite the recent trend away from anterior approaches, in
patients with very rigid curves, an anterior release is a powerful technique that can help correction of these challenging
curves. Auerbach and colleagues100 assessed whether posterioronly fusion would be suicient for correcting large curves in
CP patients. hey compared 19 patients who underwent
anterior release with larger major curves, greater pelvic obliquity, and more rigid curves preoperatively against 42 patients
with more lexible curves who had posterioe-only fusion.
Correction of pelvic obliquity was similar in both groups.100
Surgical correction of scoliosis and pelvic obliquity may
also be improved with the use of intraoperative traction. In a
comparison study of patients with and without asymmetrical
intraoperative halopelvic traction, Vialle and colleagues142
concluded that intraoperative traction resulted in reduced
anesthetic duration and improved correction of scoliosis and
pelvic obliquity. hese results are supported by Takeshita and
colleagues,95 who found that halofemoral traction improved
scoliosis and pelvic obliquity surgical correction in nonambulatory patients with neuromuscular disorders.
Keeler and colleagues99 found that PSF-only surgery
provides excellent curve correction and spinal balance with
no statistical diferences in terms of the inal thoracolumbar/
lumbar curve Cobb angle, percentage of correction of the
thoracolumbar/lumbar Cobb angle, pelvic obliquity, C7 plumb
line, and the center sacral vertical line at 2-year follow-up
compared to A/PSF in patients with spastic neuromuscular
scoliosis. he patients who underwent PSF only had signiicantly reduced operating room time, lower EBL, and lower
frequency of postoperative pulmonary complications.
Sagittal plane deformities are also common problems in
CP patients with scoliosis and require a diferent approach
than that required for coronal plane deformities. Lumbar
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hyperlordosis and thoracic hyperkyphosis can impair sitting
balance and comfort. Hyperkyphosis can be exacerbated by
pelvic obliquity and gravity in a patient who sits propped up
unsupported and is associated with an increased incidence of
instrumentation pullout and failure.32 Sagittal plane kyphotic
deformities require treatment similar to treatment of the
deformity in Scheuermann disease with or without an anterior
release and a hybrid system of hooks and pedicle screws to
apply segmental compression across the kyphotic segments.

IV

Authors’ Recommendations
For gravity-dependent mild scoliosis or hypotonic kyphosis
in children younger than 10 years, the authors recommend
a Plastizote body jacket. his body jacket supports the spine,
assists head control, and is well tolerated by the patient. he
orthosis usually lasts more than 2 years before it is outgrown.
For more rigid curves, between 30 degrees and 50 degrees, or
in less rapidly growing patients older than 12 years, a rigid
total-contact orthosis may be tried. Although less well tolerated, a total-contact orthosis provides better correction and
may delay the need for surgery by providing greater sitting
support.
As discussed earlier, deining the precise indications for
surgical intervention in patients with scoliosis and CP is dificult. he authors recommend that surgery be considered
when scoliosis greater than 50 to 70 degrees exists, taking
into consideration the patient’s functional, mental, and
general health status. he decision to proceed with surgery of
this magnitude requires a thoughtful analysis and discussion
with the family and caregivers. If Luque instrumentation is
used posteriorly, when possible, 5.5- to 6.35-mm rods and
a combination of infralaminar hooks, pedicle screws, and
double 16- to 18-gauge wires should be used to maximize
correction and rigidity. Smaller diameter rods (4.5–4.75 mm)
should be used only in very small patients for fear of rod
breakage. Anterior fusion should be considered in patients
with rigid curves greater than 60 to 80 degrees, in skeletally
immature patients, or in patients with ixed pelvic obliquity.
In severe curves with marked pelvic obliquity, the correction
of the pelvic obliquity and the certainty of permanent correction are oten enhanced by the addition of anterior lumbar
instrumentation.
he use of pedicle screws and aggressive posterior osteotomies has reduced the use of anterior surgery for some
patients. For the most lexible cases, an all-posterior hybrid
construct is appropriated; we prefer pelvic ixation with
iliac bolts over Galveston rods. If the curve is more rigid,
Ponte-type osteotomies are added, and the density of pedicle
screws is increased. Patients with curves that do not correct
to less than 70 degrees on side bending are considered for an
anterior procedure, most oten at the thoracolumbar junction. If, ater complete disc excision (including the posterior
longitudinal ligament), the spine is now lexible enough for
near-complete correction, the correction is achieved with an
anterior rod system. If the spine remains rigid ater discectomy, performing an apical vertebral excision is considered.
In either case, an anterior rod is avoided when residual

FIG. 28.16 This patient with cerebral palsy presented at age 17 years with
Harrington-Luque instrumentation from T4 to L4 done 5 years previously.
At presentation, the patient had 85-degree, C-shaped scoliosis with marked
pelvic obliquity, rotational deformity, and resultant sitting diiculties.
In most nonambulatory patients who have adequate spinal length, fusion
to pelvis is recommended to avoid this dilemma.

rigidity remains, and the correction is achieved with posterior
instrumentation.
All CP patients with limited ambulatory capacity should
be fused inferiorly to include the pelvis, even if their pelvic
obliquity is correctable, because of the potential for increased
obliquity owing to persistent muscle imbalances (Fig. 28.16).
Most patients do not require postoperative immobilization. In
patients with poor bone stock or a motion disorder undergoing fusion to the pelvis, a brace is considered for 3 to 6 months
ater surgery.

Myelodysplasia
Myelodysplasia is characterized by a persistent open neural
arch owing to failed proliferation of neuroectodermal cells in
early embryonic development and has been associated with
maternal hyperthermia and folate deiciency. he spinal
deformity comes from a congenital malformation of levels at
the defect, oten resulting in a regional hyperkyphosis, and
from the muscle imbalance around the spine distal to the
lesion (Fig. 28.17).

Scoliosis in Myelodysplasia
he incidence of scoliosis in patients with myelodysplasia
(spina biida) varies in the literature from 52% to 90%.143,144 In
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FIG. 28.17 Severe progressive kyphosis in a patient with thoracic-level myelomeningocele caused skin
breakdown problems and diiculty with self-catheterization before she underwent kyphectomy and
instrumentation (see Fig. 28.11).

a more recent study of 141 patients by Trivedi and colleagues,144
the authors deined scoliosis in myelodysplasia as curvature
greater than 20 degrees and concluded that new curvature
could develop as late as 15 years of age. In this cohort of
patients, 89% of patients with the last intact laminar arch
located in the thoracic region had scoliosis, whereas 44% and
12% had scoliosis if their last intact laminar arch was in the
upper and lower lumbar regions. From this trend, Trivedi and
colleagues144 concluded that the last intact laminar arch was
the most useful early predictor of scoliosis risk, although
ambulatory status and clinical motor levels were also useful
predictors.
Myelodysplastic spine is one of the most diicult treatment
dilemmas in scoliosis management. hese patients present
with congenital malformations (Fig. 28.18), oten in the form
of severe kyphosis preventing comfortable sitting and causing
skin breakdown that may necessitate separate and early intervention. he risk of deformity from weak, spastic paraspinal
musculature and asymmetrical hip contractures remains, oten
requiring more deinitive surgical correction in the preteen
or teen years. Surgical correction for myelodysplasia presents
unique problems because of the absent posterior elements,
increasing the dependence on anterior fusion and ixation.
In addition, the posterior approach for surgical correction
traverses the poor-quality skin and scar tissue that results
from the defect and the early neurosurgical repair (Fig. 28.19).
here may be an association between myelodysplasia
patients with a tethered spinal cord and rapidly progressive
scoliosis.145 Most of these patients have some variation of cord
tethering as a residuum of the defect and its neurosurgical

closure. he neural tube closure defect needs to be neurosurgically repaired between 24 and 72 hours ater birth to avoid risk
of infection.146 he surgical repair, however, frequently later
leads to tethering of the spinal cord at the repair site in as
many as 70% of patients with myelomeningocele.147 In patients
with unexpected rapid curve progression or increased trunk
spasticity (hypertonicity), a tethered cord with or without
syringomyelia should be considered. Studies such as MRI or
myelography may help deine the anatomy; however, the literature does not support a causal relationship between scoliosis
and Chiari malformation or syringomyelia.145 houghtful
teamwork with a neuroradiologist, neurologist, and neurosurgeon helps clarify these issues.
Jankowski and colleagues148 in a single institution analysis
over a 10-year period identiied 15 pediatric patients with
intraspinal pathology who had scoliosis and received neurosurgical intervention. Diseases of the neural axis in the studied
population consisted of Chiari I malformation (CM I), Chiari
II malformation (CM II), tethered cord syndrome (TCS), and
syringomyelia. he authors found that for patients with preoperative Cobb angles less than 30 degrees and without CM
II, neurosurgical intervention may prevent scoliosis curve
progression irrespective of the intraspinal pathology. Patients
with CM II are at a higher risk of curve progression and
undergoing fusion compared to patients with CM I, TCS, or
syringomyelia. he authors recommended, in patients with a
preoperative Cobb angle less than 30 degrees and without CM
II, neurosurgical intervention followed by a period of monitoring of the scoliosis for progression. For patients with CM
II, the authors recommended close radiographic monitoring
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FIG. 28.18 Three-dimensional computed tomographic scan shows absence of posterior elements and
congenital vertebral anomalies that make myelomeningocele spinal deformities challenging treatment
dilemmas.

FIG. 28.19 An infant with severe scarring from original neurosurgical
closure of spinal defect.

Of the 14 patients who presented with scoliosis prior to
surgery, 7 had worsening of their curve deformity, in 5 the
curve stabilized, and 2 had improvement ater tethered cord
surgery. he authors were able to conclude that patients who
presented with a Cobb angle greater than 35 degrees were
most likely to observe progression of their coronal deformity
following tethered cord release.148,151
here has been an attempt to establish which curve characteristics might serve as predictive factors to aid in determining whether a curve’s coronal deformity will progress or
stabilize, albeit with inconclusive results.
Given the high incidence of scoliosis and the tendency for
rapid progression in these patients, annual follow-up evaluations with posteroanterior and lateral radiographs should
closely track coronal and sagittal spinal deformity, hip contractures, and trunk spasticity.

Treatment Options
for curve progression with awareness of the high rate of scoliosis progression and eventual need for spinal fusion.
Surgical release of a tethered cord may help in scoliosis
stabilization, maintenance of motor function, and decreased
back pain.149 Pierz and colleagues150 evaluated 21 cases of
detethering, however, and concluded that improvement or
stabilization of scoliosis ater detethering is less likely in
patients with curves greater than 40 degrees or thoracic level
defects, or both.
Chern and colleagues151 analyzed 45 consecutive patients
with tight ilm terminale who underwent tethered cord release.

Bracing
Bracing in myelodysplasia is even more diicult and less successful than in other neuromuscular disorders. Studies show
that braces ofered as a temporizing measure rarely yield
efective curve control. Although Muller and Nordwall,152
ater evaluating 21 myelodysplasia patients treated with
bracing, concluded that deformity progression can be halted
in patients with curves less than 45 degrees, a more recent
study by Olafsson and colleagues22 reviewed outcomes in
20 patients and reported a successful outcome in only 20%
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of patients. Bracing is diicult in these patients because of
pressure sores, especially prevalent over kyphotic deformities
at the level of the neurologic defect. Obesity, poor-quality
and insensate skin, decreased vital capacity, and obstructing
stomal bags also contribute to the diiculty of brace wear
in these patients. In the study by Olafsson and colleagues,22
half of the patients stopped wearing their braces because of
discomfort. Custom-molded or modular wheelchair inserts
ofer another temporizing measure for comfortable upright
posture until surgery is conducted.

Surgical Management
Deinitive surgical management need only be delayed until
patients reach 10 to 12 years of age because growth hormone
deiciency limits their growth, and truncal height has reached
its maximum around this time. Indications for operative
management are similar to the indications for other neuromuscular disorders, although a curve that is rapidly progressive in a patient with myelodysplasia may be treated earlier at
40 to 50 degrees. Because a signiicant hip lexion–abduction
contracture can produce lumbar lordosis and scoliosis, the hip
contracture should be surgically released before any attempt
at surgical correction of the spine.

Anterior Fusion
As previously discussed, anterior fusion is very important in
myelodysplasia because the anterior spine provides a large
surface for bony fusion in the lumbar spine, in contrast to
the deicient posterior elements at these levels. A thoracoabdominal retroperitoneal approach from the convex side of the
curve and division of the diaphragm allows anterior disc excision and bone grating; this may be combined with posterior

A

B

instrumentation to provide curve correction in select patients
(Fig. 28.20). Use of anterior instrumentation alone has a
speciic role in the treatment of myelodysplasia scoliosis. In
a study of 14 myelodysplasia patients treated with a Texas
Scottish Rite Hospital anterior construct alone, Sponseller
and colleagues153 concluded that anterior instrumentation was
successful in a select group of patients with thoracolumbar
curves less than 75 degrees, compensatory curves less than 40
degrees, no hyperkyphosis, and no syrinx in the spinal cord.
Basobas and colleagues154 found excellent surgical correction
and maintenance with an anterior instrumentation and fusion
procedure in their study of 11 myelodysplasia patients at
5-year follow-up. In patients with a lumbar curve and ixed
pelvic obliquity, anterior instrumentation provides a powerful
means of correcting the deformity (Fig. 28.21).

Posterior Fusion
Although essential to a solid fusion in most myelodysplasia
patients, the posterior procedure is diicult because of the
poor quality of overlying tissue, decreased paraspinal muscle
vascularity, and missing posterior elements. Posterior fusion in
combination with anterior fusion is recommended by several
authors. In a study of 50 patients, Banit and colleagues155
concluded that posterior fusion alone yielded a much higher
pseudarthrosis rate of 16% than rates reported for anterior and
posterior fusion combined. Parsch and colleagues156 reviewed
results of 54 myelomeningocele patients treated surgically
and also concluded that anterior and posterior instrumented
fusion resulted in the best correction and lowest complication rate.
Luque or unit rods with sublaminar wiring can be used in
segments of the spine in which the posterior elements are
intact, although supplementation with screws and hooks

C

D

FIG. 28.20 (A–B) This young patient with myelodysplasia presented with 80 degrees of scoliosis and severe
lordosis. (C–D) Severe lordosis was treated with anterior instrumentation from T12 to L5, followed by posterior
instrumentation from T3 to the pelvis.
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FIG. 28.21 Idiopathic-like lumbar or thoracolumbar curves in patients with myelomeningocele may be
successfully treated with anterior instrumentation only.

increases construct stability. In regions in which the posterior
elements are missing, pedicle screws are stronger, although the
atypical anatomy makes accurate screw placement diicult. In
addition, pedicle screws may be prominent, particularly in a
kyphotic region because the lateral bony columns are oten
subcutaneous.
Fusion to the Pelvis
here is considerable controversy over whether the pelvis
should be included in the fusion mass. Lindseth and colleagues157
contended that this is necessary only if there is a component
of kyphosis in the lumbar spine or if pelvic obliquity is greater
than 15 degrees. hey noted an increased incidence of ischial
ulcers in patients let with residual pelvic obliquity and fusion
to the pelvis probably because the rigid, long, curved segment
prevents easy shiting of weight between ischial tuberosities. A
prospective evaluation of 11 myelomeningocele patients treated
with anterior and posterior instrumented fusion to the lumbar
spine revealed good correction of coronal and sagittal plane
deformities with fair maintenance of correction. From this
experience, the authors of the study concluded that, with the
advent of more stable segmental instrumentation, the pelvis
could be spared to allow more lumbosacral mobility and to
avoid the morbidities associated with pelvic fusion.158 Similar
results have been found in a select group of myelodysplasia
patients with anterior-only instrumentation and fusion where
pelvic obliquity can be corrected without pelvic ixation.154
he most predictable approach from the standpoint of the
spinal deformity is fusion to the pelvis. In patients with limited
activity, the authors recommend fusion to the pelvis to ensure

a straight spine over a level pelvis. In ambulatory or very active
patients who play recreational activities, such as wheelchair
basketball, the pelvis may be spared with the knowledge that
a later revision may be required.
Various options are available for instrumentation to the
pelvis. he Galveston modiication of Luque rods is a commonly used system, although it may not provide as much
stability as the Warner-Fackler modiication in correcting
kyphosis. As previously described, the Warner-Fackler method
involves two 90-degree bends in the distal end of a Luque rod,
allowing the rod to pass through the S1 foramina and lever
against the anterior aspect of the sacrum (see Fig. 28.11).84
In a small series of nine patients treated with kyphectomy
and this method of pelvic ixation, homsen and colleagues159
reported excellent correction and maintenance of kyphosis
correction at an average of 28 months of follow-up. he
authors described two instances of complications (loss of rod
connection and migration), both at about 32 months ater
surgery, and concluded that this technique, although efective, should be limited to patients weighing less than 30 kg.
McCall described a similar technique with Luque rods passed
through the S1 foramina and bent once to 20 to 40 degrees
depending on sacral inclination. In his series of 16 patients,
McCall85 reported good correction of kyphosis and excellent
maintenance ater 57 months of follow-up. Iliac screw ixation has also been shown to aford equivalent maintenance of
pelvic obliquity and scoliosis correction compared with the
Galveston technique.83,84
True fusion to the pelvis (to the wing of the ilium rather
than just to the sacrum) can be achieved by suturing the
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FIG. 28.22 This bone grafting technique increases the chance of stable
fusion by including the wing of the ilium and the sacrum.

detached iliac crest apophysis to the transverse process of the
spine at L3 or L4 and illing the created triangle with bone
grat (Fig. 28.22). Pseudarthrosis is common in fusions to the
pelvis, and the authors still advise a conservative immobilization protocol.
Major and minor complications are more common in
myelomeningocele patients than in other patients with neuromuscular scoliosis. Reports of the incidence of wound infections range from 19% to 43%.160 Many patients have minor
complications, such as urinary tract infections or minor
wound dehiscence. Major complications, including massive
blood loss and instrumentation failure, are more common in
myelomeningocele scoliosis than in idiopathic scoliosis or
other neuromuscular conditions.155,160 Pseudarthrosis rates
range from 16% to 50% in the literature.155,161 In addition, the
proximity of procedures to the dural sac and the abnormal
anatomy increase the risk of shunt compromise and failure. By
attending to detail and applying all that is currently known
about myelomeningocele scoliosis surgery (careful anterior
and posterior fusion, segmental attachment, cautious remobilization), the major complication rate can be reduced to 15%
or less.
Kyphosis Treatment
As already noted, bracing is extremely diicult in the severe
kyphosis associated with myelomeningocele. Kyphosis is
relentlessly progressive (3–8 degrees per year) and can become
pathologic in 20% of patients. Because surgical correction is
complex and diicult, many children are let untreated and
seem to function reasonably well, although skin breakdown
over the kyphosis, pressure on abdominal contents, and loss
of trunk height remain problems. Indications for surgery
include progressive kyphosis, skin breakdown over the

FIG. 28.23 Lumbar gibbus on a patient with thoracic-level
myelomeningocele caused sitting diiculties and loss of trunk height before
he underwent kyphectomy and spinal fusion.

kyphosis, respiratory compromise, and concern regarding the
efect of severe trunk shortening (Fig. 28.23).85,162
Kyphosis in myelomeningocele can be corrected, but
intraoperative or perioperative death is frequent enough to
give pause to all who treat this disorder. Death can occur from
uncontrolled bleeding or problems with cerebrospinal luid
(CSF) dynamics. he advent of segmental spinal instrumentation has made kyphectomy with fusion at least moderately
predictable. he segmental attachment must extend well into
the thoracic spine to control the large sagittal plane bending
moments.
Basic principles include a long midline posterior approach
with exposure of ive or six levels of normal closed laminae
proximally and distal exposure down to the midsacral level.
he sac and cord are retracted or resected, with care being taken
to repair the dura slightly distal to and separate from the cord
transection to avoid tying of the central canal and disturbing
CSF dynamics.163 In most cases, retracting the scarred thecal
sac allows suicient exposure.162 he spine is prepared for segmental attachment by passing laminar wires or hooks through
all normal laminae proximally. he distal segments can be
attached by pedicle screw ixation or by screws placed directly
into the vertebral bodies. Because the bleeding encountered
with osteotomy may force a rapid inish, complete preparation
is essential for a successful instrumentation.
he vertebral bodies making up the cranial two-thirds of
the kyphosis are excised, allowing one to “fold in” the remaining proximal and distal spinal segments (Fig. 28.24). Care
must be taken when the vertebrectomy is performed because
the kidneys may be present in the concavity of the deformity
and may sustain inadvertent injury. Oten, ribs 10 to 12 must
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FIG. 28.24 Sagittal diagram describing sequence for performing kyphectomy. (A) The spine is exposed, the
dural sac is tied of or retracted, and the kyphotic segment of the spine is excised. (B) To improve mobility of
remaining segments, discs can be excised, and the lower two to three pairs of ribs can be sectioned from their
origins. (C) Two segments of the spine are “folded inward,” bone grafted (from the excised segments), and wired
to previously contoured rods.

be transected bilaterally to free the proximal segment enough
so that the spine folds inward. he rods are positioned posterior to the infolded segments and secured in place. Posterolaterally placed polyaxial screws may be used to augment
wiring and provide greater construct rigidity (Fig. 28.25). In
a study of seven myelomeningocele patients, Kocaoglu and
colleagues164 found that the addition of polyaxial screws provided greater correction capacity and a low instrumentation
proile in patients with a kyphectomy and Luque instrumentation. he excised vertebrae provide adequate bone grat,
applied anteriorly and posteriorly.

Spinal Muscular Atrophy
Afecting 1 in 11,000 newborns, SMA is a fairly common
autosomal recessive disorder that is characterized by varying
degrees of degeneration of the anterior horn cells, resulting
in a symmetrical muscle paralysis of the trunk and proximal
musculature. he etiology of SMA has been linked to an
autosomal-recessive disorder resulting from a homozygous
deletion or mutation of the SMN1 gene on the 5q13 chromosome. All patients with SMA lack a functioning SMN1
gene, making them dependent on their SMN2 gene in order
to produce the SMN protein. he severity of the disease is
inversely correlated to the SMN2 gene copy number.6 Absence
or deiciency of this inhibitory protein allows increased motor
neuron death that leads to progressive muscle paralysis,

eventually causing respiratory insuiciency and scoliosis
(Fig. 28.26).148 Although there are more severe forms, 80% of
patients live to adulthood and achieve sitting balance.165

Spinal Muscular Atrophy Types
SMA is broken down into three types. First described in the
1890s, type I is also known as Werdnig-Hofman disease or
acute infantile SMA. In this form, children are born with a
normal appearance but by 6 months begin to show signs of
muscle weakness with poor head control, absent relexes, and
respiratory insuiciency, which is the cause of death by 2 to
3 years of age.166 Children with type II SMA—the chronic
infantile or Dubowitz form—experience the onset of muscle
weakness between 6 and 19 months of age but do not have
the same severity of symptoms. hey attain sitting balance but
rarely are able to walk independently. Although respiratory
impairment is not as severe as in type I, respiratory complications are common. Type III SMA is also called the chronic
juvenile form of the disease or Kugelberg-Welander syndrome
and is characterized by onset ater 2 years with milder impairment. Most children develop the ability to walk at some time,
although many lose this ability around puberty.167

Scoliosis in Spinal Muscular Atrophy
he natural history of scoliosis in SMA depends on whether
the patient has type I, II, or III. However, these types represent
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FIG. 28.25 (A–B) A young patient with spina biida was missing posterior elements from T11 to the sacrum
with 103-degree focal lumbar kyphosis with no associated scoliosis. (C) Kyphectomy was performed with
excision of L2 and L3 vertebrae. (D–E) Posterior instrumentation and fusion were used from T7 to the pelvis.

a spectrum of disease, and the distinctions between types may
not be absolute. One should be guarded in making unqualiied
predictions of prognosis based on type.
All patients with type I SMA develop curves greater than
15 degrees. Surgical intervention is not warranted in these
patients because of their short life span; a body jacket provides
good support for balanced and comfortable sitting. Patients
with type II also develop curves greater than 15 degrees,
although the onset of spinal deformity occurs later, between 2
and 4 years of age. Most of these patients do not ambulate and
are likely to experience rapidly progressive scoliosis. he
prevalence of spinal deformity in type III patients is varied,
but it typically develops in about half of patients.168 Some of
these patients are independent walkers and more likely to
escape spinal deformity.166,169,170
Scoliosis in SMA tends to progress. In 52 cases of SMA,
Granata and colleagues171 found an increase in curve magnitude
of 8 degrees per year, despite brace use. hey likewise showed
a signiicant increase in curve progression when a patient with
mild involvement stopped walking. In 13 nonwalking SMA

patients, these investigators found a 3-degree per year curve
progression. Walking patients with mild involvement showed
only a 0.6-degree per year progression. he curve most oten
seen with SMA is a C-shaped thoracolumbar curve. Kyphosis
can also be seen with these spinal deformities, but is typically
not severe.

Treatment Options
Bracing
As with other neuromuscular diseases, bracing is mainly a
temporizing measure to aid in sitting while patients attain
more trunk height and vertebral size before surgical intervention. he efectiveness of bracing depends on the type of SMA,
the severity of the deformity, and the remaining growth of
the patient. Early studies reported delay of progression in a
limited subset of patients with milder forms of SMA.166,170
No studies have documented correction of deformity with
dynamic bracing, however, because many patients do not
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FIG. 28.26 This patient’s bell-shaped thoracic cage, characteristic of spinal muscular atrophy, has been
compromised further by severe scoliosis.

have the muscular control to pull away from the sides of the
brace. he evidence for brace application is still inconclusive
because no current studies stratify their results based on age
and SMA type. When bracing is elected to provide support
for comfortable, balanced sitting before or in lieu of surgery,
pulmonary function must also be considered. SMA patients
are abdominal breathers because the disease afects intercostal muscle and diaphragmatic function. Because bracing
signiicantly restricts abdominal movement and tidal volume,
pretreatment pulmonary function should be a consideration
in choosing this treatment modality.167

Surgical Management
Several studies have supported the use of segmental instrumentation to the pelvis for the deinitive management of
scoliosis in SMA. Brown and colleagues172 evaluated 40
patients with SMA who were treated with posterior fusions
and concluded that there were fewer complications and better
maintenance of correction with Luque instrumentation compared with Harrington instrumentation. A study by Bentley
and colleagues173 reported a 51% surgical correction rate of
coronal deformity in 33 SMA patients with good maintenance
of correction. Fusion should be performed before the patient’s
curve becomes too stif; periodic bending ilms and examinations are important for the timing of fusion.
Spinal fusion almost always results in a loss of function.
Evaluating 40 patients with preoperative and postoperative
functional and strength testing, Furumasu and colleagues174
found that the straight but rigid spine was not always an

immediate advantage to patients. he increased length of the
spine creates a longer lever arm against which weakened
proximal muscles have to work. hese investigators reported
an increased use of assistive devices, such as mobile arm supports, reachers, and lapboards. In this study, stronger patients
were still able to maintain function, but weaker patients lacked
the strength and lexibility to move their trunk in daily activities. Other studies have also noted a postoperative loss of
function70,164,175,176; Aprin and colleagues176 noted increased
preservation of preoperative function in 22 patients who
underwent preoperative and postoperative physical therapy.
Spinal fusion does not stabilize pulmonary function. In a
study of eight patients—4 with SMA type II and 4 with SMA
type III—Chng and colleagues177 reported a continued decline
in pulmonary function at 44 months ater spinal fusion and
instrumentation. hese authors noted that this decline was less
marked than the natural history of SMA and that it was most
likely secondary to the progressive neuromuscular weakness
of the disease.
Ultimately, spinal fusion limits the progressive decline in
spinal deformity and pulmonary function that characterizes
SMA. A straight spine over a level pelvis allows comfortable
sitting and the use of upper extremities in daily functions, and
is undoubtedly a great beneit to these patients. he timing
of fusion should be an individual decision that takes into
account the patient’s comfort, functional status, and overall
health. As with DMD, fusion needs to be performed before
pulmonary function has declined to a level at which pulmonary complications are prohibitive. In the past decade, the
treatment of collapsing scoliosis experienced in children with
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severe and intermediate forms of childhood SMA (types I
and II) has been aided through the use of GRs. Early fusion
in these patients has been demonstrated to limit trunk height
and inhibit lung growth, exacerbating the pulmonary diiculties associated with SMA. GRs provide for continued trunk
growth and lung growth, while at the same time controlling
the spinal deformity. McElroy et al,178 from analysis of a multicenter database, reported 15 nonambulatory patients with
SMA treated with GRs and was able to show improvement
in the deformity of the major curve, spinal growth (T1 to
S1), and lung volumes with reasonable operative morbidity.
However, GRs could not halt rib collapse in these patients.
Further studies will be needed with greater patient cohorts to
fully determine how efective and helpful GRs can be in treating patients with this debilitating subtype of neuromuscular
scoliosis.

Our Recommendations
We use bracing in early lexible curves as soon as progression
is documented. he goal in bracing is to temporize, allowing
the child to achieve as much sitting height as possible. Spinal
fusion may be delayed until approximately 10 to 12 years of
age, unless the curve is uncontrollable by bracing and is greater
than 40 degrees. Surgical intervention with posterior spinal
instrumentation and fusion to the pelvis is the method of
choice. In very young Risser 0 patients, anterior fusion without
division of the diaphragm rarely may be considered to prevent
the crankshat phenomenon, but must be weighed against the
pulmonary risk. Most patients are treated by posterior-only
methods, particularly if pedicle screws can be inserted.

Duchenne Muscular Dystrophy

Scoliosis in Duchenne Muscular Dystrophy

he most common hereditary neuromuscular condition,
DMD is a sex-linked recessive disorder that afects 1 in 3500
boys. A deiciency of the muscle cell membrane stabilization

A

protein dystrophin results in cell membrane leakage and
gradual deterioration with fatty iniltration.179 hese patients
typically present with progressive muscle weakness at 3 to
5 years of age. DMD patients are young boys with delayed
onset of walking, a wide-based gait, a wide-based stance with
pronounced lordosis, and pseudohypertrophy of the calves.
Gower sign of DMD is a characteristic way in which these
patients rise up from the loor using all four limbs to get
into a “bear position” and then pushing of of their thighs
with their upper extremities to force hip extension and right
the trunk. In this manner, these children overcome their
proximal muscle weakness. Elevated creatine kinase level
(5000 to 15,000 U/L) is a good screening test. Deinitive
diagnosis is established by either a genetic analysis or a muscle
biopsy specimen revealing decreased levels or absence of
dystrophin.180-182
he clinical course of these patients is fairly predictable.
Patients usually use a wheelchair full-time by 10 to 12 years
of age. he incidence of spinal deformity and rate of scoliosis
progression in these patients are controversial. Several studies
have found that DMD scoliosis increases at a rate of 15 to
30 degrees yearly and may exceed 100 degrees if untreated
(Fig. 28.27).183-186 In contrast, a 10-year retrospective study of
123 DMD patients by Kinali and colleagues187 found a highly
variable rate of the presence and the progression of scoliosis
in children with DMD. Despite this inconsistency, skeletally
immature patients with a Cobb angle progression to greater
than 20 degrees generally continue to progress. he association
of the severity of spinal deformity and decline in pulmonary
function has been well described. Respiratory failure generally
leads to death in the late teens or early 20s, although advances
in treatment have improved prognosis.188

More than any other form of neuromuscular disorder, pulmonary function and life expectancy are directly correlated
with spinal deformity. FVC begins to decline at the age that

B

FIG. 28.27 Two brothers with severe scoliosis secondary to muscular dystrophy. (B) The younger boy
underwent a successful posterior spinal instrumentation and fusion, achieving good sitting balance. (A) His
older brother had already lost too much pulmonary function to tolerate surgery. He is unable to sit well, even
with support.
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for 3 years postoperatively in the fused group compared with
an 8% per year average decline in patients not operated on.
Although the impact of spinal surgery on pulmonary function is unknown, the relationship between pulmonary decline
and progression of scoliosis has been shown by Kennedy and
colleagues189 to be 3% to 5% per year. When scoliosis progression has reached 20 to 30 degrees, many authors recommend
surgery (Fig. 28.29).29,191,192 Glucocorticoid treatment seems
to be afecting the natural history of this condition, but it is
unclear how the surgical indications for spinal fusion should be
modiied.

Treatment Options
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FIG. 28.28 Percentage of forced vital capacity (FVC) vs age in patients with
Duchenne muscular dystrophy. FVC percentage was found to be the
parameter of pulmonary function that most strongly correlated with age
and thoracic Cobb angle measurement. (From Kurz LT, Mubarak SJ, Schultz
P, et al. Correlation of scoliosis and pulmonary function in Duchenne
muscular dystrophy. J Pediatr Orthop. 1983;3:347.)
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he preoperative evaluation of DMD patients must take into
account other comorbidities of their disease. Pulmonary
function testing should be done before surgery to assess the
severity of preoperative respiratory compromise. Although
more recent studies have reported successful spinal surgery
at FVC of less than 35%,193 previous work associated this
lowered FVC value with increased postoperative morbidity.192
Similar to the progressive decline in pulmonary function over
time, the severity of cardiac dysfunction also increases with
age. DMD patients are likely to develop cardiomyopathy and
arrhythmias in the second decade of life, and an electrocardiogram, a chest radiograph, and an echocardiogram should
be done to screen for cardiac problems. Despite the fact that
many of these patients are obese, they should be evaluated
for malnutrition because wound healing complications and
increased infection rates have been reported.194 DMD is also
associated with a tendency for increased blood loss caused by

C

D

FIG. 28.29 Preoperatively, this boy with Duchenne muscular dystrophy had 20 degrees of scoliosis and 30
degrees of thoracolumbar region kyphosis. He underwent posterior instrumentation and fusion from T3 to L5
at age 13 years to retard further progression of spinal deformity. Treating the patient early allowed stopping
short of the pelvis.

S E C T I O N

patients stop standing. From that time, the restrictive efects
of thoracic cage deformity and loss of respiratory muscle
function cause pulmonary function to decline 4% for each 10
degrees of deformity and each year of age (Fig. 28.28).175 Smith
and colleagues186 reviewed the natural history of DMD in 51
boys and found that the rate of progression of scoliosis was
inversely related to the age of death. Although most studies
have failed to identify a protective role of spinal surgery on
pulmonary function,187-189 Galasko and colleagues190 reported
a stabilization of pulmonary function at 3-year follow-up.
hey compared 32 patients who underwent spinal fusion and
23 patients who refused surgery. he FVC remained stable
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poor vasoconstrictive function owing to a lack of dystrophin
in vessel smooth muscle; preparation for major operative
blood loss should be made.195 Additionally, patients with
dystrophic myopathies have an increased risk of malignant
hyperthermia.196

Surgical Management
Long fusions from T2 to either L5 or the pelvis are recommended. he distal extent of the fusion has been an area of
much research and remains a controversial subject. Mubarak
and colleagues192 determined that instrumentation and fusion
to L5 was efective in mild deformities with pelvic obliquity
less than 15 degrees at 34-month follow-up. Sengupta and
colleagues197 found similar results in their review of posterior
fusions in 50 patients, and concluded that fusion to L5 with
pedicle screw instrumentation is adequate if done soon ater
patients lose walking ability. hese results were supported
further by McCall and Hayes,74 who found that fusion to L5
was a viable alternative to fusion to the pelvis in patients with
less than 15 degrees of L5 tilt.
Takaso and colleagues198 supported the argument that the
caudal extent of the fusion in DMD patients can be stopped
at L5 if the degree of L5 tilt is less than 15 degrees.
Given the limitations of a minimal curve size and pelvic
obliquity, fusion to the pelvis is the most common method of
spinal ixation in DMD patients. Luque rods with the Galveston technique of pelvic ixation is a well-studied technique
that ofers acceptable results. Brook and colleagues199 reviewed
results of Luque and Luque-Galveston instrumentation in 17
patients and found an average of 63% correction as well as
good maintenance of correction. Bentley and colleagues173
reviewed 64 patients treated with posterior fusion and reported
a 47% correction rate with good maintenance of correction.
he authors recommended fusion to T4, stating that the lower
level of fusion allows more freedom of movement for feeding
and upper extremity use. Unit rods have also been evaluated
in DMD patients and provide acceptable results; however,
placement of the rods into the iliac wings makes this technique
challenging.199 he Dunn-McCarthy technique with S-shaped
rods looped over the sacral alae has been shown to provide
good results in DMD patients. his technique has gained
popularity because of its dependable ixation in patients with
osteopenia and ease of placement in the kyphotic lumbar
spine that is oten seen in DMD patients.83,191
More recent advances in segmental pedicle screw ixation
have resulted in their promotion as an alternative to more traditional hook-wire and Galveston pelvic ixation techniques.
Hahn and colleagues200 reported results of 20 DMD patients
treated with pedicle screw–alone ixation and concluded that
pedicle screws combined with iliac screws provided a stable
construct that eliminated the need for a combined anterior
procedure at minimum 2-year follow-up. hese authors found
that this technique limited blood loss compared with sublaminar wiring, had no implant loosening, and allowed early
mobilization, resulting in no pulmonary complications. hese
indings were supported by Mehta and colleagues,201 who
reported their cohort of 36 patients with DMD instrumented

from upper thoracic level to L5 or the pelvis if the pelvic tilt was
15 degrees or greater (10 patients), unlike the study performed
by Hahn et al.,200 who instrumented the pelvis regardless of
the pelvic tilt. All patients in the group were able to achieve a
balanced sitting posture and a signiicantly improved lumbar
lordosis. Also, the patients who underwent pelvic ixation had
a signiicantly improved pelvic tilt following surgery compared
to preoperative measurements.201 Pedicle screw ixation with a
free-hand technique has been shown to be as safe and accurate
as in other conditions.202

Our Recommendations
In patients with DMD, spinal fusion is performed when curves
reach 20 degrees and FVC is greater than 40%. Preoperative
FVC of less than 30% to 35% is correlated with a high incidence
of major respiratory complications. he surgical technique
recommended by the authors is segmental instrumentation
(mainly with pedicle screws) and posterior fusion from the
high thoracic level (T2 or T3 down to L5). Usually, the ICU stay
is 2 days, and the average hospital stay is 8 days. If the pelvic
obliquity is greater than 10 degrees or the scoliosis curve is
greater than 40 degrees, the authors consider instrumentation
to the pelvis to correct this obliquity and ensure a level pelvis.
he ultimate goal in the treatment of deformity in DMD is the
maintenance of upright sitting balance and maximal pain-free
function. Many of the authors’ patients are now older than 20
years with an upright posture, minimal wheelchair diiculties,
and improved quality of life.

Rett Syndrome
Rett syndrome is a developmental disorder of unknown etiology that occurs in 1 in 20,000 females. he syndrome is linked
to a mutation in the MeCP2 gene located on the X chromosome,
which encodes a deacetylator that regulates the transcription
of certain genes. Patients appear normal at birth but begin
the stepwise deterioration characteristic of Rett syndrome.
he syndrome has four stages. In the irst stage, generally
occurring when patients are 6 to 18 months of age, signs of the
syndrome include developmental stagnation, slowed head and
brain growth, and generalized hypotonia. From approximately
age 1 to 3 years, patients begin to regress developmentally and
exhibit autism-like symptoms. In the third stage, between ages
2 and 10 years, patients have seizures, exhibit ataxia, exhibit
mental retardation, and perform stereotypical gestures such
as repetitive hand wringing. During this phase, scoliosis and
spasticity can be seen. In the fourth stage, patients exhibit
upper and lower motor neuron signs with increased rigidity
and muscle wasting. Scoliosis is most likely to develop in this
inal stage (Fig. 28.30).203

Scoliosis in Rett Syndrome
he incidence of scoliosis increases as patients get older: 8%
of girls with Rett syndrome have scoliosis at age 5, 40% have
it by age 11, and 80% have it by age 20. he deformity can be
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FIG. 28.30 A 9-year-old girl with Rett syndrome had 80 degrees of spinal deformity, despite bracing. Because
her triradiate cartilage remained open, she underwent anterior thoracoscopic release and posterior
instrumentation from T2 to the pelvis.

rapidly progressive; Lidstrom and colleagues204 reported on 78
patients with Rett syndrome and reported progression rates of
20 to 41 degrees per year in the 10 most severe cases. Because
scoliosis in Rett syndrome has this potential for progression,
yearly evaluation of the spine should be conducted ater the
age of 5 years.205
he treatment for Rett syndrome is similar to treatment for
CP. Bracing has a limited role in treatment, although it may
provide support for comfortable sitting until surgery is performed.206 As with CP, the authors recommend that if sitting
comfort and balance become compromised, treatment with
segmental instrumentation is indicated. Spinal surgery is
indicated when the curve exceeds 40 degrees. Long-term
outcome of surgery in patients with Rett syndrome has shown
good results. In a prospective study of 23 girls with Rett syndrome and neuromuscular scoliosis, Larsson and colleagues207
found improved seating position and patient satisfaction at
6-year follow-up. hese authors reported that all patients who
could walk preoperatively maintained ambulation postoperatively. hey also noted that patients and parents reported an
overall improvement in well-being with better sitting posture
and improved breathing. As with all patients with neuromuscular disorders who undergo scoliosis surgery, spinal cord
monitoring is advocated.208
PEARLS
1. Neuromuscular spinal deformities are often complex,
multiplanar, and rigid.
2. Segmental instrumentation reduces the risk of progression.
Hooks and screws add to construct rigidity compared with
sublaminar wires alone.
3. Hyperkyphosis increases the risk of implant failure or junctional
kyphosis, or both. Segmental posterior compression
instrumentation reduces this risk.

PITFALLS
1. Blood loss should be anticipated. The surgeon should minimize
blood loss during exposure and consider use of a
pharmacologic agent to reduce blood loss during surgery.
Transfusion should be done early, and clotting factors should be
replaced (fresh frozen plasma) before coagulopathy develops.
2. The surgeon needs to be aware of infrapelvic causes of
obliquity, such as hip contracture.
3. Preoperative nutritional supplementation, often via a
gastrostomy tube with fundoplication, should be considered.
4. Postoperative intensive care unit support is crucial to
negotiating major spinal surgery safely in these medically
compromised patients.
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Thoracoscopic Anterior Release and Fusion
Mack et al.1 and Rosenthal et al.2 irst introduced videoassisted thoracoscopic surgery (VATS) as a therapeutic modality for various spinal disorders such as anterior release for
deformities, discectomy, and vertebral body biopsy in the
1990s. VATS has since been widely developed to perform
anterior thoracic or thoracolumbar reconstruction in cases of
spinal tumors or fractures, drainage of vertebral abscess, and
anterior instrumented fusion for the treatment of idiopathic
scoliosis and other spinal deformities.1-3 he goals of VATS are
fundamentally the same as those of open surgery but is performed in a minimally invasive manner.
he adoption of thoracoscopic surgery in idiopathic scoliosis aims to improve the spinal alignment and balance in all
planes comparable to that obtained with an open thoracotomy.
In addition to idiopathic scoliosis, VATS has also been used
to perform anterior spinal column release (discectomy) in
scoliosis and kyphosis, as well as hemiepiphysiodeses or
hemivertebrectomies in congenital scoliosis. As such, VATS
may be executed alone or performed as an adjunct to posterior
surgery.
he thoracoscopic approach potentially ofers several
advantages over an open anterior approach, including reduced
postoperative pain, decreased intraoperative blood loss, lower
pulmonary morbidity, access to multiple vertebral levels, and
better cosmesis due to its less invasive nature. However, it is
apparent that even ater several series reported, VATS continues to be technically demanding and is associated with a signiicant learning curve. his may be the reason that VATS
remains in limited use among spinal surgeons. Although the
posterior approach continues to be the most familiar access
for surgical treatment in the majority of spinal diseases, VATS
may have an important role in a subset of spine patients.

Indications
Scoliosis
Anterior spinal surgery had been frequently used as a means
for multiple discectomies and fusion in severe scoliosis or

kyphosis, with the aim to bring greater curve lexibility and to
prevent the “crankshat” phenomenon in immature patients.
Although no deinite guidelines on the magnitude and lexibility of the spinal curvature necessary for anterior release have
been established, it has been generally accepted that curves
with a Cobb angle greater than 70 to 75 degrees and a bending
correction lower than 50% are considered appropriate indications. When suicient segmental mobility of the released
vertebra has been achieved, posterior instrumentation and
fusion is performed to make inal correction of the deformity
(Fig. 29.1).
In 2003, Lenke4 reported the outcomes of adolescent idiopathic scoliosis (AIS) treated with a VATS anterior release
and fusion followed by posterior instrumentation. he mean
preoperative curve was 82 degrees (range, 41–125 degrees)
and was corrected to a mean postoperative curve of 28 degrees
(range, 5–60 degrees) resulting in a mean correction rate of
70%. In another consecutive series studied by Newton and
coworkers,5 112 pediatric spinal deformity cases with an
average preoperative curve of 80 degrees who underwent a
combined anterior released fusion and posterior instrumentation surgery were found to have radiographic evidence of
a solid anterior arthrodesis in 75% of the disc spaces. he
scoliosis correction rate showed a nonsigniicant diference
between three diagnostic groups, though idiopathic scoliosis
seemed to have a trend toward greater percent correction
(67%) compared with patients with neuromuscular (52%) and
other diagnoses (50%).
With the modern improvement on posterior spinal instrumentation techniques and increased popularity of Ponte
osteotomies, more recent authors have started to question the
necessity and indication of anterior release.6,7 Suk et al.6 found
an average correction of 66% with posterior all-pedicle-screw
instrumentation to treat severe scoliosis up to 110 degrees.
Although modern pedicle screw constructs ofer powerful
correction, we still believe that thoracoscopic anterior release
remains valuable to optimize coronal and axial plane correction and to improve sagittal alignment by increasing thoracic
kyphosis in the most severe cases of scoliosis.8
Progressive scoliosis in children with open triradiate cartilage is known to be at risk for crankshat deformity when
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FIG. 29.1 Preoperative (A) posteroanterior and (B) lateral radiographs of large stif curve. Postoperative
(C) posteroanterior and (D) lateral radiographs. Thoracoscopic anterior spinal release and discectomy and
combined posterior spinal instrumentation and fusion provide acceptable correction.

treated with a posterior fusion alone.9 he phenomenon was
more commonly encountered for children using hook and
wire ixation, but less in those with modern pedicle screw
instrumentation. Sarlak et al.10 reported a 5-year follow-up
series on seven idiopathic scoliosis children (average age, 7.4
years) who were treated with all-posterior–pedicle screw
instrumentation. he authors found a 57% correction rate

without evidence of crankshat phenomenon in four patients.
However, they also found a slight increase of curve angle in
one patient and a signiicant increase in angle of trunk rotation (ATR), suggesting crankshat phenomenon in two
patients.10 Given the lack of clear evidence on the appropriate
treatment of these cases, thoracoscopic anterior fusion may be
a viable option to limit anterior growth and prevent this
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Kyphosis
Scheuermann kyphosis used to be a common indication for
anterior spinal fusion and instrumentation.15–17 Papagelopoulos et al.18 and Sturm et al.19 found that posterior ixation with
hook or hybrid constructs alone did not yield adequate strength
to maintain correction in patients with progressive kyphosis.
herefore, combined anterior and posterior approaches have
been investigated to treat such kyphotic deformity. In a retrospective analysis of 32 patients with Scheuermann kyphosis,
Lowe and Kasten20 found that a combined approach resulted
in a 51% correction of the deformity without major postoperative complications. Aterwards, Herrera-Soto et al.21 speciically investigated the use of VATS in kyphosis patients and
found similar beneits as those in scoliosis patients, including
reduced blood loss and less morbidity, compared with open
thoracotomy.
Given the beneits of modern posterior instrumentation,
Lee et al.16 performed a comparative study between the posterior thoracic segmental pedicle screw construct and a combined anteroposterior approach in a series of 39 patients. he
authors found a similar correction rate between both techniques; however, they found increased complications in the
combined technique group. In our institution, with the
increasing utilization of Ponte osteotomies and improved
spinal instrumentation and ixation techniques, we gradually
undertook the posterior-only method and have limited indications for a combined anteroposterior approach to those with
the severe rigid nonangular form of kyphosis.8

Congenital Deformity
Various operative methods have been used for management
of congenital scoliosis, depending on the types of vertebral
anomaly, location, associated conditions, and age of the
patient. Even more of a concern in this younger group of
patients than older children with AIS, reports have identiied
the crankshat phenomenon, a progression of scoliotic deformity ater a region of solid posterior arthrodesis, to be a
particularly diicult problem with the surgical treatment of
congenital deformity.9 In a study with 12 years of follow-up in
patients with congenital scoliosis, Kesling et al.22 found that
15% of 54 patients who received a posterior-only arthrodesis
subsequently developed a crankshat deformity.
As a result of the unfavorable results with posterior-only
surgery in the past, VATS has been advocated in the treatment of congenital scoliosis.5,13,23 Anterior arthrodesis and
growth-modifying hemiepiphysiodesis are both technically
possible through an endoscopic approach. First introduced

by Roaf,24 hemiepiphysiodesis has been detailed more recently
by Samdani and Storm,25 who suggested that a convex anterior
and posterior hemiepiphysiodesis is ideally performed on
children older than 5 years with a short curve less than 40
degrees involving ive or fewer vertebrae. In this combined
hemiepiphysiodesis procedure, the convex halves of the discs
were removed anteriorly, followed by a posterior arthrodesis
and casting.26 In addition, hemivertebrae at a lower thoracic
level may occasionally be indicated for excision. In such a
situation, performing a thoracoscopic surgery anterior hemivertebra excision is feasible in a combined-approach fashion.
It should be noted that for children who are younger than 5
years who require anterior fusion over few levels of the spine,
the beneit from a thoracoscopic approach may be limited.
he use of VATS in these small patients must be considered
on an individual basis.

Contraindications
As mentioned, the small size of the patient is a relative contraindication to thoracoscopy. Lung delation is more diicult
in these cases because standard-size double-lumen and bronchial blocking endotracheal tubes are too large. Another
restriction is the markedly reduced working distance between
the chest wall and the spine. In severe cases of scoliosis, the
reduced distance limits the ield of vision (in that the endoscope is too close to the spine to obtain any perspective) and
the maneuverability of the working instruments. A minimum
distance of 2 to 3 cm of working space between the rib cage
and the spinal column is required to provide adequate visualization. If the distance is less than 2 cm, thoracoscopy is not
advised. Body weight of less than 30 kg is a relative contraindication because the relative beneits of VATS seem to be
reduced in small patients.27
Visualization of the surgical ield is mandatory in all surgical approaches, and it may be compromised in VATS by
incomplete delation of the lung or pleural adhesions that
preclude collapse away from the chest wall and spine. Pleural
adhesions (Fig. 29.2) can be anticipated in patients with a
history of prior ipsilateral thoracic surgery or signiicant

FIG. 29.2 Endoscopic view of pleural adhesions (arrows).
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late-presenting deformity in these youngest of patients.11-14
Furthermore, the thoracoscopic procedure has been used in
other diagnoses to prevent pseudarthrosis. Previous studies
have suggested circumferential fusion with autogenous bone
grat for certain syndromes, such as Marfan syndrome,
neuroibromatosis, and prior spinal irradiation, because these
conditions are susceptible to an increased risk of pseudarthrosis following posterior fusion alone.5,8
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pulmonary infection, both of which may prevent the surgeon
from safely using the thoracoscopic approach.

Surgical Technique
here are a number of special equipment needs for the safe
performance of thoracoscopic surgery. High-quality endoscopes (10-mm diameter and 0-, 3-, and 45-degree angled
optics), video camera, light source, and monitor have become
standard in nearly all modern operating rooms. We prefer to
have the surgeon and assistants stand anterior to the patient.
An endoscopic suction-irrigation device, an ultrasonic dissector, and electrocautery are positioned at the head of the
operating table. he operating table must be compatible with
use of the image intensiier.
he patient is secured in a direct lateral position over an
axillary roll with the convex side of the scoliosis up (Fig. 29.3).
Some authors have suggested that prone positioning may be
possible in select cases, which avoids the need to reposition
the patient for the posterior procedure and allows anterior
release and posterior instrumentation simultaneously.28–30
Although the ability to convert to an open approach may be
restricted, it has been shown that the prone position does not
adversely afect postoperative pulmonary function.31 his
approach necessitates a more posterior portal placement
strategy that may limit the anterior extent of spinal exposure
and disc excision.
he role of the anesthesiologist is crucial in the success and
safety of thoracoscopic surgery.32 Spinal cord monitoring is
advised using somatosensory and transcranial motor evoked
potentials. Complete ipsilateral lung delation is essential to
prevent lung parenchymal injury from passing instruments
and to allow visualization of the spine. Double-lumen endotracheal tubes are preferred in patients large enough (>45 kg)
to accept these devices. In children (<45 kg), selective intubation of a single lung is oten required as an alternative. A small
balloon advanced into the main stem bronchus blocks ventilation to the lung on the operative side. In nearly all patients
with normal preoperative pulmonary function, single-lung

ventilation can be tolerated. he surgeon and anesthesiologist
should be aware of the increased risk of developing postoperative mucous plugs as a result of single-lung ventilation.
Ater lung delation, plastic tubular portals are established
through the chest wall (Fig. 29.4). he orientation of these
portals may vary depending on the pathology, although in
most cases of deformity release and fusion, they are best
placed in a linear relationship along the anterior axillary line.
Owing to the site of diaphragm insertion, the inferior portals
require a slightly more posterior placement to maintain an
intrathoracic position. Initial exposure of the spine oten
requires gentle retraction of the lung, at least until it becomes
completely atelectatic (Fig. 29.5). A fan retractor is oten
required early in the procedure before complete atelectasis of
the lung has occurred. he vasculature, including the azygos
vein and subclavian artery, is identiied before the introduction of surgical instruments to prevent inadvertent injury (Fig.
29.6). he vertebral levels are selected by identifying the irst
rib partially hidden beneath the subclavian artery, counting
down distally (Fig. 29.7) and conirming with a radiographic

FIG. 29.4 Proper placement of portals is necessary for multilevel
discectomies with the patient in the lateral position.

Scrub

Anesthesiologist

Video

A

Surgeon

Assistant

FIG. 29.3 Diagrammatic setup in the operating room shows position of
surgeon, assistants, scrub nurse, and monitor for endoscopic surgery.

B
FIG. 29.5 Intraoperative endoscopic view of a fan retractor (A) placed on
the lung (B) to aid in complete delation.
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FIG. 29.6 Endoscopic view of the thoracic cavity shows the spine (asterisk),
segmental vessels, azygos vein (arrow), and atelectatic lung.

B

A

FIG. 29.7 A peanut dissector is used to palpate the irst rib (A). The second
rib (B) is most obvious.

marker. Division of the pleura overlying the spine may be
performed either longitudinally, over the length of the spine
to be fused, or transversely, at each disc space.
Treatment of the segmental vessels (Fig. 29.8) may be
individualized with either division or preservation, depending
on the needs of the case or preference of the surgeon. In most
cases, we prefer a longitudinal pleural exposure with division
of the segmental vessels using harmonic coagulation. Division
of the segmental vessels allows greater anterior spinal exposure
for more complete circumferential annular release. Blunt dissection of the pleura to the contralateral side of the spine is
performed, exposing approximately 270 degrees of the disc
perimeter. Ater division of the pleura, any remaining areolar
tissue is divided, and packing sponges are used to create a
space between the anterior spine and the pleura.
he accessible levels through thoracoscopy are T2–L1.
Exposure of the T12–L1 disc and L1 vertebral body requires
division of a small segment of the diaphragm insertion that
can be accomplished by extending the pleural incision distally
into the diaphragm. he proximal thoracic spine in the right

FIG. 29.8 After division of the pleura (A), HARMONIC laparoscopic
coagulating shears (Ethicon) are applied to the segmental vessel (B).

chest is oten covered by the conluence of the segmental veins,
which may appear daunting at the T3 and T4 levels. With slow,
cautious use of the ultrasonic devices, these vessels can be
sealed and divided safely, exposing the upper thoracic spine.
Disc excision techniques are similar to techniques used in
open surgery. An annulotomy is performed with the electrocautery or ultrasonic scalpel. A rongeur is an excellent tool for
most of the disc excision. Specially designed endoscopic
rongeurs are available in extended lengths with various angles
(straight, up, right, let) to reach the depths of each disc space
(Fig. 29.9).
Awareness of the discectomy path is vital to avoid damage
to the neural elements and to prevent excess bone excision that
can cause increased bleeding and suboptimal visualization. An
angled curette may also be used to remove residual endplate
cartilage and expose the cancellous bony surface required for
fusion. Bleeding from the bone can be limited by using the
avascular plane of dissection between the cartilage endplate
and the vertebral body in immature patients. he key to a
comprehensive discectomy is optimal visualization deep into
the disc space; this not only allows complete removal of all
disc tissue, but also prevents injury to the posterior longitudinal ligament and neural elements.
When the discectomy is complete, either allogeneic cancellous or autogenous (rib or iliac crest) bone grat is placed into
the disc space with an endoscopic tubular plunger (Fig. 29.10).
he method and type of bone grating also seems to be important to the success of arthrodesis. his may be crucial only in
selected cases. However, all patients are at some risk for
pseudarthrosis ater posterior instrumentation and fusion
procedures. In a study of 112 patients treated with an anterior
release followed by posterior instrumentation, Newton et al.5
compared the grade of arthrodesis between patients who
received autogenous versus allogeneic bone grat. he authors
found that the disc space was fused in 88% of the autograt
group compared with 72% of the allograt group at 2-year
follow-up.5 If autograt is not available, either allograt bone
or demineralized bone matrix may be used because they have
been shown to result in similar fusion rates.5,33
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FIG. 29.9 (A) Discectomy can be done with a rongeur or curette or both, with complete removal of the anulus
ibrosus, nucleus pulposus, and both endplates of cartilage. (B) Appearance after multilevel discectomies
completed. Empty disc space can be temporarily packed with Surgicel for hemostasis control before
application of bone graft.

*

FIG. 29.10 Morcellized bone graft (arrow) is introduced into the disc space
using a tubular plunger (asterisk).

Outcomes
Due to its minimally invasive character, thoracoscopic approach
to the spine for an anterior release and fusion has several advantages over the more traditional open thoracotomy approach
while achieving similar results in experienced hands. hese
advantages include less pulmonary morbidity, reduced recovery
period, and improved cosmesis. However, the learning curve
appears to be steep and operative times signiicantly longer
when compared with open anterior or posterior technique.14
Several studies have been conducted to evaluate the learning
curve associated with VATS.13,34,35 Newton et al.13 found that
there was a slight decrease in operative time throughout the
course of the irst 65 patients treated at their institution and
concluded that VATS had a steep, but not prohibitive, learning
curve. In a more recent study by Son-Hing and coworkers,34
the learning curve was found to be short with appropriate
training and resulted in an excision of a greater amount of
disc tissue and a decrease in operative time, while providing
similar curve correction to an open thoracotomy.
Several experimental studies have been done to analyze the
extent of disc excision possible with thoracoscopic techniques.
Biomechanical evaluations of the instability resulting from
discectomy were equivalent between open and endoscopic

approaches in various animal models.35–38 he extent of endplate bony exposure has also been shown to be similar with
the two approaches experimentally.35,39
he clinical results of VATS anterior release and fusion in
patients with spinal deformity have been generally favorable
but poorly controlled.40 Although there was a trend in the use
of this method during the 1990s, it has since declined in popularity with the widespread adoption of posterior segmental
pedicle screw instrumentation. Luhmann et al.6 and Suk et al.7
investigated the severe and rigid scoliosis with a main thoracic
curve between 70 degrees to 100 degrees and an average lexibility of 45%. Both authors concluded that posterior segmental
pedicle screw ixation without anterior release in severe scoliosis had satisfactory deformity correction and prevented signiicant loss of curve correction. However, these studies did
not address the extremely large and stif deformities, such as
curves more than 100 degrees and less than 25% lexibility. In
a more recent study of 21 patients with an average preoperative Cobb angle greater than 110.5 degrees and lexibility of
13%, Yamin et al.41 found a staged anteroposterior procedure
to provide safe and efective treatment with a mean correction
rate of 65.2%. hese authors recommended that patients with
a Cobb angle more than 80 degrees and lexibility less than
20% should be treated with a staged anterior release and
posterior pedicle screw instrumentation with adjuvant halopelvic traction to gradually correct the deformity.41 Despite
recent studies calling the necessity of this technique into
question for large and stif curves, there is likely a subset of
patients who continue to beneit from this procedure, particularly if a three-column osteotomy can be avoided.6,7,41
he time to perform VATS anterior release has ranged from
90 minutes to 4 hours, with a decrease in operative time as
surgeons gain familiarity. he operative time per disc level
excised averages 20 to 40 minutes in experienced hands.13,34
he reported blood loss and chest tube drainage have been
comparable to open procedures, with blood loss generally
averaging less than 300 mL.13,34,42,43 In cases of excessive blood
loss, sometimes conversion to open surgery may be required.
he incidence of major complications for either VATS or
open thoracotomy is less than 1%.13,34,44 he most common
complications associated with VATS anterior release are pulmonary, such as atelectasis, pleural efusions, pneumothorax,
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Thoracoscopic Anterior Scoliosis
Instrumentation
Anterior scoliosis instrumentation and fusion surgery has
been recognized as an alternative to posterior surgery in isolated thoracic curves because it has the potential to save distal
fusion levels, prevent crankshat phenomenon, increase thoracic kyphosis restoration, and improve spontaneous correction of the unfused lumbar and cephalad thoracic curve.5,44,47,48
Based on the principles of open thoracic anterior instrumentation, VATS anterior instrumentation has been developed to
combine the advantages of the anterior approach and minimally invasive surgery simultaneously. Since the irst thoracoscopic instrumented fusion of idiopathic scoliosis was
accomplished in 1996, this technique has attracted considerable attention for the treatment of thoracic idiopathic scoliosis.
Later, several authors also reported good scoliosis correction
(mean, 55–65%) and cosmetic outcomes via this minimally
invasive technique.48–51 However, the superiority of VATS
instrumented surgery over conventional surgery has not been
clearly proven because of concerns with regard to implant
failure, pseudarthrosis, and pulmonary complications. Furthermore, given the learning curve, VATS instrumentation has
signiicantly longer operative times.48,49
Although the thoracoscopic approach was shown to have
advantages over the open anterior approach because of less
postoperative pain and pulmonary compromise, these advantages are less distinct compared with the current posterior
techniques.48,49 horacoscopic anterior instrumented fusion is
an accepted alternative to treat spinal deformity. Nevertheless,
careful patient selection and the potential beneits and risks
must be balanced before such surgery.

Indications
Anterior instrumented fusion has been thought to allow greater
restoration of sagittal alignment and might be beneicial for
thoracic scoliosis with signiicant hypokyphosis. In general,
AIS with a right single thoracic curve (Lenke type 1 curves)
and those double-curve patterns in which only the thoracic

component is structural can be considered for selective thoracoscopic anterior instrumented fusion (Fig. 29.11).48,49 Ideal
cases are relatively small to moderate magnitude and lexible
curves requiring thoracic-only instrumentation between T4
and T12.48–52 he upper limits of curve magnitude and rigidity for which the thoracoscopic approach can efectively be
performed is unknown, although it is generally recommended
to limit the procedure to patients with a structural scoliosis
curve less than 70 degrees and thoracic kyphosis less than
40 degrees.48,49 In fact, these cases are also candidates for a
posterior all-pedicle-screw technique by current criteria. he
decision relating to the best approach for each subject remains
debatable and requires more substantial research.

Contraindications
he general contraindications for thoracoscopic instrumentation are similar to those described earlier for anterior release
and fusion. he procedure is contraindicated if the patients
have substantial restrictive lung disease, particularly in patients
with marked hypokyphosis or pulmonary symptoms. Previous
abscess, pneumonia, and ipsilateral thoracic surgery may
result in extensive pleural adhesions that would obstruct
thoracoscopic visualization. Additionally, large and stif curves
(scoliosis >70 degrees or thoracic bending >35 degrees) are
relative contraindications. Patients with poor vertebral bone
stock or insuicient vertebral size to accommodate the anterior screws are also inappropriate for this technique. Patients
with a seizure disorder or mentally disabled patients who are
unlikely to comply with postoperative instructions are poor
candidates because of concerns about implant loosening with
a single-rod construct. Since the visual ield of thoracoscopy
is limited from T4 to L1, secondary structural curves in the
cephalad thoracic and thoracolumbar regions that might
require instrumentation beyond these endpoints should be
ruled out.52–54

Surgical Technique
he operating room setup and surgical instruments are similar
to the VATS released procedure. he patient is held in a direct
lateral decubitus position over an axillary roll with the convex
side of the scoliosis up. Ater the patient has been properly
positioned, a portable luoroscopy unit is brought into position to ensure that adequate radiographic visualization is
possible. Prior to preparation, luoroscopy is used to plan the
position of the skin incisions for thoracoport placement. he
three posterior portals are placed in the posterior axillary line
that allows screw placement in the posterior aspect of the
vertebral bodies. Two or three vertebrae are accessible through
each portal. One or two anterior portals are placed in the
anterior axillary line to allow access to the discs for discectomy
and for the scope as well as to assist in the application of spinal
instrumentation.
Ater the portals are placed, a thorough discectomy and
endplate preparation are performed as described previously
for the VATS released fusion technique. Spinal instrumentation and curve correction is performed under the guidance of
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and excessive chest tube drainage.13,34,43,44 As with all anterior
spinal surgery, these risks exist and must be minimized. here
are few studies that compare the efect of variable surgical
approaches to the thoracic spine on pulmonary function. Faro
et al.45 compared pulmonary function ater an open surgery
versus a VATS and found that pulmonary function recovered
more quickly with VATS; this diference was maintained
ater 2 years of follow-up. A large series from Newton and
coworkers46 also showed that 2 years ater anterior thoracic
scoliosis correction, the VATS group was superior with
regard to both absolute pulmonary function test volumes and
percentage predicted values as compared with the open thoracotomy group that included a thoracoplasty. Although the
instrumentation, techniques, and support for VATS continue
to improve, proper training is essential to the success of this
procedure.
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FIG. 29.11 (A) Preoperative posteroanterior and lateral radiographs of a patient with adolescent idiopathic
scoliosis. (B) Postoperative posteroanterior and lateral radiographs after thoracoscopic instrumentation from T5
to T12 with correction of deformity. (C) Clinical appearance of the patient before and after thoracoscopic
anterior instrumentation and fusion with excellent trunk balance and shoulder symmetry.

luoroscopy and endoscopy. Either a single-rod or dual-rod
system may be used depending on the size of the vertebrae,
concerns for rod breakage, and experience of the surgeon.
Single-rod systems ofer a greater ease of implantation.
However, biomechanical studies have suggested that dual-rod
constructs are more stable than single-rod constructs.55,56 he
length of the cephalad-most screw is templated on the preoperative posteroanterior radiograph (usually 27.5 or 30 mm);
this screw is placed irst. A screw path is initiated with an
awl and tap, with the entry site in the middle of the vertebral
body just 1 to 2 mm anterior to the rib head and approximately 10 degrees of anterior angulation. Penetration of the
far cortex greatly enhances the ixation and is mandatory at

the proximal levels to reduce the risk of screw pullout. he
posterior portals are adjusted to each interspace, allowing
screws (typically 6 mm in diameter) to be placed at each
desired level parallel to the superior and inferior endplates of
the vertebra (Fig. 29.12). Care must be taken to avoid placing
successive screws increasingly anterior in the vertebral body
because this may negatively afect ixation and restoration of
kyphosis. It also potentially places the aorta at increased risk of
iatrogenic injury.57 Although there have been concerns regarding vertebral body screws placed thoracoscopically, Qiu et al.58
showed that there is no statistically signiicant diference in the
accuracy of vertebral body screw placement in thoracoscopic
versus mini-open thoracotomy approaches.
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FIG. 29.12 Screws are placed along the path parallel to the endplates.

FIG. 29.14 Endoscopic view of a locked single-rod anterior screw and rod
construct.

thoracolumbosacral orthosis when out of bed for 3 months
postoperatively.

Outcomes

FIG. 29.13 Care must be taken in screw placement to ensure that screws
are aligned to accept the rod.

Ater all the screws are placed (Fig. 29.13), the length
of the rod is determined with a calibrated rod-measuring
device. A rod of appropriate length is cut and contoured to
the desired level of postoperative scoliosis and kyphosis. he
rod is sequentially loaded into the screws and secured with
locking nuts (Fig. 29.14). Fully seating the rod into the screws
may be accomplished with either a rod pusher or the use of
a reduction device. Several styles of compressors have been
developed to compress between levels. his compression is
an important component to the anterior correction of scoliosis but must be performed in a gentle manner, particularly
at the upper levels, where screw ixation may be tenuous.
Bone grating is crucial to the success of this procedure. As
previously mentioned in the section on thoracoscopic release,
autogenous grat provides the optimal base for a solid fusion
and is recommended.5,33
Ater completion of the instrumentation procedure, wound
closure is initiated. An endoscopic suturing device is utilized
to perform a running closure (2-0 suture) of the pleura. he
chest is irrigated, and a chest tube is placed prior to closure
of the skin incisions. he patient is instructed to wear a

In 1998, Picetti et al.59 were the irst to report a clinical case of
multilevel anterior scoliosis correction performed thoracoscopically. Early studies reported high rates of pseudarthrosis,
implant failure, and loss of ixation.54,60,61 Ater surgical experience grew, comparable results have been reported between
thoracoscopic anterior procedures and open anterior and
posterior techniques.47–50,62 In a series of 45 patients with AIS,
Norton et al.3 found an overall curve correction of 87.3% (51.6
degrees preoperatively to 6.6 degrees postoperatively), an
average hospital stay of 2.9 days, and a return to school ater
2 to 4 weeks. Newton et al.48,49 reported that radiographic
indings, pulmonary function, and clinical measures remained
stable between 2 and 5 years of follow-up in their series of 23
patients treated with VATS instrumented fusion. Both series
found no signiicant loss of correction ater an average 4.6-year
(Norton series) and 5.3-year (Newton series) follow-up.
Although operative time is longer in VATS cases compared
with an open anterior or posterior procedure, operative time
does decrease with experience. Lonner et al.62 reported a signiicant reduction in operative time from 6 hours in their irst
28 cases to 4 hours and 30 minutes in the last 15 cases. Studies
by Lonner et al.14 and Wong et al.63 compared VATS with
standard posterior procedure and found a decrease in intraoperative blood loss and a reduced hospital stay in the Lonner
study and a reduced intensive care unit stay in the Wong study.
When pulmonary function is evaluated, VATS has been shown
to result in better recovery of pulmonary function compared
with open technique and similar return to function as in
standard posterior technique.14,45 Similarly, in regard to shoulder girdle function, Ritzman et al.64 found that VATS was
comparable to posterior instrumentation, which were both
better than open anterior surgery. Further comparison by
Lonner and coworkers65 of the impact of VATS versus posterior spinal instrumentation and fusion on the patients’ quality
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of life using the SRS-22 instrument revealed that patients who
underwent VATS scored higher in the self-image, mental
health, and total domains despite similar curve corrections.
In all of the aforementioned studies, VATS was compared
with a mix of posterior spinal fusion instrumentation anchors
(wires, hooks, screws). Although many of these past studies
focused on the outcomes of thoracoscopic instrumentation
compared with open anterior or posterior hybrid instrumentation, VATS has been directly compared more recently with
posterior segmental pedicle screw constructs. Lonner et al.47
performed a matched-pair analysis of 34 patients with AIS
with single thoracic curves of approximately 50 degrees. he
patients had equivalent radiographic results, patient-based
clinical outcomes, and complication rates with the exception
that the posterior thoracic pedicle screw group had a slightly
better major curve correction (63.8% vs 57.3%). hese authors
concluded that VATS ofers the advantages of reduced blood
loss (371 vs 1018 mL), fewer total levels fused (5.9 vs. 8.9), and
preservation of nearly one caudal fusion level. he disadvantages included increased operative time (325 vs 246 minutes)
and slightly less improved pulmonary function. Similar indings were described by Lee et al.66; the VATS group had a relatively lower correction rate (66% vs 72%), longer operative
time, and less blood loss compared to posterior all-pediclescrew constructs. here was no diference at the last follow-up
in terms of pain score and satisfaction between groups, but a
loss of correction was signiicantly higher in the VATS group.66
he evidence supporting which AIS patients would be the
best candidates for VATS is unclear. Since posterior pedicle
screw instrumentation with Ponte osteotomies has gained
popularity, the role of thoracoscopic surgery in the surgical
treatment of AIS has been reduced.66,67 he best indication
today seems to be in selected patients who strongly desire
minimally invasive surgery.

Treatment of Other Thoracic Spine Conditions
he thoracoscopic approach has been widely applied to thoracic and thoracolumbar reconstruction in cases of metastatic
tumors, fractures, herniated discs, and infection. he clinical
beneits compared with open thoracotomy include the following: (1) direct lesion visualization intraoperatively, (2) less
postoperative pain, (3) reduced impairment of immediate
postoperative pulmonary function, (4) shorter hospitalization,
and (5) cosmetic advantages. he technical demands of treating these conditions may be greater; theoretically, however,
any anterior lesion that causes compression of the spinal cord
can be addressed with this technique.

Tumor
Of all spinal tumors, approximately 70% are located within
the thoracic spine; 85% of these tumors predominantly invade
the ventral vertebral body and anterior epidural space.68,69
With the goals of decreasing pain, maintaining function, and
decreasing tumor recurrence, vertebrectomy via posterior
only or combined anterior and posterior approaches has been

advocated by some surgical oncologists.70–72 Patchell et al.73
found that signiicantly more patients who underwent direct
surgical decompression followed by radiation were capable
of walking than patients who received radiotherapy alone.
he advantages of the anterior approach is that it ofers an
extensive exposure for tumor resection with direct cord
decompression, larger interbody reconstruction footprint and
stabilization, and a lower rate of wound complications than
posterior incisions.69 Traditional open transthoracic approach
is most commonly used. Nevertheless, it is associated with signiicant morbidity, yielding an opportunity for thoracoscopic
techniques in select cases.74
Technologic advances in expandable interbody cages have
made the wide resection of tumors and immediate stabilization of the spine possible through a VATS approach.69,75 he
minimally invasive nature substantially beneits these compromised patients, including reduced postoperative pain,
shorter hospital stay, faster return to activity, and lower pulmonary complication rates.69–75 Although data on large series
are pending, VATS can be a valuable treatment modality for
patients with a life expectancy greater than 8 to 12 months.
Apart from metastatic tumors, few studies report experience of VATS in the treatment of primary spinal tumors.76,77
With the advent of navigation systems (NAVs) to guide the
anatomic orientation and to deine the tumor margin, the
VATS-NAV combination may have the potential to achieve
accurate spinal tumor localization and excision without
unnecessary vertebral bony removal through a minimally
invasive access approach.78

Trauma
he principles of surgical treatment in traumatic thoracic
spinal injuries (e.g., compression fractures, burst fractures,
Chance fractures, or dislocations) involve correction of alignment, decompression of the spinal canal, and stabilization.
However, loss of kyphosis correction and chronic pain have
been demonstrated in some patients treated with posterior
instrumentation alone.79 To address these pitfalls, additional
ventral column stabilization and fusion may be of beneit in
some cases.80 Beisse et al.81 reported 371 patients who underwent VATS anterior reconstruction and fusion with instrumentation for spinal trauma. he average duration of surgery
was 6 hours, which gradually decreased to an average of 2.5
to 3 hours as the surgeons gained experience and skill. An 85%
to 90% fusion rate was observed via the VATS technique;
Beisse et al.81 believed it was comparable with the posterior
approach.
With the evolution of implant technologies and imaging
tools, the use of VATS corpectomy followed by short segment
percutaneous instrumentation has been described as an option
in managing thoracic and thoracolumbar fractures.82 heoretically, the combination of two minimally invasive techniques
can achieve the goals of anterior reconstruction and posterior
stabilization while lessening the morbidities related to the
open surgeries. Twenty-six patients with acute burst fracture
were included in the series and 23 of 26 patients (88.5%) had
radiographic fusion at 2 years follow-up. here was no case
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Thoracic Disc Herniation
Disc herniation has been estimated to occur in approximately
11% to 37 % of the population as diagnosed by magnetic resonance imaging (MRI) and postmyelographic CT scanning.83
Despite a relatively low incidence of disc herniation in the
thoracic spine compared with the cervical and lumbar spine
regions, a symptomatic thoracic disc herniation may present
with any combination of back pain, radiculopathy, and
myelopathy from nerve root and/or spinal cord compression.
Most patients resolve with nonoperative treatment, but for
those with refractory radicular pain and progressive myelopathy, surgical intervention may be recommended. Current
approaches for resection of symptomatic herniated thoracic
disc include posterolateral and anterolateral (open thoracotomy or thoracoscopy). By convention, the posterolateral
approach is most suitable for the small and lateral herniated
disc, while an anterolateral approach is ideal for wide-based
and central lesions.84 With increased familiarity of VATS
techniques and cumulative experience, favorable results and
acceptable complication rates of VATS discectomy have been
shown over the past decade.85–89
he endoscope provides a magniied view of the entire
ventral surface of the spine and spinal cord. Excision of the
rib head and herniated disc provides access to the spinal
canal, which allows clear visualization to ensure adequate
decompression. A systematic review of 12 articles reported
complete resolution of symptoms in 79% of the patients and
improvement but with residual symptoms in 10.2%. he
overall complication rate was 24% with intercostal neuralgia
(6%) as the most common, followed by atelectasis (2.8%).90
he authors concluded that thoracoscopic discectomy was the
best treatment in the single sot and centrally located disc
between the T4 to T11 level because of its less invasive nature,
whereas those with large calciied discs, likely dural adhesions,
or multilevel involvement are preferably treated with open
surgery.90

Infection
Spinal tuberculosis (Pott disease), accounting for 50% of the
cases of extrapulmonary involvement, still remains a major
health issue in both developed and developing countries. he
hematogenous route is the most common pathway for vertebral
inoculation. he thoracic spine is predominantly involved.91
Although antituberculous drugs and bracing are the mainstays
of treatment for spinal tuberculosis, they are not applicable for
those with worsening neurologic deicit and spinal instability.
he mass efect of paraspinal abscess and marked sagittal
malalignment due to extensive anterior column destruction
are responsible for direct and indirect compression of adjacent
neural structures. hrough the radical debridement of the
necrotic bone debris and abscess drainage, surgical intervention aims to obtain tissue diagnosis conirmation, adequate
neurologic decompression, and facilitate fusion with bone

grating. he conventional surgical method to decompress the
tuberculous thoracic spine is either the anterolateral extrapleural or open transthoracic transpleural approach.92 Both
approaches are valuable methods for thorough decompression
and grat implantation, but high morbidity (10% to 50%) and
prolonged hospital stays have been reported.93
In the last 2 decades, some authors have suggested
VATS as an alternative to treat tuberculous spine infections,
reporting encouraging results.92,94–97 he surgical goals—
including decompression, bone grating, and even screw/rod
instrumentation—can be achieved with a VATS approach
and provide the advantages of lower perioperative morbidity
and early recovery due to minimally invasive access. he rate
of neurologic recovery to ambulatory status in the available
literature ranges from 82% to 95%, which was thought to be
equivalent to the rates following open surgery.92,94–97
Although VATS was found to be an efective and reliable
approach, there is a tendency for increased kyphosis postoperatively.92,94,95 Sasani et al.98 thus recommended the use of an
iliac crest bone grat rather than a rib grat to bear more load
over the anterior column, and none of their patients encountered the kyphotic deformity at the 2-year follow-up. Excluding inappropriate cases such as pleural adhesions and severe
kyphotic instability, the minimally invasive anterior approach
to treat spinal tuberculosis has shown promising results in
many institutions if performed by experienced thoracoscopic
surgeons.

Future of Thoracoscopic Spinal Surgery
he utilization of VATS in treating thoracic and upper lumbar
spinal pathology continues to evolve since it appeared more
than 25 years ago. It is currently used in a wide spectrum of
therapeutic indications, including spinal deformities, thoracic
disc herniation, spinal tumors, infections, and other pathologic processes if the lesion position is amenable to an anterolateral approach. Recent technologic advances, including
topical hemostatic agents for controlling bleeding and modiied bone grat materials for accelerating fusion, have improved
the safety and eiciency of VATS fusion procedures. Successful
incorporation with high-tech imaging systems, such as intraoperative navigation, has been useful in conjunction with the
VATS technique to reinforce the location accuracy. Although
VATS anterior instrumented fusion is losing its role in the
surgical correction of AIS, the VATS instrumented technique
may still be valuable in spinal growth modulation for juvenile
idiopathic scoliosis. Gradual correction of a scoliotic deformity has been achieved with anterior vertebral growth modulation using a 4.5-mm-diameter polyethylene spinal tether, a
procedure in which the VATS approach may be preferred.99
Such cases are being undertaken in several centers (Fig. 29.15).
his technique holds promise but remains relatively early in
development. Presently, the implants are not approved by the
US Food and Drug Administration for this indication, and
long-term outcome studies are lacking.
When done well in properly selected patients, the VATS
approach has clear advantages over open thoracotomy.
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that required revision surgery due to metal failure, loosening,
or adjacent segment problems.82
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FIG. 29.15 A 13-year-old girl with adolescent idiopathic scoliosis Lenke 1a curve, showing Risser 0 and a
T5–T12 Cobb angle of 53 degrees. She underwent spinal growth modulation surgery through anterior
thoracoscopic instrumentation, then was tethered by a polyethylene lexible cord. (A) Preoperative
posteroanterior (PA) standing radiograph. (B) PA standing radiograph immediately after surgery. (C) PA standing
radiograph 2 years after surgery. (D) PA standing radiograph 3 years after surgery. The scoliotic curve continued
improvement over time as the spine grew.

However, substantial experience and comprehensive judgment
are required. Midterm reports show favorable outcomes using
these techniques in a variety of spinal disorders, but further
research remains to deine which pathologies and patients are
the optimal candidates for a VATS procedure.
PEARLS
1. Careful patient selection is the irst step in reaching success with
VATS.
2. Positioning of the patient is crucial; otherwise, the surgeon may
be misled about spinal orientation and misplace
instrumentation.
3. Portal placement should be optimized to facilitate the working
range of the surgical instruments.
4. Adequate visualization can be obtained by complete lung
delation and meticulous hemostasis.
5. Surgeons should master anterior released discectomy and
fusion before attempting to use fully endoscopic anterior
instrumentation.
PITFALLS
1. Parenchymal lung injury can result from incomplete atelectasis.
2. Loss of perspective or orientation within the chest can be
avoided by looking through the portal directly.
3. The surgeon can control bleeding from segmental vessels with
a HARMONIC scalpel (Ethicon), bone bleeding with wax, and
bleeding from epidural veins with bipolar cautery and topical
hemostatic agents.
4. A mini-open approach should be a back-up plan to ensure safe
completion of the procedure.

5. Pseudarthrosis can be avoided by performing a thorough
discectomy and endplate excision. Complete autogenous bone
grafting (if possible) is recommended.

KEY POINTS
1. Thoracoscopic spinal procedures are technically demanding.
2. Although performed through relatively small incisions,
thoracoscopic surgeons must have substantial experience to
perform similar procedures via a mini-open approach in
properly selected cases.
3. Visualization is the key to performing surgery safely and
efectively. This is critical in thoracoscopic surgery as well.
4. The addition of a current navigation-guided system with VATS
assists in target localization and is potentially applicable for
thoracic discectomy, spinal tumors, infection, and ossiication of
the posterior longitudinal ligament.
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he normal adult spine has four curves in the sagittal plane:
cervical lordosis, thoracic kyphosis, lumbar lordosis, and
sacrococcygeal kyphosis. In utero and at birth, there are two
primary kyphotic curves in the thoracic spine and sacrococcygeal region. he lordotic curves in the cervical and lumbar
spine are compensatory curves and develop as a child holds
the head upright and begins to stand and walk.1
Lordotic curves are considered secondary and compensate
for the degree of kyphosis in the primary curves to allow a
balanced spine in the sagittal plane. here is great variability
in deining the normal range of thoracic kyphosis. As measured by the Cobb method, the normal range of thoracic
kyphosis is 20 to 45 degrees.2,3 Normal kyphosis increases with
age and is slightly greater in women.3 horacic kyphosis is
measured on a lateral radiograph using the Cobb method
from the superior endplate of T2 to T5 depending on visibility
to the inferior endplate of T12. he thoracolumbar junction is
normally neutral or slightly lordotic (0–10 degrees of lordosis).
Any degree of kyphosis at the thoracolumbar junction is
considered abnormal. Lumbar lordosis is measured from the
superior endplate of L1 to the superior endplate of S1, and
normal values are 40 to 65 degrees.
he importance of achieving a neutral sagittal balance has
been emphasized in recent years in the evaluation and treatment of various kyphotic deformities. he C7 plumb line, that
is, the sagittal vertical axis (SVA) is a vertical line drawn from
the midpoint of the C7 vertebral body. his should fall through
the posterosuperior corner of the L5–S1 disc space. If it falls
anterior to this point, there is positive sagittal balance; if it falls
posterior to this point, there is negative sagittal balance.
Jackson and McManus4 reported values in asymptomatic
adults with a mean sagittal vertical axis ofset of 0.5 cm
(±2.5 cm standard deviation). According to these data, ofset
greater than 2.5 cm anteriorly or posteriorly is considered
beyond the normal range. A positive sagittal balance is poorly
tolerated because intradiscal pressures increase in the lumbar
spine and the posterior spinal musculature is placed at a
mechanical disadvantage, leading to back pain.

Scheuermann Disease
In 1921, the Danish radiologist Scheuermann described a
pathologic condition and distinguished it from passively correctable postural humpback when he noted the development
of painful ixed kyphosis in 105 children.5 Scheuermann
likened the entity to the femoral head abnormality described
by Calvé and Perthes, and named it osteochondritis deformans
juvenilis dorsi. Several terms have been used in the past to
describe this entity, including kyphosis dorsalis juvenilis, but
Scheuermann disease and Scheuermann kyphosis are the most
common.6
Scheuermann disease is the most common cause of severe
thoracic kyphosis in adolescents, with a reported prevalence
of 1% to 8%.7–9 he prevalence is approximately equal in boys
and girls. Approximately one-third of patients have concomitant scoliosis, which is usually mild.10
In 1964, Sorensen11 deined the radiographic criteria that
have now become widely accepted for diagnosing Scheuermann disease: anterior vertebral wedging greater than 5
degrees on three or more consecutive vertebrae or greater than
15 degrees combined over three vertebrae at the apex of the
curve. Associated radiographic indings include endplate
irregularities and Schmorl nodes (herniation of a disc into
vertebral endplates). Schmorl nodes are not speciic to
Scheuermann disease and can be found in various conditions.
Scheuermann disease is typically diagnosed at age 10 to 12
years. Sorensen’s criteria are typically not present in patients
younger than age 10 because the ring apophysis has not ossiied before this age.
here are two curve patterns in Scheuermann disease. he
thoracic type is most common, and its apex is located between
T7 and T9 (Fig. 30.1). he thoracolumbar type has also been
referred to as “atypical” Scheuermann disease; its apex is
located between T10 and T12, and it is more likely to become
symptomatic in adult life.10 Vertebral endplate changes,
Schmorl nodes, and disc space narrowing are much more
common in the thoracolumbar form of Scheuermann disease.
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FIG. 30.1 (A) Standing lateral radiograph of a 15-year-old female with arms at a right angle illustrating typical
thoracic Scheuermann kyphosis. (B) Supine cross-table hyperextension lateral radiograph. (C) Magnetic
resonance imaging showing typical endplate changes at the midapical region with a bulging disc indenting
the dural sleeve.

A

B

FIG. 30.2 A 16-year-old female with back pain and lumbar Scheuermann disease, with typical endplate
changes at T12–L1 and L1–L2. (A) Sagittal cuts of lumbar spine magnetic resonance imaging. (B) Plain
radiograph lateral view of lumbar spine.

Sorensen’s criteria (three consecutive wedged vertebrae) are
unnecessary to diagnose the thoracolumbar form of Scheuermann disease.
Lumbar Scheuermann disease is a distinct entity in which
signiicant degenerative changes are present in the lumbar

spine (typically L1–L4) without vertebral wedging or signiicant kyphotic deformity (Fig. 30.2). Schmorl nodes and
endplate irregularities are common. Lumbar Scheuermann
disease is more common in males, especially laborers who
engage in heavy liting activities.
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Etiology
Although the etiology of Scheuermann disease is unknown,
several theories exist. Scheuermann’s initial description suggested that the condition results from avascular necrosis of the
vertebral ring apophyses, which leads to a premature growth
arrest with resultant wedging of the anterior portion of the
vertebral bodies, and mentioned that it resembled Legg-CalvéPerthes disease of the hip.5,6 Schmorl and Junghans12 hypothesized that herniation of disc material into the vertebral body
endplates occurred as a result of inherent weakening of the
cartilaginous endplate, with resultant damage to the endplate
causing growth disturbance and kyphosis. Schmorl nodes are
not speciic to kyphotic deformities, however, and are found
in normal spines.
Genetic factors have also been proposed. An autosomaldominant inheritance pattern with incomplete penetrance
and variable expression in families with Scheuermann disease
has been described.13–15 hree cases of Scheuermann kyphosis
in monozygotic twins have been reported in the English literature,11,16,17 supporting the genetic etiology hypothesis.
Other etiologies of the deformity have been attributed to
defective endplates, upright posture, juvenile osteoporosis,
increased release of growth hormone, defective formation
of collagen ibrils with subsequent weakening of vertebral
endplates, strenuous manual labor, trauma, vitamin A
deiciency, epiphysitis, poliomyelitis, prolonged sitting, and
osteochondrosis.18–23 Mechanical factors have also been proposed to play a role in pathogenesis, owing to partial reversal
of vertebral wedging with brace treatment and thickening of the
anterior longitudinal ligament.10,24

Clinical Evaluation
he clinical evaluation begins with a complete history and
physical examination. he deformity is oten attributed to
poor posture in an adolescent, delaying diagnosis and treatment.10 One should inquire about the onset of the deformity
and the location of pain. If the patient has pain, it is usually
mild and aggravated by prolonged sitting or exercise, and
typically is near the apex of the kyphotic deformity.10 Spondylolysis and spondylolisthesis have been noted with an increased
incidence in patients with Scheuermann disease and can be a
source of low back pain.25 here is a 50% incidence of spondylolysis in Scheuermann kyphosis, presumably resulting
from increased stress on the pars interarticularis in the lower
lumbar spine as a result of hyperlordosis.25 With signiicant
deformity, the erector spinal musculature is placed at a
mechanical disadvantage, which may also contribute to the
pain that is common with this condition.

he Adams forward bending test is used to evaluate any
deformity in the coronal plane. On the Adams test, the
deformity of Scheuermann disease is sharply angulated compared with the harmonious curve of a postural kyphosis. he
lexibility of the deformity should be assessed with a prone
hyperextension maneuver. Typically, the kyphosis is ixed
and remains visible with spine hyperextension, and patients
cannot voluntarily correct the deformity.
Increased lumbar lordosis is oten noted in these patients as
compensation for the kyphotic deformity to maintain overall
sagittal balance. It is important to assess coronal and sagittal
balance. Lowe and Kasten26 studied the sagittal contour of 24
patients with Scheuermann kyphosis and found that most
patients with Scheuermann kyphosis have negative balance
before surgery and slightly more negative balance ater
surgery. Lumbar hyperlordosis was reduced from an average
of 75 degrees before surgery to 55 degrees ater surgery.
Tightness and contracture of pectoral and hamstring
muscles is common.27 One should look for cutaneous lesions,
foot deformities, or muscle contractures. hese may signal
an underlying neurologic problem. A complete neurologic
examination should be performed. Although neurologic indings are rare in Scheuermann disease, spinal cord compression
has been reported.18,28–31 Causes of cord compression include
thoracic disc herniation, dural cysts, or severe kyphosis.

Imaging Studies
Routine radiographs include standing posteroanterior and
lateral 36-inch ilms. Sorensen’s criterion (three consecutive
wedged vertebrae of ≥5 degrees) is used as the diagnostic
criterion. On the lateral view, the ists are placed in the supraclavicular fossa to visualize the upper thoracic spine better.
Arm position has a tendency to displace the C7 plumb line.
Patients with Scheuermann kyphosis typically have normal or
negative sagittal balance, however. It is important to be consistent with the methods used when obtaining radiographs in
the preoperative and postoperative periods. A supine hyperextension bolster lateral view is useful in assessing the lexibility of the deformity and can help diferentiate it from postural
kyphosis.32 Other radiographic abnormalities that may be
present—such as spondylolysis, scoliosis, disc space narrowing, and endplate irregularities—should be noted.
All patients with a rapidly progressive kyphosis, neurologic
abnormalities, or any evidence of congenital kyphosis should
undergo magnetic resonance imaging (MRI). One report
showed transient paraparesis owing to thoracic spinal stenosis
and recommended preoperative MRI in patients undergoing
surgical correction.33 horacic disc herniations are known to
occur with increased frequency in patients with Scheuermann
disease.34,35 he issue of whether all surgical patients should
undergo MRI preoperatively is controversial; our practice
is to obtain MRI in all patients before surgery to rule out
stenosis, disc herniation, or other pathologies. A retrospective
study performed by Abul-Kasim et al. showed signiicantly
higher spinal epidural lipomatosis at T7 level in patients with
Scheuermann kyphosis as compared to a control group.36
Further, degree of kyphosis in patients with Scheuermann
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Other causes of kyphosis include congenital kyphosis,
postlaminectomy kyphosis, myelomeningocele, posttraumatic
kyphosis, neuromuscular kyphosis, infections, tumors, and
various metabolic conditions. he main diferential diagnosis
in patients with Scheuermann disease is postural kyphosis,
that is, “juvenile roundback,” in which the spine is lexible
without structural vertebral wedging.
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kyphosis was correlated to the amount of epidural fat. hese
authors concluded that spine MRI should be routinely performed to screen each Scheuermann kyphosis patient to avoid
impending neurologic injury during the surgery.36

Natural History
Several early studies suggested an ominous natural history
for Scheuermann disease, with signiicant back pain, embarrassment about physical appearance, interference with social
functioning, and cardiopulmonary failure.11,37–41 Ponte and
colleagues37 showed in their series that all curves greater than
45 degrees in skeletally immature patients progressed during
the adolescent growth spurt and continued to increase ater
age 30 years. Sorensen11 reported a 50% incidence of pain
during the adolescent growth spurt, and a high rate of pain
was noted in patients with kyphosis greater than 60 degrees.38
Other studies noted the oten unremitting and incapacitating
nature of the pain, progressive nature of the deformity, risk of
cardiopulmonary failure, and unacceptable appearance of the
deformity in untreated adults.39–41 Aggressive surgical treatment
was recommended to prevent these problems in the future.41
In 1993, Murray and colleagues18 provided the irst longterm follow-up study on the natural history of untreated
Scheuermann disease in patients with an average age of 53
years and average kyphosis of 71 degrees. hese investigators
found that 64% of patients (compared with 15% of controls)
reported back pain. he proportion of patients who had pain
that interfered with their daily lives was not signiicantly different from control subjects, however. heir data suggested
that, although patients with Scheuermann disease may have
some functional limitations, they do not have major interference with their lives. Murray and colleagues18 also found that
their patients adapted reasonably well to this condition and
recommended that surgical treatment should be carefully
reviewed. Other reports have also suggested the generally
benign natural history of this condition.42–44
he natural history is more favorable when the deformity is
in the thoracic spine rather than the thoracolumbar spine. Back
pain is more common in the latter. It is believed that thoracic
kyphosis, compared with thoracolumbar kyphosis, has a lower
incidence of progression because of the support provided by the
surrounding rib cage.45 When a thoracolumbar kyphosis exceeds
50 to 55 degrees, the deformity is readily apparent, especially
in thin patients, and pain is common.45 he thoracolumbar
spine is typically neutral to slightly lordotic, and any degree
of kyphosis may be clinically apparent. In adults, degenerative
disc disease is frequently seen at the apical segments of the
kyphosis and may be a source of back pain.46,47
Although progression of deformity can be rapid during the
adolescent growth spurt, it is unknown whether the deformity
would progress ater skeletal maturity is reached. horacic
curves greater than 80 degrees and thoracolumbar curves
greater than 55 to 60 degrees may be at risk of progression
ater skeletal maturity, although the true incidence of progression is unknown.10,45 If nonsurgical treatment is chosen for
curves of this magnitude, periodic follow-up is recommended
into adulthood.

Pulmonary failure secondary to severe deformity is very
rare. Murray and colleagues18 found that lung volume, lung
mechanics, and difusing capacity were not signiicantly
afected and were normal in patients with curves less than 100
degrees. hey found that as the deformity reaches 100 degrees,
restrictive lung disease occurs more oten when the curve apex
is between T1 and T8.

Nonsurgical Treatment
Nonoperative treatment consists of observation, exercise, and
physical therapy, or bracing and casting. As is the case with the
management of all spinal deformities, diligent observation is the
mainstay of nonoperative treatment. In a skeletally immature
patient with a mild deformity, periodic observation every 6
months is recommended to document progression. Exercise
and physical therapy are useful to treat associated back pain and
to improve muscle tone and posture. here is no evidence that
exercise improves the kyphotic deformity or reverses endplate
changes. Adolescents with kyphosis less than 60 degrees are
treated with a physical therapy and exercise program, with
periodic radiographs until the patient is skeletally mature. Most
adults with untreated Scheuermann disease respond well to a
back exercise program if the kyphosis is not severe.
Applying a brace to a patient with Scheuermann kyphosis
tends to be more challenging than applying one to a patient
with idiopathic scoliosis. he apex of a typical thoracic
Scheuermann kyphosis is usually at or above T8; a traditional
thoracolumbosacral orthosis (TLSO) does not extend high
enough to provide substantial corrective forces. he Milwaukee brace or serial hyperextension casts are the most efective
in this regard but are poorly tolerated because of appearance
issues. he Milwaukee brace is most efective in a skeletally
immature patient with a lexible kyphosis greater than 55 to
60 degrees, who is highly motivated and has the appropriate
body habitus. Patients with larger curves, patients with vertebral wedging greater than 10 degrees, and skeletally mature
patients do not usually respond to bracing. An underarm
TLSO is indicated when the apex of the curve is at or below
T11, but in the senior author’s experience (A.H.C.), relief of
symptoms as opposed to correction is the main indication for
a TLSO in these patients.
he use of the Milwaukee brace for the treatment of scoliosis was irst reported by Blount and colleagues in 1958.48 In
1959, Moe began treating Scheuermann kyphosis with the
Milwaukee brace.39 In 75 patients who completed treatment,
the kyphosis improved by 40%, and the vertebral wedging
improved by 42%. Bradford and colleagues39 reported that
factors that limited the amount of correction included kyphosis greater than 65 degrees, skeletal maturity, and vertebral
wedging averaging more than 10 degrees. Sachs and colleagues32 found that curves less than 74 degrees in skeletally
immature patients can be successfully treated in a Milwaukee
brace. hey reported 120 patients with Scheuermann disease
who were treated with the Milwaukee brace with more than 5
years of follow-up; 76 patients had improvement in kyphosis,
10 patients had no change in kyphosis, and 24 patients had
worsening of deformity compared with initial studies.
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for 6 weeks, Milwaukee brace for 6 months, weaning out of
the brace for 6 weeks, and only sleeping in the brace for 6
months. his contract with teenage patients has resulted in
improved compliance and satisfactory outcomes.
During bracing, follow-up radiographs are taken at 4- to
6-month intervals, and patients are followed to skeletal maturity. Patients and parents should expect a gradual loss of correction ater the brace is discontinued.

Indications for Surgery
Surgical indications for patients with Scheuermann kyphosis
are controversial because the true natural history of the disease
with regard to curve progression has not been deined. Controversial issues are the importance of cosmesis, degree of pain
and disability that warrants surgical intervention, and various
opinions on the natural history of curves 65 to 80 degrees.
hese factors must be weighed against the risks of surgical
intervention. Treatment decisions should be individualized
ater a thorough discussion with the patient and parents.
Despite controversy, generally accepted surgical indications
include a progressive thoracic kyphosis greater than 75 to 80
degrees in a skeletally immature patient or severe thoracic
hyperkyphosis associated with pain; thoracolumbar kyphosis
exceeding 50 to 55 degrees that is associated with pain unresponsive to conservative treatment; progression of deformity despite
bracing; and cosmetic deformity that the surgeon, patient, and
family consider signiicant and unacceptable. Other factors to
consider are patient age, location of the kyphosis, and extent
to which the kyphosis is sharp and angular. If the apex is at
the thoracolumbar junction, the deformity typically appears
more signiicant clinically and is more likely to be disabling
into adulthood because of the inability of the lumbar spine to
compensate for the deformity. If the deformity is very sharp
and angular, more consideration should be given to surgical
treatment. Generally, pulmonary or neurologic compromise
does not occur until the curve is greater than 100 degrees, and
these are rarely indications for surgery.
Neurologic compromise is an indication for surgery, but
it rarely occurs in Scheuermann disease. Cord compression
may be due to disc herniation at the apex, severe kyphosis,
and extradural cysts.34 Similarly, pulmonary compromise is
rare and does not occur until the curve is greater than 100
degrees.7,18,41,44

Surgical Treatment
he surgical options for Scheuermann disease include
posterior-only correction and fusion, combined anterior and
posterior fusion, and anterior-only procedures. Historically,
the surgical treatment of Scheuermann disease consisted of
apical anterior release and fusion followed by posterior fusion.
his approach originated from work by Bradford and colleagues50 in 1975, in which they found an unacceptably high
rate of correction loss ater posterior-only fusion with Harrington compression instrumentation. hese investigators
reported a 9% pseudarthrosis rate and 23% risk of instrumentation complications. In 1980, work from the same institution
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One-third of patients with an initial kyphosis of 75 degrees or
greater subsequently underwent surgery. Results showed that
treatment with the Milwaukee brace consistently improved
kyphosis by approximately 50% during the active phase of
treatment, but some loss of correction occurred over time. he
inal result showed improvement in 69% of patients.
Gutowski and Renshaw49 reported 75 patients treated with
either a Milwaukee or Boston brace. For compliant patients,
the average improvement in kyphosis was 27% in the Boston
orthosis group and 35% in the Milwaukee orthosis group,
despite the fact that patients in the former group were younger
and had smaller, more lexible curves. Compliance with orthosis wearing was twice as likely with the Boston orthosis (61%
compliance vs 29% compliance for the Milwaukee orthosis).
Results in patients who wore their orthoses at least 16 hours
per day were equal to results in patients with 23 hours of daily
wear. he Boston brace provided satisfactory correction in
curves less than 70 degrees and had better compliance. For
larger curves, a Milwaukee brace was recommended.
Ponte and colleagues37 reported on 1043 patients treated
with casts for 8 to 16 months, followed by a Milwaukee brace
and physical therapy until skeletal maturity. Patients had a
mean initial curve of 57 degrees and at 3-year follow-up had
a mean 62% wedge improvement and 40% curve correction.
Before considering brace treatment, a hyperextension
cross-table lateral radiograph over a bolster (patient supine
with the bolster at the apex of the deformity) is helpful to
assess the potential eicacy of a brace. If the deformity is
lexible, a brace may help. If the deformity is totally rigid, a
brace is unlikely to be helpful, and casting may be better. A
lateral radiograph in the brace should show correction of the
kyphosis to within the normal range (<45 degrees).
If bracing is chosen, physical therapy should be initiated
for trunk stabilization and postural exercises and to stretch the
pectoral and hamstring muscles. he brace should be worn for
23 hours a day. To get a meaningful correction with brace
treatment in Scheuermann disease, correction of the vertebral
wedging deformity by bone remodeling is necessary. In contrast to scoliosis, in which bracing does not correct the curve,
bracing in Scheuermann disease may help achieve some curve
correction. Ater 12 to 18 months of bracing, partial reversal
of anterior wedging of vertebral bodies is oten noted.10 Loss
of correction can occur, however, ater discontinuation of the
brace. Montgomery and Hall24 reported an average loss of
correction of 15 degrees in 21 patients 18 months or more ater
they stopped wearing the brace. Brace treatment initially leads
to some correction by opening the disc spaces, which close
down again unless suicient time is allowed to reverse the
wedging of the vertebral bodies.
We consider a brace for curves of 55 to 70 degrees in
skeletally immature patients (Risser 0 to 2) with the proper
body habitus and motivation to wear a Milwaukee brace. A
preliminary hyperextension plaster cast can be used to improve
lexibility before application of a Milwaukee brace. We generally consider a brace or cast only if the deformity is lexible
enough to allow at least 40% correction. In a skeletally immature patient with lexible deformities, we have developed the
“four 6’s” program, consisting of a hyperextension Risser cast
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showed solid fusion and good maintenance of correction with
anterior release and fusion followed by posterior compression
instrumentation in 24 patients.40
he eicacy of combined anterior release and posterior
fusion is well documented in the literature.40,51–53 Anterior
release traditionally has been recommended for patients with
severe, rigid deformities that do not correct to less than 50
degrees on a hyperextension lateral radiograph. With the use
of modern pedicle screw instrumentation and posterior osteotomies, the indications for performing an anterior release are
less common, however, and even severe deformities are being
successfully treated with a posterior-only approach.
he anterior release can be performed through an open
thoracotomy or thoracoabdominal approach depending on
the location of the apex of the deformity, or can be performed
through a video-assisted thoracoscopic surgery (VATS)
approach.54,55 he senior author has achieved excellent results
with simultaneous video-assisted thoracoscopic release and
posterior fusion and instrumentation in the prone position
(Figs. 30.3 and 30.4). he levels requiring anterior release
typically include six to eight segments centered around the
apex of the deformity. In general, vertebrae that fail to correct
over hyperextension bolster radiographs are indicated for
anterior release. he anterior longitudinal ligament and entire
disc are removed, and the space is packed with ibular structural allograt bone. In very severe deformities, an intervening
period of halofemoral traction may be considered between the
anterior and posterior procedures.
Anterior release and fusion ensures that correction is reliably achieved and solid fusion is obtained. here is, however,
the obvious morbidity of the additional operating time and

A

B

reported complications, including hemothorax, pneumothorax,
and pulmonary embolism.7,51,56 here may be potential negative efects on pulmonary function, which may not return to
baseline even at 2 years postoperatively.57–59 Although anterior
surgery has beneits in achieving correction of severe deformities, the additional surgery is not without consequence.
Over the last 3 decades, several studies have shown good
results with posterior-only fusion and instrumentation with
various constructs.38,56,60–63 Speck and Chopin38 found posterioronly fusion to be adequate in skeletally immature patients, but
that combined anterior and posterior surgery is needed for
skeletally mature patients.
In 1984, Ponte and colleagues64 described shortening of the
posterior column by employing multiple osteotomies and
posterior compression instrumentation and fusion. he Ponte
osteotomy (PO) is similar to the Smith-Petersen osteotomy
except that it is performed at multiple levels in the thoracic
spine (Figs. 30.5 and 30.6). Smith-Petersen’s original osteotomy
was in the lumbar spine, at one level, in patients with rheumatoid arthritis.65 Ater Ponte’s description in 1984,64 this
procedure did not gain popularity for many years, especially
among North American surgeons, until pedicle screw instrumentation became popular in the thoracic spine. As pedicle
screws became more widely used and the ability to obtain
strong, three-column ixation in the spine became possible,
several studies have documented successful results with
posterior-only treatment of more severe deformities.66–68
he PO opens the anterior column (disc space), hinges on
the middle column, and closes the posterior column by the
amount that is removed posteriorly. Essentially, it is necessary
to have a potentially open disc space to achieve correction

C

FIG. 30.3 A 17-year-old male underwent simultaneous prone video-assisted thoracoscopic surgery release and
posterior spinal fusion with excellent correction of kyphosis. (A) Intraoperative image showing FlexiPort on
patient’s right side adjacent to midline surgical wound. The monitor at the top shows thoracic anatomy. (B)
Preoperative and (C) postoperative lateral standing radiographs.
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FIG. 30.4 (A–C) Preoperative clinical images of a 14-year-old female with Scheuermann kyphosis.
(D) Preoperative standing lateral radiograph showing typical Scheuermann kyphosis. (E) One year postoperative
standing lateral radiograph following video-assisted thoracoscopic surgery (VATS) along with posterior spinal
fusion with instrumentation. (F–H) One year postoperative clinical pictures. (I–J) Twenty years postoperative
clinical pictures. (K) Twenty years postoperative standing lateral radiograph illustrating fusion at the
intervertebral disc spaces that were illed with allograft through VATS.
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FIG. 30.5 A 15-year-old male with Scheuermann kyphosis, signiicant midback pain, and progression
underwent posterior-only correction with multilevel Ponte osteotomies and pedicle screw instrumentation. (A)
Preoperative and (B) postoperative standing lateral radiographs.
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FIG. 30.6 Multiple Ponte osteotomies performed at the apex of the curve on the patient shown in Fig. 30.5.
(A) Exposure of facet joints. (B) Excision of entire facet joint (inferior as well as superior articular process) and
identiication of nerve roots, as pointed out with a blunt instrument. (C) Intraoperative image after instrumentation.

with a PO. Critical review of radiographs of Scheuermann
kyphosis patients will show that even discs at the apex of the
curve or compromised in height have potential to open with
a PO. he anterior longitudinal ligament in an unfused spine
is not violated in common execution of a PO. his also reduces
the risk of neurologic or anterior spinal vascular injury. Each
segment undergoing PO can contribute between 5 and 15
degrees of correction. Multilevel PO is considered an ideal
procedure for correcting Scheuermann kyphosis. However,
there is no consensus regarding the number of levels or exact
location where PO should ideally be performed. For example,
Geck et al. reported performing osteotomies at each level of
the intended instrumentation and fusion.67 However, given
that each level of PO contributes between 5 and 15 degrees of
correction, we do not believe that PO is necessary at each level
undergoing fusion. We routinely perform three to ive levels
of PO at the apex of the deformity, but this varies depending
on the rigidity of the deformity and the angle of kyphosis.
Emphasis should be given to performing a true PO in which
the entire facet joint, including the superior articular process
of the inferior vertebra, is completely removed and one can
clearly visualize the underlying nerve roots on both sides. In
addition to improving the degree of correction, removal of the
superior articular process helps to avoid any impingement on
the nerve roots during closure of the osteotomy. Care should
also be taken to get a symmetrical opening at the osteotomy
level on both sides to avoid any postoperative coronal plane
deformity.
Lee and colleagues68 compared posterior-only fusion (18
patients) with combined anterior-posterior fusion (21 patients)
and found better correction and fewer complications in the
posterior-only group at a mean 2-year follow-up. he anteriorposterior group did not have Ponte osteotomies, and hybrid
hook and screw constructs were used, whereas the posterioronly group had Ponte osteotomies (in 67%) and had allpedicle-screw constructs.
Geck and colleagues67 obtained good correction in 17
patients, employing multiple osteotomies and pedicle screw
ixation, averaging 9.3 degrees of correction per osteotomy
across the apex. here is growing evidence that anterior release

may be unnecessary to obtain satisfactory correction of even
severe deformities if multilevel segmental osteotomies are performed in conjunction with pedicle screw ixation.67–69 Hosman
and colleagues69 suggested that posterior-only correction is
oten adequate for correcting up to a 100-degree kyphosis to a
physiologic range of 40 to 50 degrees without an anterior release.
In general, most patients with Scheuermann kyphosis can
be managed by posterior fusion and instrumentation alone. A
combined anterior-posterior procedure also has a longstanding successful track record. For very severe deformities (>100
degrees) that are rigid, an anterior release performed through
an open or thoracoscopic approach is preferred to obtain some
lexibility of the spine.
An alternative approach in the most severe and rigid
deformities is either the eggshell decancellation procedure,
also called vertebral column decancellation (VCD; Figs. 30.7
and 30.8) and/or vertebral column resection (VCR; Figs. 30.9
and 30.10) at the apical kyphotic segments.70–72 VCD and VCR
procedures are described later in this chapter. Instrumentation
options include all pedicle screws or a hybrid construct of
hooks and pedicle screws, depending on the preference of the
surgeon. Successful results have been obtained regardless of
the type of instrumentation. Behrbalk et al. found no diferences in the eiciency in low- or high-density pedicle screw
constructs.73 We prefer to use pedicle screws bilaterally at most
levels above and below the apex with correction achieved by
cantilever forces and by compression. Shortening the posterior
column is an important component of surgical treatment.
Prebending the rods depending on the apical angle seen on
hyperextension bolster ilms serves as a rough guideline on
how much correction should be targeted.

Surgical Principles
Degree of Deformity Correction
Surgical treatment of Scheuermann kyphosis should aim to
correct the thoracic kyphosis to the high-normal range of
thoracic kyphosis (40–50 degrees). Overcorrection of a kyphotic
deformity can lead to neurologic complications, postoperative
sagittal malalignment, and proximal junctional kyphosis. he
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FIG. 30.7 (A) Cross-table lateral prone clinical image illustrating clinical kyphosis in a 16-year-old male. (B–C)
Screw placed in apical vertebrae; note reduction screws in lumbar vertebrae and multiaxial in thoracic levels.
(D) Single rod placed on one side to allow bony work from the other side. (E) Partial resection of the vertebral
body (decancellation) under the curved temporary rod. (F) Complete decancellation of the apical vertebra
showing spinal cord dorsally, bridging the gap. (G) Intraoperative image after instrumentation.

last condition may occur as a result of forces being transferred
to the proximal junction ater an aggressive corrective maneuver.10,52,69 Lowe and Kasten26 recommended that no more than
50% of the preoperative kyphosis be corrected and that the inal
kyphosis should never be less than 40 degrees. hese authors also
found that the negative sagittal balance is worsened postoperatively, which may predispose patients to junctional kyphosis.26
Selection of Fusion Levels
Proper selection of fusion levels is crucial to avoid complications related to junctional decompensation. he proximal
extent of the fusion should be the proximal end vertebra in
the measured kyphotic deformity.7,26,56,74 here has been considerable debate regarding the optimal distal extent of the
fusion. Traditionally, it has been suggested to extend the distal
fusion level to the irst lordotic disc beyond the end vertebra
to minimize risk of junctional kyphosis.26,61 Some authors have
advocated inclusion of L120 or the inferior neutral vertebra,
whereas others have advocated including L2 in the fusion.
Poolman and colleagues75 advocated the inclusion of the
second lordotic disc below the kyphotic deformity. More
recently, Cho and colleagues76 emphasized the importance of
the sagittal stable vertebra, deined as the most proximal
vertebra touched by the posterior sacral vertical line. he

posterior sacral vertical line is a line drawn vertically from the
posterior-superior corner of the sacrum on the lateral upright
radiograph. Cho and colleagues76 found that distal junctional
problems were more common when the fusion level was to
the irst lordotic vertebra rather than down to the sagittal
stable vertebra. hey recommended extending the distal end
of the fusion to the vertebra that touches the posterior sacral
vertical line. here is growing evidence to include sagittal
stable vertebra in distal fusion to achieve a stable sagittal
balance and prevent the distal junctional kyphosis.77,78

Spinopelvic Alignment
In the last decade, attention has been directed at the overall
alignment of the spine in relation to the pelvis and lower
extremities. For the assessment and reconstruction of global
spinal alignment, several spinal and pelvic parameters can be
measured on the lateral radiograph obtained in the standing
position with the knees fully extended. hree commonly used
pelvic parameters are pelvic tilt (PT), sacral slope, and pelvic
incidence. PT is deined as an angle between the vertical line
and a line through the midpoint of the sacral endplate to
femoral head axis. PT is a major compensatory mechanism.
When there is sagittal imbalance, pelvic retroversion is a
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FIG. 30.8 (A) Standing posteroanterior radiograph of a 16-year-old male whose intraoperative images
are shown in Fig. 30.7. (B) Standing lateral radiograph showing signiicant kyphosis. (C) Cross-table
hyperextension lateral radiograph; note very little correction at the midapical region. (D) Sagittal magnetic
resonance image showing bridging across the intervertebral spaces at the midapical region. (E) Intraoperative
C-arm images showing lateral view following screw placement prior to the curve correction. (F) Intraoperative
C-arm image showing lateral view following vertebral column decancellation and curve correction.
(G, H) Standing posteroanterior and lateral radiographs 6 weeks postoperatively.

compensatory mechanism to improve sagittal balance. PT
measures the degree of pelvic retroversion. Sacral slope (SS)
is deined as the angle between the horizontal and sacral
endplate. Pelvic incidence (PI) is deined as the angle between
the line connecting the center of the femoral head axis to the
center of the S1 endplate and the line perpendicular to the S1
endplate. PI is a stable anatomic parameter that is unique to
each individual once maturity is achieved; it is constant and
does not change with the position of the pelvis.
PI in patients with Scheuermann disease is lower than that
reported for healthy adults and adolescents, and is not signiicantly diferent from PI reported for healthy children. Further,
PI of patients with atypical Scheuermann disease is lower than

PI of typical Scheuermann disease patients.79 However, at this
point, literature does not authenticate whether impaired spinopelvic parameters are the cause or result of Scheuermann
disease. Nevertheless, in general, PI is the sum of PT and SS
(PI = PT + SS).
Faldini et al. studied Scheuermann kyphosis patients who
underwent posterior spinal fusion with PO and found that
posterior spinal fusion for Scheuermann kyphosis signiicantly
improved thoracic kyphosis and lumbar lordosis but did not
afect the pelvic parameters.80 In essence, while trying to
achieve Scheuermann kyphosis correction, care should be
taken to match the lumbar lordosis correction. As PI is constant for an individual and not going to change ater surgery,
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FIG. 30.9 (A–B) Preoperative clinical sagittal and coronal images of a 26-year-old male with signiicant
Scheuermann kyphosis. (C–D) Postoperative clinical images showing curve correction.
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FIG. 30.10 (A–B) Standing posteroanterior and lateral radiographs of the patient shown in Fig. 30.9 illustrating
more than 100-degree Scheuermann kyphosis. (C–D) Postoperative standing posteroanterior and lateral
radiographs after vertebral column resection at T9 and posterior spinal fusion with instrumentation from T3 to L3.

any mismatch obtained by overcorrecting one over the other
will lead to poor sagittal balance. Any suboptimal results will
require compensatory actions from adjacent levels, leading to
junctional problems or compensation by lexing hips or knees,
which will lead to fatigue and discomfort.

Complications
he most worrisome complication of surgical treatment of
Scheuermann disease is neurologic deicit. he 1999 Morbidity and Mortality Report of the Scoliosis Research Society
reported the risk of neurologic injury during surgery for
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Scheuermann disease to be 1 per 700 cases. Surgical treatment
of kyphotic deformities is associated with a higher incidence
of neurologic complications than treatment of coronal deformities because the spinal cord is lengthened anteriorly ater
correction, which may compromise its anterior vascular
supply.81
Neurologic complications during deformity surgery can be
caused by direct trauma to the neural elements (during instrumentation or osteotomies); stretch injury to the spinal cord
during corrective maneuvers; or a vascular insult to the spinal
cord, whether secondary to stretch or disruption of vascular
supply or secondary to hypotension.82–84 A preexisting spinal
canal stenosis may increase the risk of neurologic injury
during correction,33 and although controversial, we believe
that preoperative MRI should be obtained to rule out any
compressive lesions. Overcorrection of a kyphotic deformity
is hazardous to the neural elements because the spinal cord is
lengthened; no more than a 50% correction (from preoperative kyphosis) should be attempted.
Distraction has been shown to induce spinal cord injury in
feline studies by a reduction in cord perfusion.85,86 Cantilever
forces used during corrective maneuvers increase the length
of the anterior column, which may have the same efect as
distraction. Caution should be taken during correction, which
should ideally be a gentle combination of cantilever forces and
compressive forces to shorten the posterior column. We ind
the use of reduction pedicle screws at lumbar levels to be
helpful in the correction maneuver.
Intraoperative neuromonitoring is an essential component
of the surgery to lower the neurologic risks and safely execute
the correction maneuver. Multimodality spinal cord monitoring with some type of motor tract assessment usually creates
a safer, optimal intraoperative environment. Cheh et al. found
a 35.7% true-positive rate of loss of intraoperative neurogenic
mixed-evoked potential (NMEP) data sometime during the
Scheuermann kyphosis correction surgery while concomitant
somatosensory sensory-evoked potential (SSEP) remained
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within acceptable limits of baseline values.81 Most of the cases
showed loss of signals during the closure of the osteotomies.
All patients had an intervention performed in the form of
release of correction and/or blood pressure elevation. NMEP
data returned following intervention ranging from 8 to 20
minutes. Normal intraoperative (Stagnara wake-up test) and
postoperative neurologic examination results were reported.81

Junctional Kyphosis
Proximal junctional kyphosis (PJK) is deined as kyphosis
measured from one segment cephalad to the upper end instrumented vertebra to the proximal instrumented vertebra, with
an abnormal value deined as 10 degrees or greater (Fig.
30.11).87 Similarly, distal junctional kyphosis (DJK) is deined
as kyphosis measured from one segment caudal to the end
instrumented vertebra to the distal instrumented vertebra,
with abnormal value again being 10 degrees or more of kyphosis (Fig. 30.12).87 In a retrospective multicenter review of 78
patients with Scheuermann kyphosis treated surgically, there
was a 32% incidence of PJK and 5% incidence of DJK.87 he
investigators found that PJK was related to stopping the fusion
caudal to the proximal end vertebra and is inluenced by PI.
DJK was always associated with fusion cephalad to the sagittal
stable vertebra. Despite the high rate of PJK, the problem was
clinically problematic or required reoperation in only 5.1%
of cases.
Lowe and Kasten26 reported a radiographic rate of PJK of
30%, ranging from 12 to 49 degrees and of DJK of 28%,
ranging from 10 to 30 degrees. In their study, PJK was related
to greater than 50% correction of the curve magnitude in 5 of
10 patients who developed PJK. PJK was also related to fusing
short of (caudal to) the proximal Cobb end vertebrae by one
or two levels. hese authors recommended correcting kyphosis to no less than 40 degrees. Lonner et al. compared the
combined anterior-posterior and posterior-only approaches

D

FIG. 30.11 An 18-year-old female noticed prominence of her neck 1 year postoperatively. She had developed
proximal junctional kyphosis, which was revised with extension of fusion to the cervical spine. (A) Preoperative
lateral standing radiograph. (B) Postoperative standing lateral radiograph. (C) Computed tomographic scan
showing proximal junctional kyphosis. (D) Lateral radiographs of cervical spine showing extension of proximal
fusion to C5.
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FIG. 30.12 A patient underwent surgical treatment of Scheuermann kyphosis and developed distal junctional
kyphosis after surgery. This case illustrates the importance of extending fusion to the level that intersects the
stable sagittal vertebra. (A) Preoperative standing lateral radiograph. (B) Immediate postoperative standing
lateral radiograph. (C) Follow-up standing lateral radiograph showing distal junctional kyphosis.

and found no diference in the development of symptomatic
PJK between the groups.87
Recent biomechanical studies showed that using transverse
process hooks at the upper instrumented fusion level instead
of pedicle screws provides a gradual transition from a rigid
pedicle screw construct to the mobile normal adjacent
spine.88,89 Similarly, a inite element model study suggested
that the use of a transition rod of lesser diameter at the proximal end of a long posterior spinal fusion construct minimizes
the adjacent level abnormal pathomechanics, therefore possibly avoiding the development of PJK.90
To prevent PJK, we take the following precautions. (1)
Always involve proximal end vertebra in fusion. Preoperative
radiographic conditions when a proximal end vertebra is not
clearly visualized, “best it line” as was proposed by Denis
et al.,91 is recommended. (2) Preserve the interspinous and
supraspinous ligament complex at the proximal two levels of
the fusion that works as a tension band to minimize PJK. (3)
We prefer to place transverse process hooks one level above
the end instrumented vertebra for the gradual transition of
forces to the adjacent level. In addition, the use of transverse
process hooks requires less sot tissue dissection and produces
less damage to the adjacent facet joint compared with pedicle
screw insertion. (4) Aim to bring the curve correction into the
upper normal physiologic range without overcorrecting the
deformity. Do not do overcorrection.
Although earlier studies reported a high incidence of
pseudarthrosis with a posterior-only procedure,40,50 the use of
modern instrumentation and techniques has resulted in a low
rate of pseudarthrosis in adolescents. he tensile forces applied
to a kyphotic deformity likely increase the incidence of pseudarthrosis in patients with Scheuermann disease as opposed to
patients with idiopathic scoliosis, but this is unproven. horough preparation of the fusion bed with decortication and use

of allograt bone is recommended. We do not use iliac crest
autograt, but it is a viable option if other risk factors for
pseudarthrosis exist.
Other reported complications include pulmonary embolus,
pleural efusion, persistent back pain, instrumentation failure,
and superior mesenteric artery syndrome.9,26,50,53 Daniels and
colleagues92 reported a case of acute celiac artery occlusion
resulting in necrosis of the stomach ater combined anterior
and posterior fusion with 50% correction of the curve.

Congenital Deformity
he irst description of congenital kyphosis in the English
language was by Greig93 in 1916, who reported a 2-year-old
child with a posterior hemivertebra. In 1932, Van Schrick94
diferentiated failure of vertebral body formation versus failure
of segmentation as the cause of congenital kyphosis in four
patients.
By deinition, a vertebral anomaly is present at birth, but
the clinical deformity may not manifest until much later.
Congenital kyphosis develops prenatally as a result of growth
deicits of the centrum occurring during the late stages of
chondriication and ossiication, leading to hypoplasia or
aplasia of the vertebral body.95,96 he defect is thought to be
due to inadequate vascularization of the vertebral body during
fetal development. Most vertebral malformations occur
between days 20 and 30 of fetal development.97
Congenital kyphosis is less common than congenital scoliosis, but it is associated with a higher risk of neurologic compromise and progression of deformity if untreated.98 Congenital
kyphosis and kyphoscoliosis are not separate entities, but
rather a spectrum of spinal deformities caused by vertebral
anomalies. If one side of the vertebra is involved more than
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the other, concomitant scoliosis may develop. In most cases,
the deformity involves the coronal plane to some extent.

Classiication
Van Schrick94 was the irst to classify this condition into failure
of vertebral body formation and failure of segmentation.
Winter and colleagues99 described three types in 1973 based on
their classic review of 130 patients with kyphotic deformity of
the spine owing to congenital vertebral anomalies. hey classiied the deformities as type I, congenital failure of vertebral
body formation; type II, congenital failure of vertebral body
segmentation; and type III, mixed failure of formation and
segmentation. Type I was the most common, predominantly
in the thoracolumbar region, followed by the upper thoracic
region, and the least frequent in the lumbar spine. Failure of
segmentation was symmetrical and produced pure kyphosis.
Failure of vertebral body formation was oten asymmetrical,
producing scoliosis and kyphosis. In the series by McMaster
and Singh,100 65% of patients had anterior failure of vertebral
body formation, 20% had segmentation defects, 10% had
mixed anomalies, and 5% could not be classiied (Fig. 30.13).
Type I deformity is due to partial failure of vascularization
of the cartilaginous centrum of the vertebral body.100 hese
deformities are the most common type. he absence of two
growth plates anteriorly with continued growth of posterior
elements results in a sharp angular kyphosis and can lead to
spinal cord compression. he prognosis is considerably worse

than the unsegmented type (type II). he natural history
involves relentless progression if untreated.
McMaster and Singh100 further classiied type I deformities
into four patterns of malformations: posterolateral quadrant
vertebra (35%), posterior hemivertebra (7%), butterly vertebra (13%), and anterior wedged vertebrae (5%). If the failure
of formation is purely anterior, a pure kyphosis results. More
commonly, the defect is anterolateral with a posterior corner
hemivertebra (posterolateral quadrant type), resulting in
kyphoscoliosis. McMaster and Singh100 noted that the posterolateral quadrant vertebra has the worst prognosis, progresses
relentlessly, and has a high rate of spinal cord compression.
his anomaly is due to a complete failure of formation of the
anterolateral portion of the vertebral body, leaving a posterolateral fragment of bone of varying size attached to one pedicle
and the neural arch.100 Defects of formation are treated surgically because of the high risk of progression and potential
neurologic complications if let untreated.
Dubousset101 classiied type I deformities into two types: a
well-aligned spinal canal and a dislocated canal. Shapiro and
Herring102 and Zeller and colleagues103 used the terms congenital vertebral displacement (Shapiro and Herring) and congenital
dislocated spine (Zeller and colleagues) to describe deformities
in which anterior and posterior elements were abnormal and
there was posterior displacement of anomalous vertebrae.
Zeller and colleagues103 described the “step-of ” sign as the
loss of continuity of the posterior cortex of adjacent vertebral
bodies as a half of a congenital dislocated spine.

Type I

Type II

Type III

Defects of vertebral body
formation

Defects of vertebral body
segmentation

Mixed anomalies

Anterior and unilateral aplasia

Anterior and median aplasia

Partial

Posterolateral quadrant vertebra

Butterfly vertebra

Anterior unsegmented bar

Anterior aplasia

Anterior hypoplasia

Complete

Posterior hemivertebra

Wedged vertebra

Block vertebra

FIG. 30.13 Congenital kyphosis type I results from defects in vertebral body segmentation, and congenital
kyphosis type III results from mixed anomalies. (From McMaster MJ, Singh H. Natural history of congenital
kyphosis and kyphoscoliosis. J Bone Joint Surg Am. 1999;31:1369.)

Anterolateral bar
and contralateral
quadrant vertebra
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Imaging Studies
In younger children, vertebral anomalies may be diicult to
appreciate on plain ilms because of incomplete ossiication.
Computed tomography (CT) scans with three-dimensional
reconstructions are useful for precisely deining the nature of
the deformity. Flexion and extension lateral radiographs are
useful to assess lexibility of the deformity. MRI is recommended preoperatively in all cases to rule out intraspinal
anomalies, which can be present in 5% to 37% of patients with
congenital kyphosis and scoliosis.104,105 MRI is also useful in
identifying cord compression or cord signal changes that may
result from the angular kyphosis.

Clinical Evaluation
Numerous associated anomalies can accompany congenital
spinal deformities, including renal and cardiopulmonary
anomalies, chest deformities (pectus carinatum or excavatum),
intraspinal anomalies (e.g., diastematomyelia, tethered cord,
Arnold-Chiari malformation, syringomyelia). Proper workup
of congenital deformities includes renal ultrasound, cardiac
echocardiogram, and MRI of the brain and entire spine.
Progression can be insidious; thus, at each follow-up
examination, the initial radiograph, previous radiograph, and
present radiograph should be reviewed, using the same levels
for comparison. Failure to recognize progression can lead to
a severe deformity, requiring more extensive surgery with
higher risks. During periods of rapid spinal growth (birth to
5 years and during the adolescent growth spurt), more frequent evaluation (every 6 months) is wise. During the
“dormant” phase of growth (5 to 10 years), yearly evaluation
is adequate. Even if the absolute magnitude of the kyphotic
deformity is not increasing, its lexibility may worsen over
time, which may be an indication for earlier surgery.
A complete neurologic examination is crucial. Before
surgery, urodynamic testing should be considered in patients
with large curves because it may detect subtle preexisting
myelopathy in high-risk patients (especially young children).

Natural History
he natural history of congenital kyphosis depends on the
type of deformity, age of the patient and amount of growth
remaining, and location of the deformity. Winter and colleagues99 found type I deformities to have the worst prognosis

and to progress rapidly, followed by type III and type II.
McMaster and Singh100 found the most rapid progression to
occur in type III deformities, followed by type I and II. he
posterolateral quadrant vertebra has the worst prognosis.
Kyphosis resulting from defects of formation progresses
an average of 7 degrees per year and is most rapid during
the adolescent growth spurt.99 Progression is most likely to
occur during rapid periods of growth (birth to 3 years and
adolescent growth spurt). Type II deformities progress an
average of 5 degrees per year.106 Progression rate is slower in
type II deformities because bony bar formation of the anterior
disc occurs later in childhood, and the growth discrepancy
between the posterior and anterior elements is not as great as
type I deformities.
Neurologic involvement and spinal cord compression
occur primarily with anterior failure of vertebral body formation (type I or III) because of the acute angular kyphosis over
a short segment. he rate of neurologic involvement has been
estimated to be around 18%.100 his rate would likely be much
higher if all patients were untreated. Neurologic compromise
is most common during the adolescent growth spurt, when
progression is most rapid. he greatest risk of spinal cord
compression occurs when the apex is at the midthoracic
region (T4–T9) because this is a vascular watershed area. he
onset of cord compression can occur at any age, but is most
common during the adolescent growth spurt. All patients who
develop neurologic deicit progress to paraplegia if let
untreated.100 Progressive neurologic deicit should be immediately treated surgically.
Type II deformities (failure of segmentation) produce a
more rounded kyphosis compared with the angular gibbous
deformity that occurs with failure of formation.99,106 hese
deformities occur most oten in the lower thoracic and thoracolumbar region. hey are less likely to progress and rarely
cause neurologic compromise because of the more gradual
kyphosis that is spread out over several segments (as opposed
to the sharp angular kyphosis of type I deformities).

Nonoperative Treatment
Nonoperative treatment in congenital kyphosis primarily
consists of diligent observation to document progression of
the deformity (Fig. 30.14). Bracing and casting are believed to
be inefective in congenital kyphosis.99,107 Progression can be
insidious, and radiographs may show small degrees of progression over months that may be deemed insigniicant.
However, over a 2- to 3-year time frame, the progression may
be much more signiicant. At each follow-up evaluation,
current radiographs should be compared with the initial
radiographs to document progression more precisely. In all
cases of congenital kyphoscoliosis, especially with type I
deformities, it is crucial to obtain a posteroanterior radiograph
and a lateral radiograph at each visit because the scoliosis may
appear to be stable but the lateral view may show signiicant
progression of the kyphosis owing to a hemivertebra. We refer
to such a hemivertebra as a “snake in the grass” (Fig. 30.15).
he importance of observation was highlighted by a more
recent report by Campos and colleagues,108 who described
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Patients with type II deformity have a better prognosis in
terms of rate of progression of deformity and neurologic
complications. his deformity is secondary to bony metaplasia
in the anterior portion of the anulus ibrosus, resulting in an
anterior unsegmented bar.100 here is no longitudinal growth,
but posterior growth continues, resulting in a kyphotic deformity. he rate of progression is slow, and spinal cord compression does not occur.100 McMaster and Singh100 subdivided
defects of vertebral body segmentation into partial (anterior
unsegmented bar) or complete (block vertebrae) failure of
segmentation.
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FIG. 30.14 T5 hemivertebra initially diagnosed at age 3 months. The patient was not followed up until age 17
years, when he became paraplegic and wheelchair dependent with severe spinal deformity. (A) Anteroposterior
and (B) lateral radiographs of entire spine at 3 months of age. (C) Anteroposterior and (D) lateral radiographs of
entire spine at 17 years of age. (Courtesy R. Maenza, MD, Italian Hospital, Buenos Aires, Argentina.)

A

B

FIG. 30.15 Hemivertebra causing severe cord compression. This deformity is often not well appreciated on the
posteroanterior view and can be missed if proper imaging is not performed. We refer to such a “hidden”
anomaly on the posteroanterior view as a “snake in the grass.” (A) Sagittal magnetic resonance cuts. (B) Lateral
radiograph of spine.

seven patients with early thoracolumbar kyphosis associated
with single lumbar vertebral hypoplasia, which appeared
similar to a failure of formation (Fig. 30.16). All patients
had spontaneous correction of alignment over time. In
all seven patients, the anomaly was limited to one lumbar
level (L1 or L2), and the defect was limited to the superior
portion of the anterior half of the vertebral body without
posterior malformations. he investigators recommended a
brief period of observation to document progression versus

spontaneous correction. If progression was documented or
if the deformity persisted at age 3 years, further workup was
recommended.

Surgical Treatment
he guiding principle of operative treatment of congenital
kyphosis is early fusion to prevent severe deformity and to
allow for some correction with growth.98 If curves with a bad
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FIG. 30.16 A 6-month-old boy with wedging deformity of L1 vertebra, which spontaneously corrected over
time. The patient was braced with a thoracolumbosacral orthosis. Lateral radiographs show deformity at (A) 6
months of age, (B) 3.5 years of age, and (C) 4.5 years of age. This case highlights the importance of diligent
observation of all congenital deformities and performing surgery only if progression is documented.

prognosis are recognized at an early age, simple prophylactic
surgical treatment can prevent progression and neurologic
complications. he surgical treatment of congenital kyphosis
can be challenging, and many factors must be considered
when deciding on the operative plan, such as type of vertebral
anomaly, patient age and amount of growth remaining, severity of deformity, and presence or absence of spinal cord
compression or neurologic deicits, or both.98
All operations should be performed with spinal cord
monitoring, including motor evoked potentials, somatosensory evoked potentials, and electromyography monitoring.
Traction without anterior release is contraindicated because of
the high incidence of neurologic complications.99,109 Because
of the rigidity of the kyphosis at the apex, traction primarily
causes correction of the ends of the curve, which are more
lexible. his correction lengthens the spine and pulls the
spinal cord against the unforgiving apical bone, which may
lead to more compression of the cord and resulting neurologic
complications.
he treatment of type I deformities is almost always surgical because of the high risk of progression and neurologic
sequelae if deformities are let untreated.
he presence of a posterolateral quadrant vertebra mandates
early prophylactic surgical treatment before the child is 5 years
of age and before the kyphosis is 50 degrees.100 Traditionally,
this treatment was best achieved by a posterior growth arrest
procedure, which is essentially a posterior (convex) hemiepiphysiodesis. More recently, hemivertebra excision performed through
an all-posterior approach has been used for these deformities,

discussed later in this chapter. In situ fusion can be done with or
without instrumentation, extending one level above to one level
below the abnormal vertebra. If the deformity is less than 50 to
55 degrees, and there is growth potential anteriorly, creating a
posterior tether allows some gradual correction in the presence
of continuing anterior growth. his also eliminates the risk of
spinal cord compression.
Early on, surgeons did not use instrumentation. Pseudarthrosis rates were relatively high and reexploration of the
fusion mass was routinely recommended for this reason.
Earlier reports recommended prolonged bed rest (up to 6
months) ater surgery. he use of spinal instrumentation,
speciically pedicle screw instrumentation, has been shown
to be safe and efective in very young patients with congenital
spinal deformities110,111 and improves the fusion rate, making
reexploration and prolonged bed rest unnecessary. We prefer
to use allograt bone because fusion rates tend to be high in
young patients. he fundamental principles of fusion surgery,
including facet excision and thorough decortication, must be
adhered to for optimal results. Postoperatively, we immobilize
very young children in a brace, given their inability to restrict
their activities.
he surgical treatment of older children (>5 years) with more
severe deformities (>55–60 degrees) has traditionally been a
combined anterior and posterior fusion. Several studies have
documented the ineicacy of posterior fusion alone for these
patients,98,112,113 and a combined anterior and posterior fusion
with or without instrumentation has been recommended.24,99,109
Winter and colleagues99 made this recommendation in a review
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of 94 patients in whom progressive congenital kyphosis had
been treated ater the age of 5 years. Some degree of vertebral resection is necessary to obtain satisfactory correction.
McMaster and Singh98 recommended anterior strut grating
and instrumented posterior fusion because of the substantial
rate of pseudarthrosis and deformity progression with posterior
fusion alone. Large curves place posterior fusion at a mechanical
disadvantage in the absence of anterior fusion, leading to a
high pseudarthrosis rate. Older children (>5 years) also lack
suicient spinal growth to produce an appreciable correction.
Other studies have corroborated that posterior fusion alone, with
or without instrumentation, is insuicient for a type I or type
III kyphotic deformity greater than 50 degrees.24,109 McMaster
and Singh98 recommended fusing the entire deformity in older
patients with large curves (longer fusion than in younger patients
with smaller curves).
he anterior and posterior procedures can be done in
1 day or can be staged, depending on the preference of the
surgeon. he anterior procedure is done through a transthoracic, transthoracic-retroperitoneal, or purely retroperitoneal
approach depending on the location of the deformity. When
exposure is obtained, the segmental vessels are ligated, and
periosteal laps are created. he segmental vessels should be
ligated as anteriorly as possible to avoid disruption of the collateral circulation, which lies closer to the foraminal regions.
Complete discectomies are performed. Rib strut grats are
placed from end vertebra to end vertebra, creating slots in the
vertebral bodies.
hese studies were completed before pedicle screw instrumentation became widely used. he superior three-column
ixation that is obtained with pedicle screws may obviate the
need for an anterior surgery in many patients, even patients
with severe deformities.
An alternative to early in situ posterior fusion for a hemivertebra is complete resection of the hemivertebra. Traditionally, hemivertebra excisions have been done through combined
anterior and posterior exposures. More recent reports have
shown this procedure to be safe and efective through a
posterior-only approach,114–116; thus, this is our preference.
Shono and colleagues117 reported on one-stage posterior
hemivertebra resection and fusion and instrumentation in 12
patients 8 to 24 years old with kyphoscoliosis. Satisfactory
correction of the scoliosis (from 49 to 18 degrees) and the
kyphosis (from 40 to 17 degrees) was obtained, without neurologic complications or pseudarthrosis. Ruf and Harms110,114
described a similar approach in children 15 months old,
mostly in congenital scoliosis, with successful outcomes. he
location of a hemivertebra in congenital kyphosis or kyphoscoliosis (at the apex of kyphotic deformity) makes it amenable
to resection from a posterior approach with visualization of
the spinal cord during correction. his approach allows for
correction and short-segment fusion without concern regarding continued growth of the anterior column that may lead to
future progression or crankshat phenomenon.
Patients with spinal cord compression and neurologic deicits
require decompression of the spinal cord. his decompression
can be done either from an anterior approach or posteriorly
from a costotransversectomy approach. Laminectomies alone

are contraindicated because the compression is from the
ventral aspect of the cord, and laminectomies create further
mechanical instability. If the deformity is severe and spinal
cord compression exists, the apex of the deformity may be so
far posterior that cord decompression may be more feasible
from a posterior approach. In such cases, a vertebral body
resection is performed through bilateral costotransversectomies
or a transpedicular approach. Ater the body is resected, the
spinal column is shortened in such cases to obtain some
bony apposition anteriorly. In severe gibbous deformities,
decompression is technically more feasible from a posterior
approach. A cage can be inserted anteriorly if the deformity
allows it.
With surgical treatment of kyphosis, some lengthening of
spine usually results. he kyphotic apex is stif; thus, the
normal, lexible spine corrects and lengthens around a relatively ixed deformity. his can cause signiicant stress on the
vascularity of the spinal cord. Every efort should be made to
shorten the spine with correction.
A type II kyphosis does not require immediate surgical
treatment unless the deformity is already suiciently severe to
require correction or the curve is shown to be progressive
under observation.98 If a type II deformity is detected early
and has been noted to be progressive, but the curve is not
severe and is within acceptable limits, a posterior fusion alone
(one level above to one level below the congenital kyphosis) is
suicient to prevent further progression.24,99,106,109 hese deformities have no potential for anterior growth because of ossiication of anterior disc spaces. For more severe curves, in
which substantial correction is necessary, traditionally an
anterior approach has been recommended to perform osteotomies of the unsegmented areas, discectomies and fusion, and
posterior fusion and instrumentation.106 All patients who
undergo surgical treatment should be observed to skeletal
maturity because adding on of additional vertebrae above and
below the fused segment can occur during the adolescent
growth spurt.
For relatively mild deformities, such as those from a wedge
vertebra or failure of formation hemivertebra excision, a
posterior column-shortening osteotomy, such as Ponte or
pedicle subtraction, is suicient. For severe, rigid deformities,
three-column resection osteotomy, such as VCR, is oten
needed. Initially, VCR was performed through a combined
anterior and posterior approach. To minimize the anterior
approach–related morbidity, Suk et al.116 described execution
of VCR using the posterior-only approach. Lenke et al. then
popularized posterior VCR with a comprehensive surgical
technique.70,72 he purpose of VCR is to circumferentially
decompress the neural elements, correct the deformity, and do
360-degree fusion with instrumentation (see Figs. 30.9 and
30.10). It is a highly technically demanding procedure. Neurologic complications still remain the biggest challenge. he
overall complication rate is reported to be as high as 59%.71
he location of the apex of the deformity directly inluences
the neurologic complications. he thoracic (T6–T9) level apex
carries higher intraoperative and postoperative risk for neurologic complications as compared to thoracolumbar or
lumbar apex.118 Several preoperative and intraoperative

Chapter 30 Pediatric Kyphosis: Scheuermann Disease and Congenital Deformity

Complications
Pseudarthrosis and Progressive Deformity
Techniques to obtain a solid fusion more reliably include
combined anterior and posterior fusion, use of instrumentation, proper facet decortication, and use of autogenous bone
grat. With use of modern spinal instrumentation and proper
technique, pseudarthrosis rates are low in young children even
with allograt and posterior-only fusion.111,122 Pseudarthrosis
typically leads to progression of the deformity; if any progression is noted in the postoperative period, reexploration of the
fusion mass is recommended. For severe curves (>55–60
degrees), the most reliable means of avoiding these complications is by performing a combined anterior and posterior
fusion.
Neurologic Complications
he rate of neurologic complications is higher in the surgical
treatment of congenital kyphosis than other spinal deformities, especially in older patients with large deformities.109 As
mentioned previously, traction is contraindicated in the treatment of congenital kyphosis. Neurologic complications are
more likely to occur if attempts are made to obtain maximum
correction of the curve with use of instrumentation. Partial
correction is preferable; the goal is to obtain a balanced spine
in the coronal and sagittal planes, rather than maximal correction. Spinal cord monitoring is mandatory—the use of the
wake-up test is recommended if the patient can cooperate.

PEARLS
1. Surgical correction of Scheuermann kyphosis can be
accomplished in most cases by posterior-only fusion with
multilevel POs. Complete removal of the inferior and superior
facets and ligamentum lavum allows the posterior column to
be shortened.
2. A combination of cantilever forces and compression is used to
obtain correction in Scheuermann kyphosis. Intraoperative use
of reduction screws in lumbar levels is often helpful.
3. MRI is recommended before surgical correction of Scheuermann
kyphosis. The presence of stenosis or disc herniation may alter
the operative plan.
4. In a very young child with congenital deformity, fusion should
be as short as possible. In an adolescent patient, the entire
deformity should be addressed.
5. Although bracing and casting are not very efective in
congenital deformities, alternating with casting may be
considered in a very young infant as a temporizing measure to
allow further growth before surgery is performed.
6. Overcorrection of a kyphotic deformity can lead to neurologic
injury because the spinal cord is lengthened. No more than
50% correction (from preoperative kyphosis) should be
attempted.
7. Avoiding overcorrection, selection of proper fusion levels, and
preservation of the supraspinous ligament at the proximal end
of the construct have been found to be helpful to prevent a
junctional kyphosis. The possibility of a junctional kyphosis
should be discussed with the patient and family preoperatively.
8. All patients with congenital kyphosis require diligent
observation. Not all patients experience progression, and early
surgery in the absence of documented progression should be
avoided.
9. In patients with congenital scoliosis, the lateral radiograph
should be critically examined. The scoliosis may appear to be
stable, but the kyphosis may be progressing.

KEY POINTS
1. The natural history of Scheuermann disease is generally benign,
and most patients do not experience signiicant disability in
adulthood.
2. A Milwaukee brace is recommended in skeletally immature
patients with curves of 55 to 70 degrees.
3. Surgical indications include a progressive thoracic kyphosis
greater than 75 to 80 degrees in a skeletally immature patient;
thoracolumbar kyphosis exceeding 50 to 55 degrees that is
associated with pain unresponsive to conservative treatment;
progression of deformity despite bracing; or cosmetic deformity
that the surgeon, patient, and family consider signiicant and
unacceptable.
4. Patients diagnosed with congenital kyphosis should undergo
MRI of the entire spine to rule out intraspinal anomalies.
5. Diligent periodic observation of all patients with congenital
kyphosis is crucial; without such observation, severe deformities
with neurologic sequelae may develop.
6. The natural history of congenital kyphosis, particularly type I
deformities, is unfavorable. Insidious progression of the
deformity can occur with growth, and surgery is recommended
if progression is noted.
7. Goals of treatment are early fusion to prevent severe deformity,
halt progression, and achieve head and trunk balance.
8. In a very young child, fusion should be as short as possible. The
entire deformity should be addressed in adolescent patients.
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measures have been found helpful to minimize complications
and optimize outcomes. A thorough understanding of the
deformity with three-dimensional CT and/or with a threedimensional spine model is an essential step in the preoperative planning. he nutritional optimization of the patient
should be considered. During the procedure, suicient height
of anterior reconstruction, avoiding the sagittal translation of
the upper and lower vertebrae, keeping a temporary rod in
position at all times and intraoperative neuromonitoring, may
help to improve the safety. Care should also be taken to control
epidural bleeding and keeping the mean arterial blood pressure equal to or above 80 mm Hg during the correction
maneuver to prevent neurologic complications.
An alternative to VCR for rigid, sharp complex deformities
is the eggshell decancellation procedure, also called vertebral
column decancellation (VCD).119 he VCD technique does
not require 360-degree exposure of the spinal cord; therefore,
it reduces the instability-related complications, has low intraoperative blood loss, requires less surgical time, and causes
less neurogenic complications. he decancellation of the vertebral body is executed through the pedicle in inside-to-outside
order, reducing the exposure and damage to segmental vessels.
VCD is a close-opening technique and the hinge of the correction is adjustable, oten located at the junction of the
anterior and middle column (see Figs. 30.7 and 30.8). he
residual bone in the VCD technique may obviate the need for
metal mesh needed in the VCR technique.119–121 Although
VCD is relatively safer than VCR, it still needs experience and
high technical expertise to execute safely.119
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9. Postoperatively, patients should be followed to skeletal maturity
to ensure that progression of the primary or compensatory
curves does not occur.
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C H A P T E R

Spondylolysis and Spondylolisthesis
Suken A. Shah

Spondylolysis is deined as a defect in the pars interarticularis
of the posterior vertebral arch and is a common cause of back
pain and disability.1 In addition, spondylolysis may lead to
instability of the spinal column and result in anterior translation of the vertebral body relative to the level inferior to the
defect. his translation in the setting of spondylolysis is termed
spondylolisthesis, from the Greek roots, spondylos, meaning
“vertebrae,” and olisthesis, meaning “to slip.”2 Even in the
absence of symptoms from the pars defects themselves, spondylolisthesis may lead to clinically signiicant radiculopathy
and progressive neurologic deicits secondary to nerve root
impingement. Both conditions vary in their presentations and
require judicious application of conservative and surgical
treatment strategies.
he clinical syndrome of spondylolisthesis was irst
described in 1782 by the Belgian obstetrician Herbiniaux3
before an understanding of its pathophysiology. Herbiniaux
reported a bony prominence anterior to the sacrum that
created an impediment to vaginal delivery in a cohort of his
patients. In 1853, the German physician Robert4 reported on
speciic defects in the pars interarticularis; these defects were
irst labeled spondylolysis by Killian in 1854.2 Killian2 proposed that forces imposed by the body’s weight caused subluxation of the lumbosacral facets and subsequent vertebral
body subluxation. A short time later, in 1855, anatomic studies
by Robert and Lambl revealed that a neural arch defect typically preceded the subluxation.5 Robert freed the ith lumbar
vertebra successfully of surrounding sot tissue and showed
that a neural arch defect was required for slippage to occur.6
In 1881, Neugebauer7 detailed the clinical and anatomic
manifestations of the deformity and suggested that lysis,
elongation, and angulation of the pars interarticularis could
lead to spondylolisthesis. In his travels through Europe in
1888, Neugebauer came across 10 specimens in which there
was gross displacement of the ith lumbar vertebra. He aptly
termed this phenomenon spondyloptosis, from the Greek
ptosis, meaning “falling of or down,” to indicate a vertebra that
is completely dislocated. Neugebauer initially attributed the
deformity to traumatic injury; however, he later proposed that

it was due to a congenital abnormality of neural arch ossiication. his theory of abnormal ossiication was questioned by
Lane, who, in 1893, posited that spondylolisthesis was due to
modiication of the interarticular part of the ith lumbar
vertebra by pressure from the inferior facet of L4 superiorly
and from the superior sacral process inferiorly.

Pathophysiology
As understanding of spondylolisthesis increased, classiications of common subtypes emerged. he most widely used
classiication system today was described by Wiltse.8–11 his
system represents a further development of the classiication
described by Newman and Stone,12 who, in 1962, reported the
long-term outcomes of 319 patients with spondylolisthesis. In
their series, spondylolisthesis was classiied in terms of radiographic appearance and proposed etiology.
Wiltse separated spondylolisthesis into ive main groups
(Table 31.1). Type I, also known as congenital or dysplastic
spondylolisthesis, is secondary to a congenital defect of the
superior sacral facet or the inferior L5 facet or both, with
gradual anterior translation of the L5 vertebra. Type II, also
known as lytic or isthmic spondylolisthesis, involves a defect in
the isthmus or pars interarticularis. Type II is classiied further
into three subtypes. Type IIA represents a spondylolysis or a
stress fracture of the pars region. Type IIB represents an intact
but elongated pars caused by repeated stress and bony remodeling. Type IIC represents an acute traumatic fracture of the
pars leading to anterolisthesis; this is the rarest of the subtypes.
It is not the pars defect itself but the anterior translation that
allows the lesion to be termed spondylolisthesis. Type III is
degenerative in origin and is a disease of older adults that
develops as a result of facet arthritis and remodeling. Such
long-standing intersegmental instability can lead to either
anterolisthesis or posterolisthesis. As the disease progresses,
the articular processes may become more horizontally shaped,
creating the potential for rotational deformity as well. Type IV
is a posttraumatic disruption of posterior elements other than
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TABLE 31.1

Spondylolisthesis Classiication by Wiltse18

Type

Description

I

Congenital dysplastic

Type

II

Isthmic: defect at pars interarticularis

Developmental

IIA

Spondylolytic: stress fracture of pars interarticularis

High dysplastic

IIB

Elongation of pars interarticularis

Low dysplastic

IIC

Acute or traumatic fracture of pars interarticularis

III

Degenerative: long-standing intersegmental instability

Acquired

IV

Posttraumatic: defects of posterior elements (aside from
pars interarticularis)

V

Pathologic

Traumatic
Postsurgical
Pathologic
Degenerative

the pars (as in type IIC). his disruption is a gradual event and
not an acute fracture–dislocation, as seen in type IIC. Type V
involves the destruction of the posterior elements in the
setting of a pathologic process, such as malignancy, Paget
disease, tuberculosis, or giant cell tumors. Additionally, an
iatrogenic spondylolisthesis may occur ater facetectomy.
Wiltse type I and type II constitute most cases, which are
the focus of this chapter. Although the classiication schemes
described allow for the systematic study of these disparate
disease entities, they are of no proven prognostic value in the
prediction of deformity progression.
he extent to which spondylosis depends on genetic or
developmental factors is controversial. In 1982, Marchetti and
Bartolozzi13 divided spondylolisthesis into developmental and
acquired subtypes. Developmental etiologies included elongation of the pars, lytic lesions, and traumatic events, whereas
acquired etiologies included iatrogenic, pathologic, and
degenerative conditions. In 1994, a revised classiication
system subclassiied the developmental group further into
high or low dysplastic. In these two subgroups, the pars
interarticularis was described as being either osteolytic or
elongated. Traumatic lesions were incorporated into the
acquired group and the iatrogenic etiology was relabeled as
postsurgical (Table 31.2). Although developmental abnormalities of the posterior arch are typically insuicient to cause
spondylolysis in the absence of other inciting factors, they may
play a signiicant role in the predisposition to spondylolysis
and subsequent spondylolisthesis.
A signiicant genetic predisposition is suggested by the
observation that spondylolysis occurs in 15% to 70% of
irst-degree relatives of individuals with the disorder.14-22
Spondylolisthesis also shows a strong familial association,
with an incidence in irst-degree or second-degree relatives
of approximately 25% to 30%.5,9,11,23 A radiographic study by
Wynne-Davies and Scott15 showed that dysplastic spondylolisthesis has a familial incidence of 33%, whereas the isthmic
variant has a familial incidence of 15%. Compared with the
incidence in the general population, this represents a fourfold
and twofold increased familial risk in patients with dysplastic
and isthmic spondylolisthesis, respectively. Wynne-Davies and
Scott15 suggested a multifactorial autosomal dominant pattern
of inheritance with incomplete penetrance. Wiltse22 suggested,

TABLE 31.2
Bartolozzi13

Spondylolisthesis Classiication by Marchetti and
Features
Interarticular lysis
Elongation of pars interarticularis
Interarticular lysis
Elongation of pars interarticularis
Acute or stress fracture
Direct or indirect efect of surgery
Local or systemic pathology
Primary or secondary

however, that a cartilaginous defect in the vertebrae may be
of autosomal recessive inheritance with varying expressivity.
Additionally, the correlation between spina biida occulta and
spondylolisthesis strengthens the suggestion of a hereditary
contribution.
In combination with developmental susceptibilities, certain
activities are risk factors for spondylolysis because of the
nature of the biomechanical stresses imparted on the pars
interarticularis. Biomechanical analyses have shown that
hyperextension and persistent lordosis increase shear stresses
at the neural arch.24–27 Wiltse and colleagues28 hypothesized
that most cases of isthmic spondylolysis should be considered
fatigue fractures caused by repetitive load and stress as opposed
to a single traumatic event, although a traumatic event may
lead to completion of a fracture already in development.
Farfan and colleagues29 hypothesized that a single event leads
to the initial microfracture in the pars, with fractures occurring as a result of repetitive overload. As a result of these
biomechanical data, activities that involve hyperextension of
the lumbar spine—such as gymnastics, weightliting, diving,
football, and volleyball—have been implicated as causative
factors in the development of spondylolysis.27,30–32
Persistent lumbar lordosis may also increase susceptibility to spondylosis; Ogilvie and Sherman14 reported a 50%
prevalence of asymptomatic spondylolysis in patients with
Scheuermann kyphosis. he tendency toward progression of
slippage during adolescence and the observation that girls
are several times more likely to have an increase in deformity
are also suggestive of a hormonal role in the development of
spondylolisthesis.23

Epidemiology
he exact prevalence of spondylolysis is uncertain because it
is asymptomatic in a large proportion of patients. Reports
regarding the prevalence of spondylolysis are based primarily
on painful or symptomatic spondylolysis or cases associated
with listhesis. he prevalence in whites has been reported as
3% to 6%, with a male-to-female ratio of 2 : 1.33–35 Roche and
Rowe35 examined 4200 cadaveric specimens and found an
overall prevalence of spondylolysis of 4.2%. Considerable
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on more recent published reports, it accounts for 14% to 21%
of total cases.61,62

History and Physical Examination
Spondylolysis may be discovered incidentally or may manifest
with low back pain typically in the teenage years.63 In approximately half of cases, the onset of low back pain is associated
with a history of trauma or an inciting event.23,64,65 Usually,
these patients complain of focal low back pain, only rarely
radiating to the buttocks or posterior thigh, which becomes
worse with activity or on hyperextension of the spine.31,66–69
Liting and weight bearing can exacerbate the pain, and a
forced lumbar extension oten intensiies the symptoms.
Neurologic involvement is rare in isolated spondylolysis.
Medical professionals who have little experience with spondylolysis oten assume the defect to be a sequela of trauma
requiring immediate immobilization and surgical intervention. In these cases, it is the responsibility of the spine surgeon
to ofer reassurance that imminent neurologic compromise is
highly unlikely.70,71
Physical examination of the lumbar spine reveals focal
tenderness in acute cases and mild discomfort in chronic
cases. Patients maintain a full range of forward lexion (unless
the hamstrings are tight) that is usually painless, but hyperextension movement leads to an exacerbation of symptoms, as
does lateral bending or rotation. Other associated physical
signs are an antalgic gait, increased lumbar lordosis, and
hamstring tightness. A single-leg hyperextension test is used
for the diagnosis and diferentiation of unilateral spondylolysis
from bilateral lysis. his test is performed by the patient
bearing weight on one leg with the hip and knee of the other
leg lexed while hyperextending the lumbar spine. his
maneuver is performed on both sides; asymmetrical low back
pain indicates unilateral spondylolysis. Bilateral lesions show
symmetrical or asymmetrical pain with this maneuver.72,73 he
neurologic examination in isolated spondylolysis is generally
normal, with radicular indings suggestive of foraminal stenosis owing to inlammation or instability.
Spondylolisthesis may manifest in a similar fashion but is
also typically associated with hamstring tightness. his tightness manifests as a muscle spasm of the posterior thighs
associated with a ixed lexion at the hip and knees. An
increased popliteal angle is present on straight-leg raise. An
increased popliteal angle is almost always observed universally, even in low-grade spondylolisthesis. Electromyographic
and neurologic abnormalities are typically absent; this suggests that there is not a neurologic basis for the hamstring
tightness but that it likely results from the patient’s attempts
to maintain global sagittal balance.62,74 Other authors hypothesize that tightness results as a sequela of chronic nerve root
irritation from the instability and micromotion of the involved
segment.74–77 Patients oten ambulate and stand with increased
lexion at the hips and knees, also known as the PhalenDickson sign.75 his lexed posturing increases as the amount
of slippage increases. he patient may also exhibit a shuled
or short-stepped gait.77
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ethnic variability exists in the prevalence of spondylolysis,
with a lower prevalence in blacks (1.8%–2.4%) than in whites
(5.6%).36–39 he highest prevalence has been reported in the
Eskimo population, with rates of 13% in adolescent patients
and 54% in adults.40 Although this prevalence may suggest a
genetic predisposition, it has also been posited that Eskimos,
who carry their infants in a papoose, place undue stress on the
pars interarticularis.36
he reported incidence of isthmic spondylolisthesis ranges
from 2.6% to 4.4%.5,41–43 In the largest prospective radiographic
study, Fredrickson and colleagues41 evaluated 500 patients at
age 6 years with a 20-year follow-up. A pars defect was appreciated in 4.4% of 6-year-old children. By age 12 years, 5.2% of
the cohort was noted to have the defect (85% participation
rate). his increased to 6% by age 18 years; however, most of
the nonafected patients had dropped out of the study (34%
participation rate). Back pain had developed in only four of
the patients, and one patient required an operative procedure
to decompress a herniated disc at a level cephalad to the
spondylolisthesis. Pars defects at L5 were noted to be bilateral
in 78% of cases, with most of these progressing to spondylolisthesis. As a corollary to this study, Fredrickson and colleagues41 also evaluated 500 newborns and found no evidence
of spondylolysis or spondylolisthesis. he only reported case
of a pars lesion in a newborn has been published by Borkow
and Kleiger.44 Isthmic spondylolisthesis is rare in children
younger than 5 years old, with only a few reported cases.43,45,46
In spondylolysis, the pars interarticularis defect may be
unilateral or bilateral. If the defect is bilateral, the chance of
progression to listhesis is greater. he most common location
of a spondylitic defect is L5 (85%)47 and the defect may be
observed as high as L2; multilevel defects are seen infrequently.
Rarely, multiple defects may be seen at the same level. Ariyoshi
and colleagues48 reported a case of spondylolysis at three sites
in L5 involving the bilateral pars interarticularis and the center
of the right lamina.
he most common site of isthmic spondylolisthesis is at the
L5–S1 level secondary to osteolysis at L5. Estimates show that
this lesion is located at the L5 pars interarticularis in 90% of
type II cases, at L4 in 5%, and in more cephalad vertebrae in
the remaining 5% of cases.11 Additionally, authors have
reported spina biida occulta at the same level in 30% of
patients with pars lesions. he incidence of spina biida associated with spondylolisthesis has been reported to range from
24% to 70%.9,23,49,50 Age at presentation with isthmic spondylolisthesis follows a bimodal distribution. One peak occurs
between the ages of 5 and 7 years, and the second occurs in
the teenage years.9,19,49,51 he incidence in athletes who subject
themselves to excessive lumbar posturing, such as gymnasts,
soccer players, pitchers, cricket bowlers, and divers, is higher
than in the general population.52–59
In pediatric patients, dysplastic and isthmic are the most
commonly encountered subtypes, with the latter representing
85% of the cases. As with spondylolysis, isthmic (type II)
spondylolisthesis is two times more frequent in boys than
girls.35 Dysplastic spondylolisthesis, similar to its isthmic
counterpart, is also most commonly found at the L5–S1 junction. he incidence is two times higher in girls60,62 and, based
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Patients with spondylolisthesis may initially present with
focal neurologic deicits or radiculopathy, although this is
uncommon. Bilateral radicular symptoms are more commonly
observed than unilateral radiculopathy. Typically, the L5 root
is involved, with pain radiating to the buttocks and posterior
thigh or weakness of the extensor hallucis longus. Constant
loading of the pars defects may hinder bony healing, resulting
in a ibrous union that may be a persistent source of pain.
Local expansion of ibrocartilaginous scar tissue within the
area of the pars defect may cause nerve root compression.
Tension on the nerve root also increases with progression of
olisthesis, increasing further the likelihood of radicular symptoms with disease progression.71 In higher-grade subluxations,
traction of the cauda equina over the sacrum may exist. his
traction may lead to signs and symptoms of cauda equina
compression, such as perineal paresthesia, decreased sphincter
tone, and urinary retention. Additionally, traction of the cauda
is thought to create a relex spasm of the hamstrings.78,79
Higher-grade spondylolisthesis results in a palpable stepof over the spinous processes. In isthmic spondylolisthesis,
the step-of is typically found at the L4–L5 junction, as the
neural arch of the L5 vertebra does not translate anteriorly
with the body but remains within its geographic location in
relation to the sacrum. In dysplastic spondylolisthesis, the
neural arch is still attached to the vertebral body and slides
anteriorly with the body, producing a palpable step-of that is
typically appreciated at the lumbosacral junction. Lumbosacral kyphosis with a retroverted sacrum results in heartshaped, lattened buttocks. In severe cases, the trunk appears
grossly shortened, and the rib cage lies within close proximity
to the iliac crests.
Scoliosis also may be associated with spondylolisthesis.12,25,80–84 he incidence has been reported to be 60%.
Scoliosis may result because of a combination of hamstring
and paraspinal muscle spasm, rotational deformity, or truncal
asymmetry. If scoliosis is secondary to spondylolisthesis (nonstructural), it usually resolves ater treatment of the olisthesis.
he patient may also have an adolescent idiopathic curve with
a low-grade spondylolisthesis that was detected incidentally
on radiographic evaluation.

Radiographic Evaluation
Many imaging modalities may be useful in the diagnosis and
evaluation of spondylolisthesis. Radiographic evaluation of
spondylolisthesis begins with plain radiographs, including
lateral, anteroposterior, and oblique views.85 he anteroposterior view should be angled 15 degrees to the inclination of the
L5–S1 disc (Ferguson view). his view not only allows for
visualization of the presence of sacral spinal biida, but also
evaluates the size of the lumbar transverse processes and
height of the disc.
he defect in isthmic spondylolysis is visualized as lucency
in the region of the pars interarticularis. he lucency is
commonly described as having the appearance of a collar or
a “broken neck on the Scotty dog” seen in lateral oblique
radiographs. A spot lateral view is able to identify only 19%

of pars defects,33,86 whereas oblique lateral views can detect
the pars defect in 84% of cases.87 It is important to take right
and let oblique views because pars defects may be unilateral
in some cases, and the collar may be visible in only one
projection.
Although oblique views are most sensitive in diagnosing
spondylolysis, the lateral view is optimal for appreciating the
degree of olisthesis in spondylolisthesis. he lateral view
should be performed with the patient standing. Flexionextension views may assess for the presence of associated
instability. his subtle movement may be an important pain
generator and is essential for further treatment planning.
Additionally, these views show the extent of postural reduction of the lumbosacral angulation and translation that may
be obtained without formal release.
Because the sensitivity of plain radiographs is limited,
radionuclide (technetium-99m) bone imaging may be a good
option in cases of suspected spondylolysis with negative plain
radiographs. A bone scan identiies pars interarticularis stress
fractures that can be missed in oblique radiographs because a
stress reaction may be present without a bony defect. Patients
who have had a recent trauma or performed strenuous activity
and are symptomatic have a bone scan showing increased
uptake in the spondylolytic area; however, patients with
chronic low backache can have normal bone scans if the defect
is chronic, is sclerotic, and has lost its blood supply. Single
photon emission computed tomography (SPECT) is more
sensitive and provides more details than plain radiographs and
technetium bone scan.88,89 A “hot” scan insinuates increased
activity and the patient may beneit from orthotic immobilization, whereas a “cold” scan suggests a chronic lesion that is not
metabolically active and is unlikely to respond to immobilization alone.71
hin-cut axial computed tomography (CT) is highly accurate at visualizing osseous anatomy and is superior to plain
radiography in its ability to show dysplastic facets and pars
defects. CT may also be used ater plain radiographs or bone
scan to assess the healing potential of an identiied pars
defect.90 In addition to showing spondylolysis accurately, CT
may identify changes in the apophyseal joints associated with
degenerative and reverse spondylolisthesis and can show
minimal degrees of spondylolisthesis by the presence of a
pseudo-bulging disc.91
Magnetic resonance imaging (MRI) is a highly sensitive
imaging technique that allows for additional visualization of
sot tissue and neural structures and is recommended in all
cases associated with neurologic indings. MRI ofers the
distinct advantage of being able to image the spine in any
plane without exposure to ionizing radiation. Sagittal thin
slices (3-mm slice thickness for T1-weighted images and
4-mm slice thickness for T2-weighted images) are able to
identify 95% of pars defects, with T1-weighted images being
more sensitive than T2-weighted images.92 In the early course
of the disease, MRI helps in identifying the stress reaction at
the pars interarticularis before the end-stage bony defect.93,94
In more acute presentations in which plain radiographs may
be negative, a fat saturation technique can be applied to
minimize signal from fat and to bring out signal from luid
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TABLE 31.3
Grade

Percentage of Slippage (A/B)

0

0 (spondylolysis)

I

0–25%

II

25–50%

III

50–75%

IV

75–100%

V

Vertebral body completely displaced (spondyloptosis)

Grades 0 and V were added later.

structures, such as bone edema. MRI also allows for evaluation
of the spinal cord and its associated elements with greater
anatomic detail and without the procedural risks associated
with CT myelography. MRI may show the degree of impingement of neural elements by ibrous scar tissue at the spondylolytic defect. Additionally, involvement of adjacent discs
should be evaluated because abnormal biomechanics can lead
to early degenerative changes at adjacent levels.
he most commonly used radiographic grading system for
spondylolisthesis is the one proposed by Meyerding in 1932.95
he degree of slippage is measured as the percentage of distance the anteriorly translated vertebral body has moved
forward. On the lateral radiograph, a line is drawn along the
posterior sacral border. A line perpendicular to this is drawn
at the superior part of the sacrum. he anterior translation or
displacement of the inferior border of L5 as a proportion of
the width of S1 is expressed as a percentage. he Meyerding
classiication grades increasing olistheses from I to IV (Table
31.3). Spondyloptosis, in which the ith lumbar vertebra has
slipped forward over 100% of the gliding plane past the sacral
promontory, is referred to as grade V. Spondylolysis without
olisthesis is referred to as grade 0.
Although the Meyerding classiication system quantiies
translational subluxation in the anteroposterior plane, it does
not quantify the sagittal rotation of a vertebral body that may
coexist in spondylolisthesis. his angular displacement is
referred to as the slip angle and, as with the Meyerding grading
system, the erect lateral radiograph is the basis for measurement. he slip angle is calculated by measuring the angle
formed by the intersection of two lines: (1) a line perpendicular
to the posterior cortex of the sacrum and (2) a line paralleling
the inferior endplate of L5. In the normal spine, slip angle
values should be close to zero. he slip angle quantiies the
lumbosacral kyphosis and was shown by Boxall and colleagues62 to be the most useful tool in determining the risk of
the progression in a skeletally immature patient. A slip angle
greater than 55 degrees is associated with a high probability
and increased rate of progression.
Sacral inclination, or pelvic tilt, refers to the vertical position of the sacrum. It is the angle formed by the intersection
of two lines: (1) a line perpendicular to the loor and (2) a line
parallel to the posterior cortex of the sacrum. Normal values
are greater than 30 degrees. With an increasing slip, lumbosacral kyphosis is increased and the sacrum is forced into a more
vertical orientation, decreasing the pelvic tilt.

In 1983, Wiltse and Winter96 proposed a classiication that
separated the tangential movement seen in low-grade slips
(grades I and II) from the angular and tangential movement
that was appreciated in high-grade slips (grade III or higher).
he three measurements that were factored were degree of
slip, vertebral wedging, and sacral rounding. hese authors
recommended that the forward displacement of the ith
lumbar vertebra in relation to the sacrum be measured as an
actual percentage, as irst described by Taillard42 and later
recommended by Laurent and Osterman.97 It was stressed that
even a small degree of progression should be measured, and
this was not quantiiable on the Meyerding scale. Sacral tilt as
described previously and sagittal rotation or slip angle were
also used. he method for measuring slip angle, which Wiltse
and Winter96 termed sagittal rotation, was modiied by measuring the angle formed by the intersection of two lines: (1) a
line extending of the anterior cortex of the L5 vertebral body
and (2) a line of the posterior border of the irst sacral vertebra. Wiltse and Winter96 believed the endplates of the L5 and
S1 bodies to be unreliable osseous structures secondary to
osseous hyperplasia.

Nonoperative Management
Treatment of spondylolysis mainly focuses on pain relief, core
muscle strengthening, and restoration of full lumbar range of
motion. Achieving these goals enables the patient to return to
normal activity without any restrictions. Management of
spondylolysis depends on the severity of the symptoms and
level of activity. Initial conservative management in the form
of activity restriction and bracing (for pain relief) relieves
symptoms in patients with spondylolysis. It is likely that most
lesions do not heal with bone but become a stable ibrous
union that remains relatively asymptomatic.
In the pediatric population, nonoperative management of
spondylolysis includes restriction of activity, rehabilitation
with strengthening of the abdominal and paraspinal musculature, minimization of pelvic tilt, and perhaps antilordotic
bracing.98 Nonoperative management protocols also depend
on several factors, such as disease involvement (spondylolysis
vs. spondylolisthesis), level and laterality of the defect (unilateral vs. bilateral pars defects), duration since injury (acute vs.
chronic), and age of the patient.99 Many authors prefer to use
a total-contact, low-proile polyethylene orthosis, which is
designed to maintain an antilordotic posture and extends
from just below the nipples to 1 inch above the greater trochanter. he brace is worn for 23 hours/day for a minimum of
3 to 6 months.100 If clinical symptoms improve, the brace can
be gradually weaned through a period of part-time wear.
Excellent clinical outcomes have been reported with a
course of activity restriction and bracing that prevents repetitive hyperextension movements at the lumbar spine.100–103
Good to excellent results with brace therapy have been shown
in 80% of patients with grade 0 or I spondylolisthesis.100,104,105
Bell and colleagues104 showed prevention of increased slip
angle and 100% reduction of pain in 28 patients with grade
I or II spondylolisthesis ater a mean brace treatment of 25
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months. In a series of 82 symptomatic patients with various
degrees of spondylolisthesis, Pizzutillo and Hummer105
reported that nonoperative treatment of grade II or less was
shown to relieve pain reliably in two-thirds of patients. A
study by Steiner and Micheli100 showed radiographic evidence
of healing pars defects in 12 of 67 patients with spondylolysis
or grade I spondylolisthesis ater treatment in a modiied
Boston brace. Excellent or good results were achieved in 78%,
with return to full activities. Patients with spondylolysis and
grade I spondylolisthesis may return to full activity and sports
with resolution of symptoms and documented lack of slip
progression. Controversy exists regarding post-brace activity
level for patients with grade II spondylolisthesis. he general
consensus is that ater successful brace treatment, a child with
grade II spondylolisthesis may return to sports that do not
involve hyperlordotic posturing.18,26,27
Patients with acute pars interarticularis fractures are best
treated with immediate initiation of bracing for pain relief and
restriction from athletic activity, with continued mobilization
for activities of daily living. Anderson and colleagues106 used
clinical evaluation and SPECT imaging to compare the rate of
response to early versus late initiation of bracing. In this study,
patients with early bracing showed rapid relief of symptoms,
a short bracing time, and rapid reduction of SPECT ratio.
Patients showing a spondylolytic defect on plain radiography
but whose bone scans were negative were determined to have
inactive (terminal) spondylolytic defects, pseudarthrosis, or
old unhealed fractures.72,107 Athletes with low back pain and
increased uptake on SPECT scan at the pars interarticularis
but no defect on radiographs typically respond to a period of
rest and active rehabilitation; very few athletes develop defects
or persistent back pain.108
As the understanding of spinal biomechanics has progressed, Panjabi109 posited the concept of speciic training
of lumbar muscles in chronic low back pain. According to
his concept, speciic training of muscles around the lumbar
spine improves the dynamic stability and controls segmental
spinal motion. he local muscular system that controls the
lumbar spine consists of lumbar multiidus, internal oblique,
and transverse abdominis.109 A randomized trial by O’Sullivan
of 44 patients who were treated with two diferent protocols
showed that a speciic strengthening program was more efective than generalized back strengthening exercises.98 Along
with exercises that target speciic core muscle groups with
the spine in neutral position, strengthening of hip lexors and
hamstring stretching are important and recommended.100,101,110
Patients with low-grade dysplastic spondylolisthesis are
less likely than patients with isthmic spondylolisthesis to
respond to conservative measures,5 but conservative therapy
is still recommended as the initial modality. he importance
of radiographic and neurologic follow-up should be stressed
to these patients because they are at a higher risk for slip
progression owing to facet hypoplasia. Radiographic followup is recommended at least annually until skeletal maturity
and more frequently during peak height velocity before
puberty. Documentation of slip percentage, angle, sacral
inclination, wedging, and pelvic tilt is recommended as part
of proper documentation of progression of the deformity.

Surgical Treatment
Surgical intervention is indicated for patients with persistent
pain, progressive spondylolisthesis, or neurologic symptoms
who fail conservative management. Treatment approach is
inluenced by the level of spinal maturity, degree of slippage,
symptoms, the patient’s activity level, and expected progression. In contrast to a comparable adult, an asymptomatic adolescent may be a candidate for surgical intervention because
of expected progression of deformity in a high-grade slip,
which may lead to mechanical and neurologic dysfunction.
In a skeletally immature patient with slippage greater than
50% or a mature adolescent with a slip greater than 75%,
operative intervention is recommended even if the patient is
asymptomatic.111-113 Surgical decompression is also indicated
when a patient has neural compromise, with a radiculopathy
or bowel or bladder dysfunction.114–116
Surgical treatment options may be broadly divided into two
categories: direct repair of the pars defects versus arthrodesis
of the involved segments to prevent slip progression with or
without decompression of afected neural structures. Procedures for direct ixation of pars defects include the Buck
technique,117 Scott wiring,118 and repair with an ipsilateral
pedicle screw and hook.119,120
Fusion of the involved level has been widely advocated as
treatment of symptomatic spondylolysis.111,121 he long-term
efects of fusion in a young patient must be considered,
however, owing to the potential for adjacent-segment degeneration.122,123 Based on their simulated lumbar fusion studies in
cadavers, Weinhofer and colleagues124 concluded that
increased intradiscal pressure at the level of fusion could lead
to accelerated degeneration at the adjacent discs. Kinematic
studies of adjacent vertebra ater fusion have shown disc
degeneration, increased stress at the facet joints, hypertrophy
of the facets, and hypermobility at the adjacent level.123,125,126
Based on these kinematic studies and the goal of preserving
motion when possible, isolated repair of the pars interarticularis defect is the preferred treatment for symptomatic pars
defects in patients with no slip or disc degeneration at that
level and relief from the diagnostic injection. Fusion is an
option if an attempt at pars repair is unsuccessful, the lamina
is dysplastic, the defect is very large, or disc degeneration or
listhesis is present. Some authors maintain that results for
fusion are better at L5 because of the narrow lamina at L5 and
the steep lordotic angle that may be present.127
To increase the probability of response to surgical treatment, Wu and colleagues128 reported on the use of preoperative
diagnostic pars injection at the site of the defect. In their series
of 100 patients who had failed conservative management, the
pain generator was conirmed by injecting 1.5 mL of bupivacaine (Marcaine) into the lytic area. Reproduction of similar
pain and pain relief of at least 70% of the usual pain quality
for more than 6 hours were considered as a positive response;
these patients subsequently showed an excellent outcome ater
repair of the defect.128
Buck fusion is an open technique in which the ibrous
tissue at the pars defect is identiied, thoroughly debrided, and
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and debride the ibrous tissue and hypertrophic nonunion
with a burr and curettes to bleeding bone, but care must be
taken not to enlarge the defect further and destabilize the
segment. Iliac crest bone grat is placed into the defect and a
cannulated laminar screw is placed percutaneously over a
predrilled guidewire from the ipsilateral inferior lamina across
the defect to engage the cortical bone of the pedicle or superior
endplate for compression, avoiding the facet joint. Additional
grat (or bone grat replacement) is placed over the defect,
extending from the lamina to the junction of the transverse
process. he patient is immobilized in a low-proile thoracolumbosacral orthosis for 12 weeks (hip joint locked with a leg
extension for the irst 6 weeks) and then progressed to rehabilitation. Healing is checked at 6 months and the patient is
allowed to resume all sports.
For a pediatric patient with grade I or II spondylolisthesis,
dysplastic spondylolisthesis at the lumbosacral junction, or a
slip secondary to a defect of the L5 pars who has failed conservative treatment, posterior in situ fusion is recommended from
L5 to S1. With the widespread use of pedicle screws and the
myriad screw options that are available, numerous studies have
been performed supporting the use of transpedicular ixation.
Transpedicular ixation has been shown to increase the rate of
fusion, and a positive correlation has been reported between
successful fusion and clinical outcome.150–156 Other series have
not shown a statistically signiicant diference between instrumented and noninstrumented posterior fusions.157,158 In one
study of 10 patients in a cohort who had the working diagnosis
of spondylolisthesis, 5 underwent instrumented fusion, 4 of
whom achieved an excellent or good outcome, compared with
2 of 5 who underwent a noninstrumented fusion.159
Lenke and colleagues160 performed noninstrumented in
situ fusions in 56 pediatric patients with isthmic spondylolisthesis. Based on radiographic evidence, only 50% showed a
solid fusion mass, whereas 33% showed radiographic changes
highly unlikely or with no evidence of a fusion mass. Despite
poor fusion rates, overall clinical improvement was noted in
greater than 80% of the cohort with preoperative symptoms
of back or leg pain or hamstring tightness. A trend for
improved clinical outcome with increased rigidity of ixation
has been noted.151 Pedicle screw ixation systems have been
shown to be mechanically superior to other ixation while
allowing for the selective segmental force without extension
to adjacent levels.161 Additionally, the use of instrumentation
obviates the need for postoperative casting in a compliant
patient. If exposure of midline structures and decompression
is not warranted, the paraspinal approach described by Wiltse
and colleagues11,162 is recommended because it avoids neural
arch defects, minimizes sot tissue trauma, and improves
visualization of posterolateral structures. It also helps maintain
the position of the bone grat and may promote fusion. During
surgical dissection, care must be taken to protect facets at
levels cephalad to the proposed fusion because this may create
instability or degeneration later on. Minimally invasive techniques are available.
he method of immobilization ater an in situ posterior
fusion ranges from bed rest to bilateral pantaloon spica casts
for 6 months. Literature can be found to support either end
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stabilized with a 4.5-mm stainless steel cortical screw in
compression.117 Buck117 concluded that this technique was
indicated only in cases in which the gap was smaller than 3 to
4 mm. Various studies showed 88% to 100% defect healing
and satisfactory results with his technique.129–131 Direct repair
using a screw is a demanding procedure, however; owing to
the narrowness of the lamina, a minimal displacement or
malposition of the screw can lead to implant failure or complications such as nerve root irritation, injury to the posterior
arch or dura, or pseudarthrosis.132,133
In the Scott technique, a stainless steel wire is looped from
the transverse processes to the spinous process of the level
involved and tightened in conjunction with local iliac crest
bone grat.118 his wire creates a tension band construct,
placing the pars defect under compression, and holds the bone
grat in place. Bradford and Iza134 reported 80% good to excellent results and 90% radiographic healing of the defects. his
technique requires greater surgical exposure, with extensive
stripping of the muscles to expose the transverse process.
Complications such as wire breakage are common with this
technique. Salib and Pettine135 modiied this technique by
passing a wire around the cortical screws introduced into both
pedicles and tightening it beneath the spinous process. Biomechanical tests show that ixation of the wire to the pedicle
screw does not increase the stifness of the system.136 Both
cerclage techniques have good defect healing rates of 86% to
100%.118,135,137,138 Songer and Rovin139 modiied this construct
by replacing the wire with a cable tied up to a pedicle screw
and then passed and wrapped around the contralateral lamina.
his system provides solid ixation; the authors reported excellent outcome in ive of seven patients and 100% solid union
in all patients.
Morscher and colleagues140 introduced a new technique to
repair the pars defect with a laminar hook, which is loaded
with compression by a spring placed against a screw threaded
in the articular process. Healing rates with this technique
range from 56% to 82%.140–144 he major drawback of this
procedure is screw penetration to the inferior articular process
of the cephalad vertebra, which can lead to screw loosening
or breakage.145 Gillet and Petit146 introduced the concept of the
rod screw construct, in which the rod is irmly ixed to the
spinous process, and published excellent outcomes in 6 of 10
patients.
Taddonio, using the Cotrel-Dubousset system, irst introduced a repair using pedicle screw ixation.146a Tokuhashi and
Matsuzaki127 reported excellent outcomes with the Isola pediculolaminar system. Kakiuchi147 reported similar results using
the Texas Scottish Rite Hospital instrumentation system; with
this technique, hooks are ixed at the lamina and connected
with a rod to an ipsilateral pedicle screw ater compression.
Roca and colleagues148 reported 92% excellent results with
their new pedicle screw hook construct system in adolescents,
but they have not recommended this technique for patients
older than 20 years. Pellise and colleagues149 advised 1-mm
thin cuts to assess the pars anatomy, but 2.5-mm cuts help
in assessing bone healing ater direct repair in spondylolysis.
Our preferred technique for pars repair is to use minimal
access tubes or retractors to obtain exposure of the pars defect
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of the spectrum.112,163–169 Boxall and colleagues62 and Sherman
and colleagues170 compared in situ patients who were immobilized in a cast or orthosis with patients who were treated with
bed rest.62,170 Each study showed no statistical diference in the
fusion rate based on immobilization methods.
Decompression is warranted in patients with neurologic
indings. Patients with low-grade spondylolisthesis generally
do not have signiicant neurologic symptoms. In an adult
patient with radiculopathy, it may be acceptable to perform
only a decompressive procedure, as described in 1955 by Gill
and colleagues.114 he removal of loose posterior elements and
cartilaginous tissue can increase vertebral column instability
and further progression of deformity, however—an unacceptable risk in the pediatric spine.171,172 Although a wide decompression may be warranted, it should be augmented with
spinal fusion in a growing child.114 Studies have also shown an
increased risk of progression of deformity in patients with L5
laminectomy and posterior fusion versus patients with posterior fusion alone.172–174
Treatment of high-grade spondylolisthesis is a topic of
great debate. Symptomatic patients with high-grade
spondylolisthesis tend to fare poorer with nonoperative
treatment compared with their counterparts with lowgrade spondylolisthesis.175 In high-grade spondylolisthesis,
correction of the slip angle rather than the degree of anterior
listhesis should be addressed. Although studies show that
patients with greater than 50% of slippage may not have a
poor nonoperative outcome,176 fusion is the general treatment
of choice among spinal surgeons. In determining the
most appropriate procedure, one must take into account
all presenting symptoms, neurologic function, radiographic
indings, clinical deformity, patient’s age, and the surgeon’s
experience.
As with low-grade spondylolisthesis, in situ fusion was a
described treatment for pediatric patients with high-grade
spondylolisthesis; however, cranial extension is recommended.165 A Wiltse approach is suggested unless decompression is warranted. As reported by Pizzutillo and colleagues,177
bone grat placement at the level of or anterior to the transverse processes extending to the sacral ala helps to ensure
a large posterolateral fusion mass, which can efectively
counteract shear forces at the lumbosacral junction. Allograt
or autograt (or both) may be used, balancing the rate of
successful fusion versus the potential for donor site pain and
morbidity.173,178–181
Postoperative progression of deformity has been appreciated in patients and has been attributed to pseudarthrosis, lack
of postoperative immobilization, lack of grat consolidation or
maturation, or deterioration of the solid fusion mass. Progression has been appreciated in patients with a solid fusion mass,
as evidenced by radiography. Patients with a greater preoperative deformity are at higher risk.165,168,172,182,183 he advance of
slippage is usually minor in these cases, and studies have
shown that radiographic evidence of pseudarthrosis does not
always lead to pain.62,160,184 Studies with long-term follow-up
of patients with high-grade spondylolisthesis show in situ
fusion to be a viable solution in maintenance of symptom
relief and prevention of degenerative arthrosis of mobile
cephalad spinal segments.163,185–187

Grzegorzewski and Kumar168 found no radiographic
pseudarthrosis in 21 patients with high-grade spondylolisthesis treated with in situ fusion, postoperative immobilization in
a pantaloon spica cast, and 4 months of bed rest. Although
ive patients showed evidence of slip progression, two of
whom showed an increased slip angle within the irst
year, only four patients had symptoms of back pain ater
postoperative follow-up of almost 13 years. Overall reports
show radiographic evidence of successful fusion to range from
71% to 100% and relief of back pain and neurologic symptoms
to range from 74% to 100% in patients ater in situ
fusion.1,165,170,175 Patients with high-grade spondylolisthesis
who are at risk of developing pseudarthrosis require a wide
decompression secondary to L5 radiculopathy or sacral
root symptoms, and patients with excessive mobility at
the L5–S1 junction require fusion with pedicle screw
instrumentation. Patients with hypoplastic transverse processes, spina biida, and sacral malformation are also at risk of
pseudarthrosis.
Transsacral fusion using either a ibular grat or mesh cage
has been shown more recently to be a viable treatment option.
By providing an anterior column support and fusion bed,
increased structural stability can be achieved. Smith and
Bohlman188 suggested a modiication to posterolateral fusion
to decrease the incidence of pseudarthrosis and progression
of deformity. Eleven patients with high-grade spondylolisthesis were treated in a single-stage procedure involving spinal
decompression, in situ posterolateral arthrodesis with autologous iliac crest grat, and anterior arthrodesis with a ibular
grat inserted from the posterior approach. A cannulated drill
was used to develop a transsacral osseous tunnel extending
into the L5 vertebral body. A mid-diaphyseal ibular grat was
harvested, trimmed, and inserted into this tunnel, acting as a
dowel in the lumbosacral junction. Preoperative neurologic
indings were sensory deicits in all but one patient and cauda
equina syndrome in ive patients. Six patients had prior spinal
operations that had failed. he average duration of follow-up
was 64 months, showing a solid fusion mass with complete or
major neurologic recovery in all patients. Average time to
solid fusion was 12 weeks.
In a patient with sagittal balance and high-grade spondylolisthesis, an in situ procedure or partial reduction can be
performed, and a cage or ibular dowel can be inserted anteriorly from L5 into S1 or posteriorly with a retrograde direction from S1 into L5. Posterior insertion of the transvertebral
cage or ibular grat is advantageous because it obviates the
need for an anterior approach to the lumbosacral region,
which has its own drawbacks. here is less blood loss and less
risk of injury to great vessels. Because the entire procedure can
be done with the patient in one position and with one incision,
operative time is also greatly reduced. A partial reduction can
be performed by use of concave rods, and fusion should be
augmented with posterior instrumentation.
Mahmood and colleagues189 presented a case series in
which a transsacral mesh cage was used in lieu of a ibular
strut grat. Partial reduction was accomplished with a pedicle
screw curved-rod construct, ater which an osseous tunnel
was established and a transsacral cage impregnated with bone
grat was inserted from a posterior approach. A distinct beneit
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traction and anteroposterior fusion followed by application of
a pantaloon spica cast to apply anteriorly directed pressure.163,200 Other authors have described anterior release with
partial reduction and anterior interbody fusion,207 intraoperative closed reduction followed by instrumented posterior
fusion,208 and a two-stage procedure with a posterior decompression and halo-skeletal traction followed by interbody
fusion.209 Drawbacks to these procedures included lengthy
preoperative hospitalization for traction and lengthy postoperative immobilization in a cast. he study by Burkus and
colleagues166 compared patients treated with a pure in situ
fusion with patients who underwent posterior fusion and were
reduced postoperatively in a pantaloon spica cast. Reduction
was found to be safe and fusion rates were noted to be higher
in addition to less chance of late slip and slip angle progression
in patients who were treated with a reduction.
Mehdian and Arun211 published a three-stage procedure
using a combined anterior and posterior approach performed
in one operative sitting. In the irst stage, a laminectomy of L5
is performed with wide decompression of the L4–S1 nerve
roots. L5–S1 discectomy was performed next, followed by an
osteotomy of the posterosuperior aspect of S1. he second
stage consisted of a transperitoneal approach to the L5–S1
level, allowing removal of the anterior disc protrusion and
associated thickened anulus ibrosus, efectively allowing
posterior translation of the superior body. In the inal stage,
the patient is repositioned prone and instrumented from L4
to S1. Bilateral pedicle screws are initially placed at L4 and S1,
and a reduction can be performed with the assistance of
curved rods, ater which bilateral L5 pedicle ixation points
can be established. Cages may be inserted in the L5–S1 interspace to promote a solid arthrodesis.
Our preferred method for treating high-grade slips with
signiicant lumbosacral kyphosis is postural reduction with
positioning under anesthesia and a wide decompression of the
L5 and S1 nerve roots bilaterally. he dysplastic L5–S1 disc is
removed with a transforaminal approach, and the dome of the
sacrum is osteotomized (sacroplasty) to facilitate gentle reduction. Reduction pedicle screws are used to reduce the slip
gently, an interbody grat is placed, and the construct is
compressed posteriorly to obtain lordosis.
Treatment of severe deformity, including spondyloptosis,
can be challenging to the most experienced spine surgeon.
he natural history of spondyloptosis is unclear because of
its rarity and because it is frequently not reported separately
from high-grade spondylolisthesis (grades III and IV). Most
authors agree that in a symptomatic patient, benign neglect
is not a viable option. he surgical management of spondyloptosis in children is variably documented in the literature.
Some authors propose that posterior fusion in situ with or
without decompression is a safe and reliable procedure,168
whereas others suggest that reduction of the slipped vertebra
may prevent some of the adverse sequelae of in situ fusion,
which include nonunion, bending of the fusion mass, and
persistent or increasing lumbosacral deformity.191,211–214 Many
investigators advocate a combined anterior and posterior
fusion using instrumentation. An in situ circumferential
fusion, as described by Smith and Bohlman,188 has the lowest
risk for iatrogenic nerve injury.
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of using a cage is increased biomechanical stability, as studies
have shown ibular strut resorption, deformation, and even
fracture.189–191 Additionally, the use of a cage avoids potential
donor site morbidity.192,193 Average radiographic and clinical
follow-up of these patients was 38 months, showing evidence
of fusion and relief of symptoms.
here is no clear indication for when reduction of a highgrade spondylolisthesis is necessary as opposed to performing
a fusion with mild correction of the slip angle. Many authors
suggest that an in situ fusion or mild correction is indicated
for patients who exhibit sagittal balance and acceptable slip
angle. When considering reduction, improvement of slip angle
should be the primary objective rather than improvement of
grade of listhesis. In patients with a high-grade slip, a larger
slip angle correlates with increased risk of progression of
deformity.74,76 Reduction of spondylolisthesis results in
improved sagittal balance, improvement in cosmesis, and a
biomechanically stable fusion mass. In addition, by reducing
the deformity, canal stenosis is improved, and tension on
nerve roots and the cauda equina is reduced. Improvement of
overall sagittal alignment leads to improved posture, improved
gait, and increased function. Reduction of spondylolisthesis in
skeletally immature patients is recommended for patients with
a high slip angle (>45 degrees), patients with severe sagittal
imbalance, and patients who are at high risk of developing a
pseudarthrosis with in situ fusion.62,163,194
Numerous methods of reduction have been described. he
earliest reported reduction was published in 1936 by Jenkins,195
who used longitudinal traction followed by anterior fusion;
however, the reduction could not be maintained. Since his
initial report, variations of Jenkins’s described technique have
been published.163,185,196–206 Reduction techniques may be as
minimally invasive as external casting ater bone grat placement or as complex as staged procedures involving multiple
posterior and anterior approaches.
Reduction with external casting is particularly beneicial in
young patients, in whom pedicle screw ixation is not feasible.
Ater an open procedure in which posterior elements are
decorticated and bone grat is placed around the proposed
fusion site, the surgical wound is closed. he patient is placed
on an antilordotic frame or spica table with extension of the
spine to reduce the lumbosacral kyphosis. he patient should
be awake for this part of the procedure to report any
changes in neurologic function. If this is impossible, the use
of neuromonitoring may help in the neurologic assessment
during the reduction. To hold the reduction, the spica cast
should be extended to the trunk and incorporate at least one
thigh. Burkus and colleagues166 showed that the use of pantaloon spica cast immobilization led to a decrease in sagittal
translation of more than 5% in three-quarters of patients
treated with cast immobilization and a decrease in the slip
angle of more than 5% in 58% of patients treated with cast
immobilization. Of the patients who did not undergo cast
immobilization, 45% had an increase in sagittal translation of
more than 5% and 56% had an increase in slip angle of more
than 5 degrees.
In patients in whom instrumentation can be placed, reduction followed by instrumentation for stability is recommended.
Published procedures include halo-femoral or halo-pelvic
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Resection of the L5 vertebra with reduction of L4 onto
S1 was initially described by Gaines and Nichols in 1985.215
he initial stage of the procedure involves an anterior L5
vertebrectomy, in which the L5 body is removed to the base of
the pedicles. he second stage is performed through a midline
posterior approach involving resection of the now loose L5
posterior elements, decompression, and instrumented reduction through transpedicular instrumentation of L4 onto
S1.214,215 Lehmer and colleagues216 performed a retrospective review evaluating indications, techniques, results, and
patient satisfaction. Of patients, 25% were found to require
reoperation secondary to delayed union or instrumentation
failure. hree-quarters were noted to have early postoperative
neurologic deicits, more than half of which were present
preoperatively, and most resolved. All three patients with
preoperative cauda equina syndrome recovered postoperatively, and patient questionnaires revealed a high patient
satisfaction rate.
As with other lumbar fusion surgery, the most common
complication from an operative intervention is pseudarthrosis.
Reported rates vary from 0% to 39%,82,164,166,169,217 and pseudarthrosis occurs more frequently in fusions performed for
lytic (type IIA) spondylolisthesis.218 Radiographs oten show
lucency around pedicle screws, instrumentation failure, progression of slip angle, or increased vertebral displacement.
Reports exist of increase in spondylolisthesis even with an
uninstrumented solid arthrodesis as shown radiographically.8,62,106,168,169,177 In most of these reports, radiographs and
not CT were used to assess fusion mass; many of these cases
may have been pseudarthroses. Increased slip was reported in
noninstrumented fusions, providing a sound argument for
instrumented fusion.
As per the 2003 mortality and morbidity report of the
Scoliosis Research Society, the incidence of neurologic complications with lytic spondylolisthesis surgery is 3.1%.219
Radiculopathy is the most common surgical complication
ater reduction. Intraoperative manipulation can cause direct
dural trauma, injuring multiple sacral and lumbar nerve roots
and resulting in postoperative deicits. he L5 nerve roots are
most commonly involved and reports show variable rates of
resolution, with the highest risk associated with aggressive
reductions of high-grade listhesis.220–222
Cauda equina syndrome is a potentially disastrous complication that can occur as a result of intraoperative technique, as
a result of postoperative conditions, or with no apparent antecedent cause.208,223–226 Schoenecker and colleagues116 described
12 cases ater in situ arthrodesis for grade III or grade IV L5–S1
spondylolisthesis. During the procedures, there was no evidence of compromise of the cauda equina. Of 12 patients, 5
showed complete recovery and 7 had permanent residual deicits manifested by bowel and bladder dysfunction. Although
the exact etiology is unknown, it may be related to vascular
phenomena, transient anterior displacement of L5 during the
surgical exposure causing laminar impingement on the
sacral dome, or a period of hyperextension during patient
positioning.226 With reduction of the deformity, the risk is far
greater. If cauda equina syndrome is suspected, surgical
decompression is imperative. Sacroplasty and resection of the

adjacent disc or lamina of L5, or both, is recommended
because it is thought to facilitate neurologic recovery.116
With surgical advances in technique and instrumentation,
new biologic and mechanical fusion adjuvants, neuromonitoring, and advanced imaging, it is hoped that further reductions
in complication rates may be achieved despite the risks inherent to these highly invasive procedures.

Summary
he treatment of patients with spondylolisthesis can be a challenge for the most experienced spinal specialists. With an
increasing number of pediatric athletes and improvements in
diagnostic imaging techniques, more patients with spondylolisthesis are presenting to the clinician’s oice. To address the
patient’s needs best, one irst must establish a proper diagnosis,
quantify the deformity, and understand properly the etiology
of the disease and its risk of progression.
Most pediatric patients with low-grade slips can be treated
efectively with nonoperative modalities such as immobilization, activity and sports restriction or modiication, analgesia,
and physical therapy. Severe spondylolisthesis in adolescents
can be cosmetically and functionally debilitating and poses a
challenge to the treating spinal surgeon. Management of highgrade spondylolisthesis oten requires larger procedures with
increased associated risks. In addition to fusion with or
without instrumentation, reduction of the listhesis may be
beneicial in certain high-grade lesions. With the increased
risks and complexity of the reduction procedure, strict selection criteria must be applied to select proper surgical candidates. Improvement of the slip angle should be the primary
objective in considering a patient for deformity reduction.
Additionally, sagittal alignment and overall balance should be
considered during the decision-making process. All risks must
be thoroughly communicated to the patient and family before
the decision is made to proceed with surgical intervention.
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PEARLS
1. Spondylolysis is often discovered incidentally. In asymptomatic
cases, patients may need no treatment other than monitoring
for progression to spondylolisthesis.
2. Various surgical options have been described for direct ixation
of the pars interarticularis in spondylosis and for decompression
and fusion for spondylolisthesis. The risks and beneits of each
of these options must be carefully considered before
recommending surgical treatment.
PITFALL
1. Spondylolisthesis may be associated with neurologic indings
attributable to canal stenosis or nerve root impingement. MRI is
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KEY POINTS
1. Spondylolysis is deined as a defect in the pars interarticularis
and is likely multifactorial in etiology with activity-related,
degenerative, and genetic components.
2. Spondylolysis is a common cause of back pain, particularly in
young adults and athletes engaging in repetitive
hyperextension activities.
3. Most cases of symptomatic spondylolysis respond to
conservative management, including bracing, activity
modiication, and analgesia.
4. Spondylolisthesis is deined as the anterior translation of a
superior vertebral body relative to an inferior vertebral body
and may occur as a result of insuiciency of the pars
interarticularis (isthmic spondylolisthesis), following
spondylolysis, or in the absence of spondylolysis (degenerative
spondylolisthesis).
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Epidemiology
Spine injuries involve 1% to 5% of children admitted to trauma
centers, making these injuries relatively uncommon in pediatric patients.1,2 he true incidence may be higher given the
challenges of obtaining a reliable examination and necessary
images in children compared with adults.1–3 A high index of
suspicion is warranted in children with polytrauma, particularly those who have sustained a head injury given that 40%
to 50% of children with a head injury also have a cervical spine
injury.3,4
he cervical spine is most commonly involved in injuries
in pediatric patients. he levels of cervical spine involvement
and mechanisms vary with age. Due to a disproportionately
larger head and inherent mobility, children younger than 8
years of age are more susceptible to upper cervical spine
injuries. As the spine develops adult characteristics between
the ages of 8 to 10 years, children older than this age more
commonly sustain subaxial cervical spine injuries.5 Similarly,
thoracic and lumbar spine injuries also increase in incidence
as children age and the spine takes on the biomechanical
characteristics of an adult.5
Traic-related incidents account for nearly one-third of all
pediatric spine injuries; however, other mechanisms of injury
are unique to particular age groups.5 In neonates, birth trauma
is the most common cause of spine injury, with an incidence
of 1 in 60,000 live births.6 Excessive distraction or hyperextension of the cervical spine is thought to be the mechanism,
occurring in breach deliveries and large neonates.7 Spinal cord
injury should be considered in neonates with hypotonia or
cardiopulmonary instability. In infants and young children,
particular injuries should also raise suspicion for nonaccidental trauma, including avulsion fractures of the spinous processes or multilevel compression fractures in conjunction with
rib fractures, long bone fractures, cutaneous lesions, and other
characteristic injuries of abuse.8,9 In older children and adolescents, sports-related injuries and diving accidents become
more frequent.5

Developmental Anatomy and Biomechanics
Understanding the developmental anatomy allows identiication of normal radiographic variants and synchondroses
opposed to true pathology. he atlas (C1) and axis (C2)
undergo unique development, whereas the subaxial cervical
spine, thoracic spine, and lumbar spine follow a similar pattern
of maturation. he atlas (C1) develops from three primary
centers of ossiication: the anterior arch and two neural
arches10 (Fig. 32.1). he two neural arches are visible at birth
and develop into the lateral masses. he anterior arch is
radiographically visible at birth in only 20% of infants; in the
remaining infants, it ossiies over the subsequent year. Measuring the atlanto-dens interval (ADI) is therefore unreliable
in infants younger than 1 year old. Posteriorly, the synchondrosis between the two neural arches closes by age 3 years,
while the ossiication between the anterior arch and the two
neural arches occurs by age 7 years.11
he axis (C2) is formed by ive primary centers of ossiication. he odontoid process is formed by two parallel ossiication centers that fuse in utero during the seventh fetal month.
A secondary ossiication center occurs at the tip of the
odontoid, called the os terminale, arising between ages 3 and
6 years and fusing by age 12 years. he remaining three
primary centers of ossiication are the body and two neural
arches. he body typically fuses with the odontoid by age 6
years, but this synchondrosis can persist until age 11 years
(Fig. 32.2). he neural arches fuse anteriorly to the body by
age 6 years and with each other posteriorly by age 3 years,
similar to the atlas.
he subaxial cervical spine (C3–C7), thoracic spine, and
lumbar spine all develop in a similar fashion. here are three
primary ossiication centers: the body and two neural arches.
he neural arches typically fuse to the body anteriorly by age
6 years and to each other posteriorly by age 3 years. However,
closure of the neurocentral synchondroses can remain incomplete until early adulthood, especially in the thoracic region.12
Secondary centers of ossiication can exist at the tips of the
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BOX 32.1 Risk Factors in Children <8 Years Old for Developing Upper
Cervical Spine Injuries
Disproportionately large heads and weak neck muscles
Fulcrum of movement centered at C2–C3
Ligamentous and joint capsule laxity
Horizontal orientation facet joints
Increased cartilage/bone ratio with relative anterior wedging of
vertebrae and incomplete ossiication of odontoid process

FIG. 32.1 Axial computed tomographic scan of C2 in an 18-month-old
child demonstrating the ossiication centers of the vertebral body and
paired neural arches.

divided by age: younger or older than 8 years old. From birth
until age 8 years, children are usually more susceptible to
upper cervical spine injuries. In addition, it is more common
for children in this younger age group to have a neurologic
injury and subluxation or complete dislocation rather than a
fracture, due to increased generalized laxity.2,14–17 Proposed
reasons for the increased incidence of upper cervical spine
injuries in this younger age group are listed in Box 32–1. hese
unique characteristics, especially disproportionate head size,
are important to keep in mind when transporting and evaluating a young child.

Transport and Evaluation
B
C

A

C

FIG. 32.2 Coronal computed tomographic reconstruction in the cervical
spine of an 18-month-old child, showing the C2 body (A), dens (B), and
neural arch (C) ossiication centers.

transverse processes, spinous process, and superior and inferior aspects of the vertebral body. hese areas ossify in early
adulthood and can be mistaken as a fracture.10,11 he vertebral
bodies of the subaxial cervical, thoracic, and lumbar spine
grow in height by endochondral ossiication that progresses in
posterior to anterior direction over time until the body takes
on its characteristic rectangular shape by age 7 years. Until age
7, it is acceptable to have anterior wedging of the subaxial
cervical vertebrae, which should not be confused with anterior
compression fractures. his normal wedging can be most
profound at C3.13
he spine typically assumes adult characteristics and size
by ages 8 to 10 years. herefore, spine injuries can typically be

Proper care of pediatric spine injuries begins at the scene of
the accident. In a child with polytrauma, a spine injury must
be assumed until proven otherwise, and all appropriate precautions and immobilization must be utilized. Children should
be initially placed in a well-itting cervical collar and immobilized on a spine board. Commercial collars oten do not it
appropriately, preventing adequate immobilization. In this
case, sandbags can be placed on each side of the head to
prevent motion.
Herzenberg and colleagues18 were the irst to note that the
transport of young children (< 8 years old) on a standard adult
spine board tended to cause excessive lexion of the cervical
spine. It was noted in all cases that the cervical spine was
forced into relative kyphosis because of the disproportionately
large head relative to the chest. his lexed position could
potentially jeopardize the cervical cord if the mechanism of
injury was a lexion force, which is oten the case in motor
vehicle accidents. To obtain a neutral position, Herzenberg
and colleagues18 recommended pediatric spine boards with a
cutout for the occiput. Alternatively, a standard spine board
can be used with a towel roll placed under the shoulders,
allowing the head to drop into mild extension (Fig. 32.3).
Several other studies have demonstrated that young children
with suspected cervical spine injuries should be transported
with relative chest elevation to allow for more anatomic alignment of the cervical spine. One should evaluate the child’s
cervical spine clinically ater immobilization, looking from the
side to ensure that the external auditory meatus is in line with
the shoulder.19,20
Clinical evaluation of a child believed to have a spine injury
is oten hampered by an inability to obtain an accurate history
and thorough physical examination. he clinician should have
a heightened suspicion of spine injury in nonverbal children,
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Criteria for Imaging the Cervical Spine in Pediatric Trauma

Child is nonverbal (secondary to age or mental status)
Intoxication is present
Persistent or transient neurologic deicit
Neck pain
High-energy mechanism
High-risk mechanism (i.e., fall onto head from a height)
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FIG. 32.3 The proportionally larger occiput in children requires a cutout
from the spine board in emergency transportation. (From Herzenberg JE,
Hensinger RN, Dedrick DK, et al. Emergency transport and position of young
children who have an injury of the cervical spine: the standard backboard
may be hazardous. J Bone Joint Surg Am. 1989;71:15–22.)

with a reported 23-fold increased likelihood of missing a
cervical spine injury in this group.21 he mechanism of injury
should be taken into account when considering the likelihood
of an occult spine injury. Additionally, the presence of associated injuries, including facial trauma, head injuries, thoracic
wall injuries, and abdominal injuries, increases the likelihood
of spine trauma.22 Abdominal injuries, particularly injuries of
the small bowel, are associated with lexion distraction injuries
of the thoracolumbar spine.23 Spinal injuries can occur at
multiple levels, with noncontiguous fractures occurring in
16% of cases.24
For examination purposes, the cervical collar should be
temporarily, carefully removed, with an assistant stabilizing the
head and cervical spine during the log-roll maneuver. Cervical
inline traction should be avoided in young children because
of the increased risk of ligamentous and atlanto-occipital
injuries. he entire spine is visually inspected and palpated for
malalignment, asymmetry, interspinous widening, tenderness,
abrasions, or other abnormalities. Careful spine precautions
should be maintained until injury is ruled out.
A thorough baseline neurologic examination, as discussed
in detail in other chapters, should be carefully documented. If
a neurologic deicit is identiied, frequent examinations should
be performed to detect a change in the deicit. hroughout the
sensory, motor, and relex examination, the contralateral
extremity should always be used as a comparison to detect
subtle injuries. Also, given that an accurate examination can
be diicult at times due to a child’s age or altered mental status,
close observation during other parts of a child’s workup can
be valuable, such as looking for withdrawal from painful
stimuli or diaphragmatic breathing without assistance of
accessary muscles.

Plain Radiography of the Cervical Spine
Imaging of the cervical spine should be performed if a child
meets any of the following criteria (Box 32.2): (1) he child is
nonverbal secondary to age or altered mental status, (2)
intoxication is present, (3) a neurologic deicit (persistent or
transient) is present, (4) neck pain is present, (5) there is a

high-risk mechanism of injury, (6) physical signs of neck
trauma or lap belt trauma are present, or (7) painful distracting injuries are present.25 Additionally, unexplained cardiorespiratory instability can be an indication of a high cervical
spine injury, and should be evaluated appropriately with
imaging of the cervical spine.26
he three-view cervical spine series may not be applicable
in pediatric patients with polytrauma, but likely still has a role
in patients without polytrauma. he supine lateral cervical
radiograph has a reported sensitivity of 79% to 85% in pediatric patients.27 his sensitivity is dependent on seeing all
seven cervical vertebrae, including the occipitocervical and
cervicothoracic junction. Lally and colleagues28 found that all
seven cervical vertebrae were seen in only 57% of children on
the initial cervical spine series. he addition of the anteroposterior and open-mouth odontoid views increases the sensitivity to approximately 94% if ideal images can be obtained,
although this can be extremely challenging in an uncooperative child.29 Buhs and colleagues30 showed that the open-mouth
odontoid view did not provide additional information in
children younger than 9 years that was not already appreciated
on the anteroposterior and lateral views. In its place, these
authors recommended use of computed tomography (CT)
from the occiput to C2.
he use of lexion and extension radiographs during the
initial evaluation has come into question. Ralston and colleagues31 disputed the need for these dynamic studies in the
acute setting. hese investigators had blinded radiologists
retrospectively review static and lexion-extension radiographs
on 129 children. hey found that if the static radiographs were
normal, the lexion-extension views would reveal no abnormality. Additional studies have conirmed these indings
and recommended against acute lexion-extension views.32
Dynamic views may still be useful in evaluating for instability
in the subacute outpatient setting ater acute pain and muscle
spasms have subsided.
Interpretation of the cervical spine series requires an
understanding of the normal anatomy and the anatomic variants of the immature spine that can mimic trauma. Special
attention should be given to the upper cervical spine, including the atlantoaxial and atlanto-occipital region given the
propensity of injuries to this area in children and the subtle
radiographic indings.33 Several methods for evaluating the
craniocervical junction using a lateral radiograph have been
described. he “rule of twelves” is thought to be the most
sensitive method (Fig. 32.4), whereby the distance between
the basion and tip of the odontoid process should be 12 mm
or less, and a line drawn parallel along the posterior aspect of
the body of C2, including the odontoid, should come within
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FIG. 32.4 Schematic illustrating the measurements required for the “rule of twelves” (left). Lateral radiograph of
a teenager without a cervical spine injury with measurement lines superimposed (right).

12 mm of the basion. he former, tip of the odontoid to the
basion distance, is unreliable in children younger than 13
years because of incomplete ossiication of the odontoid.
However, the line drawn parallel to the back of the C2 body
and odontoid peg should be less than 12 mm from the basion.24
Furthermore, a gap of more than 5 mm from the occipital
condyle to the C1 facet articulation also represents a disruption of the occipitocervical junction.34
he atlantoaxial articulation is best evaluated with the
atlantodens interval (ADI). In children, the normal ADI can
be up to 5 mm. If the ADI exceeds 5 mm on lateral lexion
and 4 mm on lateral extension, the transverse atlantal ligament is likely disrupted.35 When the ADI exceeds 10 to 12 mm,
the alar and apical ligaments have failed, with a high risk of
cord compression.36 he extent of cord compression at the
atlantoaxial joint can be determined using Steel’s rule of
thirds,37 which is based on dividing the inner diameter of the
C1 ring into thirds. One-third of the space should be occupied
by the odontoid, one-third by the spinal cord, and one-third
by the space available for the cord. When the dens migrates
posteriorly by greater than one-third of this space, the transverse ligament has been disrupted, and the spinal cord is likely
being compressed.
Many normal anatomic variants should be recognized so
as to not be confused with a “true” traumatic injury (Box 32.3).
A normal inding on extension radiographs in 20% of children
is overriding of the anterior arch of the atlas on the odontoid.
his inding represents incomplete ossiication of the dens.38
Another common variant noted on cervical spine radiographs
in an immature spine is pseudosubluxation of C2 on C3 and
less commonly C3 on C4. Cattell and Filtzer38 were the irst to

BOX 32.3

Common Radiographic Variants in Pediatric Spine Trauma

Anterior wedging of vertebral bodies in children ≤7 y
Pseudosubluxation of C2 on C3, or C3 on C4
Lost cervical lordosis
Atlanto-dens interval <5 mm on lexion views in children <8 y
Persistent synchondrosis
Increased retropharyngeal space (≤7 mm) in the crying child
Overriding of the anterior arch of the atlas on the odontoid

appreciate this normal inding in a study involving 160 pediatric patients with no history of cervical spine trauma. Pseudosubluxation can be diferentiated from traumatic subluxation
by evaluating the continuity of the spinolaminar line drawn
along the posterior arch from C1–C3 (also known as the
Swischuk line); with physiologic subluxation, this line should
pass within 1 mm of the anterior cortex of the posterior arch
of C2, while a distance greater than 1.5 mm should raise
concern for injury (Fig. 32.5). On dynamic radiographs, 46%
of children younger than 8 years showed 3 mm of anteroposterior motion of C2 on C3; 14% of children had radiographic
pseudosubluxation of C3 on C4.38,39 Based on this study and
others, up to 4 mm of translation is considered normal.6,31,38,40,41
he absence of cervical lordosis on static lateral radiographs
can be a normal inding in 14% of children up to age 16 years.24
his normal variant can be diferentiated from a more ominous
sign of posterior ligamentous injury by assessing the posterior
interspinous distance. Each interspinous distance should not
be more than 1.5 times greater than the interspinous distance
directly above and below a given level. he only exception to
this rule is the C1–C2 interspinous distance, which can be
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FIG. 32.5 Flexion radiograph of an uninjured cervical spine in a 6-year-old demonstrating pseudosubluxation
and a congruent C1–C3 spinolaminar line (left). Upright radiograph in a 3-year-old child with traumatic
subluxation of C2 on C3 (right).

greater than 1.5 times the distance of the level below. he
increased mobility at this level is thought to be secondary to
the stout posterior ligaments linking C1 to the occiput.42,43
Another challenge unique to the developing spine is differentiating a synchondrosis that has not yet ossiied from a
true fracture. A synchondrosis typically shows well-corticated
sclerotic margins. Another helpful aid in diferentiating a
subtle fracture from a synchondrosis is evaluation of the
prevertebral sot tissues. he retropharyngeal space at C2
should be less than 7 mm and the retrotracheal space at C6
should be less than 14 mm in children (as opposed to <22 mm
in adults). In simplistic terms, the retropharyngeal space
should be one-half the anteroposterior distance of a cervical
vertebral body, and the retrotracheal space can be up to a full
cervical vertebral body. he retropharyngeal sot tissue can be
falsely increased with expiration, such as in a crying child.44

Computed Tomography and Magnetic
Resonance Imaging of the Spine
he use of helical CT has replaced conventional radiography
as the screening tool of choice for the adult cervical spine in
the setting of blunt trauma.45,46 CT of the chest, abdomen,
and pelvis, originally targeted for evaluation of the thoracic
and abdominal contents, has been shown to be very sensitive at screening for thoracolumbar spine injury. Multiple
prospective studies have shown a higher sensitivity for CT
(93–100%) compared with plain radiography (33–74%) with
improved interobserver variability.39,47-49 hus, CT of the
spine in high-energy trauma patients has been touted as the
standard of care in the adult literature.50 his information can
potentially be extrapolated to pediatric patients, but further
studies need to be performed before CT scans with sagittal
and coronal reconstructions replace conventional radiography
for thoracolumbar spine evaluation in children. As of 2007,
the American College of Radiology Appropriateness Criteria
advocates for plain radiographic imaging in children 14 years
and under with suspected spinal trauma.51 Additional studies

advocate the judicious use of CT scan in children, with some
recommending magnetic resonance imaging (MRI) over CT
scan in children under 5 years with suspected spinal injury
given the relatively high rate of ligamentous versus bony
injury in the very young.52,53 In 2001, Keenan et al. showed
that adding CT of the cervical spine in the setting of head
trauma decreased the occurrence of multiple additional
radiographs, particularly when the patient was intubated.54
In 2009, Rana et al. reported the sensitivity and speciicity
of CT to be 100% and 98%, respectively, as compared to
plain radiographs showing sensitivity and speciicity of 62%
and 1.6%, respectively, in a review of 318 pediatric trauma
patients.55 Following practices in the adult population, the use
of CT as a screening for spinal trauma in children continues to
expand. Adelgais et al. found an increase in the use of CT of
the cervical spine in pediatric trauma: from 2002 to 2011, use
of cervical spine CT increased from 3.5% to 16.1% of traumas
seen at pediatric trauma centers, and from 6.8% to 42% at
general emergency departments.56 Another study showed an
increase in the proportion of pediatric fall patients receiving
CT from 5.3% in 2001 to 16.6% in 2010. Cervical spine CT
is the preferred screening method at our institution in the
setting of high-energy trauma.
he increased radiation exposure and increased risk of
thyroid cancer is of concern, particularly in the pediatric
population. Studies have estimated that CT exposes patients
to four times the radiation dose compared to plain radiographs.57,58 Muchow et al.59 calculated the radiation exposure
to the thyroid ater CT and estimated the median excess relative risk of thyroid cancer to be 13% in males and 25% in
females for CT scan versus 0.24% in males and 0.5% in females
ater one radiograph. Based on this data, the increase in the
absolute risk of thyroid cancer ater CT in males is estimated
to be 5.2 to 5.8 per 100,000 and 15.2 to 19 per 100,000 in
females. Of note, radiation exposure from any particular CT
scan is dependent on the speciic scanner and imaging protocol used60; thus, advances in technology may allow radiation
doses to decrease.

570

PEDIATRICS

Whether the speciicity and sensitivity of CT is suiciently
superior to radiography to justify the increased cost and
radiation risk has not been irmly established. Studies in
adult trauma have estimated the cost-efectiveness ratio (cost
per quality-adjusted life-year [QALY]) of CT to range from
$20,000 to $50,000/QALY in high-risk patients and up to
$80,000/QALY in low-risk patients.61 To our knowledge, there
are no high-quality studies speciically investigating the costefectiveness ratio of spine CT in pediatric trauma. Analyses
that also account for the added risk of cancer from radiation
exposure are warranted in the pediatric trauma population.
Based on available data, either CT or plain radiography may
be used to screen for cervical spine injuries.
MRI is useful for evaluating a neurologic deicit and sot
tissue involvement. MRI in this age group can be diicult
because these young patients oten need sedation to prevent
movement during data acquisition. MRI should be obtained
in patients with evidence of a persistent or transient neurologic
deicit. A transient deicit can be an indication of a more
serious ligamentous and neurologic injury, thus subsequent
need for immobilization.62
MRI can also be especially helpful in clearing the cervical
spine in obtunded patients. Frank and colleagues63 showed
the efectiveness of MRI at decreasing time to cervical spine
clearance, length of time in the pediatric intensive care unit
(ICU), and length of time in the hospital. In a meta-analysis
of diagnostic imaging studies, Muchow et al.59 advocate that
a normal MRI is the gold standard for cervical spine clearance in obtunded trauma patients. In their meta-analysis,
they identiied ive level I studies, inclusive of a total of 464
obtunded trauma patients with cervical spine MRIs at least
72 hours ater admission. Patients with spinal cord injuries
were excluded. Clinical follow-up awake examination and
imaging was the gold standard comparison to MRI. here
were zero false-negatives, yielding a negative predictive value
of 100%; the positive predictive value was calculated at 90.2%.
hus, they concluded that a negative MRI can reliably be
used to clear the cervical collar in obtunded patients. Also in
this study, 97 (20.9%) of the 464 patients had abnormalities
identiied by MRI that were not seen on plain radiographs
or CT; unfortunately, the nature of the injuries missed were
not reported in any of the available studies. Of note, 15 of the
464 patients had spine injuries requiring surgical treatment,
although all 15 of these injuries were also seen on CT or plain
radiography. hus, the literature suggests that MRI can be used
to rule out cervical spine injury in the obtunded patient. here
are case reports of spinal cord injuries in patients whose collar
was “cleared” by a normal CT scan64; however, the incidence of
signiicant spine injuries missed by CT or radiographs has not
been irmly established. Fisher et al. performed a retrospective
review of 277 patients, reporting that MRI detected an injury
requiring intervention in 7 (3%) of patients with a negative CT
scan.65 Five of those 7 required longer-term use of a cervical
collar, and 2 (0.7%) had injuries warranting surgical stabilization. Importantly, 4% of their patients had fracture seen on CT
that were not seen on MRI, suggesting that both CT and MRI
are needed to rule out a signiicant spine injury in obtunded
patients.66

Spine Clearance
Early cervical spine clearance has multiple beneits as cervical
collars have known complications. hese include skin breakdown around the neck, dysphagia, pulmonary complications,
and increased intracranial pressure.40,67,68 Ater a cervical
collar has been placed on a child, formal clearance must be
obtained before it can be removed. Clinical clearance of the
cervical spine has been evaluated using the National Emergency X-Radiography Utilization Study (NEXUS), which was
originally developed for adults. NEXUS has been used as a
decision-making instrument to determine the need for radiography. he criteria in adults for clinical clearance are absence
of the following: neck pain, neurologic symptoms, distracting
injuries, or altered mental status (owing to injury, age, or
intoxication). If any one of these four criteria is present, the
patient is considered to be high risk and must be radiographically cleared. If none of these criteria is present, the collar can
be cleared without further imaging.
Application of NEXUS criteria in pediatric patients was
studied in a prospective multicenter study. All 30 cervical
spine injuries were placed correctly into the high-risk group,
and, more important, no cervical spine injuries were noted in
the low-risk group. Additionally, use of NEXUS criteria
decreased pediatric cervical spine imaging by 20%.69 hese
rules cannot be safely applied in children too young to cooperate with an examination, in children in the presence of a
high-energy mechanism, or in children with associated injuries that heighten the suspicion of a spine injury. he Canadian
C-spine rule (CCR) has gained popularity in the adult literature, showing a higher sensitivity than NEXUS (99.4% vs.
90.7%) and a higher speciicity (45.1% vs. 36.8%).70 According
to the CCR, imaging is recommended if an adult patient is
high risk (>65 years old, dangerous mechanism, or extremity
paresthesias) and if the patient is unable to actively rotate the
neck 45 degrees in each direction (tested only in low-risk
patients).
In young children, however, the Canadian C-spine rule
may not be as sensitive owing to potentially poor cooperation
with exam or inability to communicate important symptoms.71
he eicacy of the Canadian C-spine rule and NEXUS in
young children was investigated by Ehrlich et al. in 2009. In a
study of children 10 years and younger, the investigators retrospectively applied the NEXUS and CCR rules based on the
initial history and physical, and compared these against the
patients’ imaging indings. With this method they reported
that, if applied, the NEXUS had sensitivity of 43% and speciicity of 96%, and the CCR showed a sensitivity of 86% and
speciicity of 94%.72 We are not aware of any prospective
studies speciically investigating clinical decision rules for
spine imaging in young children.
It has been shown that an eicient, multidisciplinary
approach can facilitate rapid clearance of the cervical spine,
decreasing the average time to 7.5 hours in nonintubated
patients and 19.4 hours in intubated patients.25 his rapid
clearance is dependent on a system that is safe and userfriendly enough to allow the primary admitting team to
perform the clearance. Anderson and colleagues73 evaluated
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FIG. 32.6 Cervical spine clearance algorithm in pediatric trauma. CT, computed tomography; GCS, Glasgow
Coma Scale; MRI, magnetic resonance imaging.

the percentage of cervical spines cleared by spine specialists
before versus ater the initiation of a clearance protocol, noting
a 60% increase in spines cleared by nonspine physicians
without any late injuries detected.
A spine clearance protocol should incorporate a thorough
history and physical examination with judicious use of imaging
modalities. If a low-risk/low-energy injury mechanism took
place and there is cervical tenderness on examination, imaging
should begin with plain anteroposterior and lateral radiographs. An open-mouth odontoid view should be obtained in
children older than 8 years who have the ability to cooperate;
otherwise, a CT scan from occiput to C2 should be performed.
Children undergoing a CT scan to evaluate for head injury
should have the cervical spine with reconstructions included.
In the setting of high-risk/high-energy trauma, we recommend CT imaging as the screening tool of choice if a cervical
spine injury is suspected. Children with no evidence of injury
on plain radiography or CT scan who have persistent pain
should remain in the cervical collar with later clearance in the
clinic with dynamic radiographs. In the presence of a neurologic deicit or a history of a transient deicit before arrival,
MRI of the entire spine should be obtained. If spinal cord
injury without radiographic abnormality (SCIWORA) is suspected, the cervical collar should remain in place, spine precautions should be continued, and the patient should be
admitted for observation to monitor for potential delayed
neurologic deterioration.74,75
Clearing the cervical spine in an unconscious patient can
be facilitated by a standard protocol. If the patient returns to
a normal mental status, the protocol for a conscious patient

can be used. here have been reports of delayed neurologic
deterioration in patients with altered mental status and unrecognized ligamentous injury that subluxed on mobilization.76
he two modalities available for evaluating ligamentous injury
in an obtunded patient include luoroscopic lexion-extension
and MRI. Fluoroscopic lexion-extension examination can be
labor intensive, and in an adult series it was diicult to visualize the cervicothoracic junction.77 Because of these problems,
MRI is superior for evaluating ligamentous injury. Fig. 32.6
presents a cervical spine clearance protocol in line with the
best evidence available to date regarding collar clearance and
cervical spine imaging.
MRI has been found to be most sensitive for detecting a
ligamentous injury at postinjury day 2 or 3.78 Stassen and
colleagues79 used MRI within their protocol at a level I adult
trauma center for assisting in cervical spine clearance. All
obtunded patients with a negative CT scan of the cervical
spine underwent MRI on postinjury day 3 if they could not
be clinically cleared. MRI allowed clearance of the cervical
collar in 60% of subjects, and there was no delayed neurologic
sequela. he remaining patients were treated in a cervical
collar for 6 weeks without complication.
Equivocal MRI indings can be evaluated further with
lexion-extension radiographs, or the physician can forgo
further study and treat the patient with a collar for 6 weeks.
At the termination of the 6-week period, the patient should
undergo a lexion-extension series to ensure adequate healing.
Expedient clearance of the thoracolumbar spine in a child
with polytrauma is also very important to prevent skin breakdown, respiratory complications, and ileus. At our institution,
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the CT traumagram, with sagittal and coronal reconstructions,
is used to augment the clinical examination and clear the
thoracolumbar spine. Future work is needed to prospectively
investigate the sensitivity and speciicity of clinical decision
rules applied in very young children. Such rules should make
adjustments for the diiculties with history and physical
examination in small children.71

Spinal Cord Injury in Children
In the United States, the annual incidence of spinal cord
injuries in children has been reported at 19.9 injuries per one
million, which translates into roughly 1400 spinal cord injuries
per year.2,80 Spinal cord injury most oten occurs ater motor
vehicle accidents (56%), falls (14%), irearm injuries (9%), and
sports injuries (7%).80 In children, there is a 5% to 10% mortality rate during the irst year ater spinal cord injury, and death
within the irst year is reported to be ive times more likely in
children under age 11 years.81 he mechanism of spinal cord
injury difers depending on age.24 Children younger than 8
years more oten sustain spinal cord insult involving the upper
cervical spine secondary to ligamentous injury with no discernible bony changes. his is in contrast to children older
than 8 years who have spinal cord injuries with associated
fractures secondary to biomechanics of the spine that more
closely mirror those of an adult. A thorough neurologic
examination should be performed to determine the level
involved and whether the lesion is complete or incomplete. It
is important to note whether there is sacral sparing as indicated by sensation at the anal mucocutaneous junction (S4–S5
dermatome) on the let and right side, ability to contract the
anal sphincter voluntarily, and deep anal sensation. his sacral
sparing indicates continuity of long tracts with improved
likelihood for return of neurologic function.82 As in adult
injuries, the American Spinal Injury Association (ASIA)
Impairment Scale is most frequently used in pediatric patients
to provide a standardized description of injury.
Damage to the spinal cord has been categorized into
primary and secondary injury. Primary injury occurs at
the time of the trauma, leading to structural damage of the
neural elements and supporting blood supply. his primary
insult is irreversible. Secondary injury occurs within minutes
of the trauma, setting of a cascade of events that result in
ischemia, increased cell membrane permeability, pathologic
electrolyte shit, edema, and production of free radicals.83 his
process continues to evolve over subsequent days, and medical
and surgical strategies are directed at mitigating secondary
injury. Current acute treatments of interest include support of
spinal cord perfusion, intravenous corticosteroids, and early
(versus delayed) decompression. Many pharmacologic therapies have been investigated for spinal cord injury, including
corticosteroids, GM1 ganglioside,84 sodium channel blockers
(Riluzole),85 minocycline, Rho antagonists (Rho is a signaling
molecule for myelin and extracellular matrix inhibitors of
neural regeneration),85 and mesenchymal stem cells.86 here
is no single “cure” for spinal cord injury, and the majority of
the available treatment strategies remain investigational, with
varying results.

During transport and initial evaluation, it is crucial to
prevent hypotension and keep oxygen saturations high in
patients suspected to have a spinal cord injury to optimize
spinal cord perfusion.87 Animal and adult studies have shown
improved outcome in subjects aggressively managed to prevent
spinal cord ischemia.88–90 Strategies to this end include admitting patients to the ICU and accurately monitoring volume
status and blood pressure. he mean arterial pressure should
be maintained to promote spinal cord perfusion. At our
institution, the pediatric trauma ICU utilizes age-speciic
mean arterial pressure goals for children with spinal cord
injuries: age younger than 3 years = 60 mm Hg; 3 to 12 years
= 70 mm Hg; 13 to 16 years = 75 mm Hg; and older than 16
years = 80 mm Hg.
Steroids are stabilizing agents; they act as a powerful antiinlammatory agent that decreases edema and scavenges
oxygen free radicals. High-dose methylprednisolone used to
be administered to older children based on initial data collected in adults (National Acute Spinal Cord Injury Studies).
However, controversy persists surrounding the eicacy of
steroids in the setting of an acute spinal cord injury ater
neurologic improvements were not reproducible in subsequent
studies. Additionally, signiicant complications are associated
with high-dose steroids, including gastrointestinal bleeding,
hyperglycemia, sepsis, wound complications, pneumonia,
myopathy, and respiratory failure.91,92 To date, we are aware of
six randomized controlled trials investigating the use of
intravenous methylprednisolone in the setting of spinal cord
injury.93–98 Despite these, no irm consensus has been established for the use of methylprednisolone in spinal cord injury;
as such, this therapy can only be considered a treatment
option. In 2013, the joint American Association of Neurological Surgeons/Congress of Neurological Surgeons recommended against the use of steroids altogether for treatment of
spinal cord injury, stating that the evidence of potential harm
outweighs the evidence of potential for beneit.99 It should also
be noted that studies of steroid treatment in the setting of
spinal cord injury have not been stratiied by injury level to
distinguish between the efect of steroid use in cervical as
compared with thoracic cord injuries. Additionally, to our
knowledge, there are no high-quality randomized controlled
trials investigating the use of steroids in pediatric spinal cord
injury; thus, in this age group, the use of steroids is not evidence based at the time of this writing.74
he indications for early operative intervention for pediatric patients with spinal cord injury include radiographic
conirmation of spinal cord compression in the setting of an
incomplete injury or progressive deicit, an open spine injury,
and a grossly unstable spine in patients who are neurologically intact. Studies have demonstrated improved neurologic
recovery for adult patients undergoing early (<24 hours from
injury) versus late (>48 hours from injury) decompression
in the setting of a cervical spinal cord injury and continued compression.100,101 his information can potentially be
extrapolated to the pediatric population. However, to our
knowledge, there have been no well-designed, prospective
studies speciically in pediatric patients evaluating the efect
and timing of decompression.102
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Spinal Cord Injury Without Radiographic
Abnormality (SCIWORA)
he biomechanical diferences in the spine of children younger
than 8 years place them at risk of a SCIWORA.24 his entity

was irst described by Pang and Wilberger112 in 1982 before the
use of MRI. he term SCIWORA was developed to describe
spinal cord injuries without overt vertebral column disruption, as displayed by conventional radiographs, CT scans,
myelograms, and dynamic lexion-extension radiographs.
SCIWORA excludes injuries secondary to penetrating trauma,
secondary to electrical shock, secondary to obstetric complication, and in association with congenital anomalies. he
incidence of SCIWORA in patients with spinal cord injury for
ages birth to 17 years was reported to be 35% in earlier literature.75 As MRI has become more widely used, the incidence of
SCIWORA with spinal cord injuries is reported to be 3%.5 his
change likely relects an improvement in imaging quality and
the ability to detect subtle injuries previously missed, rather
than a change in actual injury type. More recently, Bosch and
colleagues113 found that recurrent SCIWORA was an uncommon entity, which occurred only in low-energy, sports-related
injuries, resulting in transient neurologic symptoms, with full
recovery in all cases.
MRI is the study of choice for evaluation of patients suspected to have SCIWORA. On MRI, there are both extraneural
sot tissue changes and intraneural changes. he changes seen
on MRI are secondary to edema and methemoglobin, a processed form of hemoglobin. Edema is seen as isointense on T1
and hyperintense on T2; extracellular methemoglobin is seen
as hyperintense on T1 and hyperintense on T2. MRI changes
in the extraneural tissues can be detected within hours of
injury because the blood is quickly metabolized into a form
easily seen on MRI. Intraneural changes can take days to be
detectable because of the delayed metabolism of a hemorrhage
into a form visible on MRI.114,115 It is recommended that MRI
be obtained at the time of presentation to rule out a compressive lesion that needs to be surgically addressed and at 6 to 9
days ater injury to improve detection of intraneural injuries
related to SCIWORA.75
he recommended duration of immobilization in a brace
has been somewhat controversial, with the concern for delayed
neurologic deterioration or reinjury motivating the recommendation for a brace. A meta-analysis by Launay and colleagues74 showed that patients immobilized for 8 weeks had a
17% chance of developing recurrent SCIWORA, whereas no
patients immobilized for 12 weeks had recurrent SCIWORA
develop.

Atlanto-Occipital Dislocation
Atlanto-occipital dislocations were previously thought to be
rare injuries that were fatal and usually found on autopsy.116,117
More recently, this injury has been identiied more frequently
with a higher survival rate, particularly among children.
Increased survival is possibly due to faster response by emergency personnel, improved cervical immobilization, and faster
diagnosis upon arrival to the emergency department.117–122
he atlanto-occipital joint is a condylar joint with minimal
bony stability that is stabilized primarily by ligaments. In
children, the occipital condyles are less cup shaped and the
articulation is more horizontal, potentially explaining the
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Functional outcomes depend on the level of injury and
whether it is complete or incomplete. Patients with injuries
above C4 may be dependent on a respirator, and phrenic nerve
pacemakers can be implanted. Patients with C3 lesions can
shrug their shoulders and oten have neck motion, permitting
operation of equipment with sip/puf controls, voice activation, eyebrow or eye blink, and head or chin controls. Patients
with C6 lesions are oten able to propel a manual wheelchair
with the assistance of fusions and tendon transfers. At least
partial recovery ater a complete spinal cord injury has been
reported in 10% to 25% of patients.24,87,103,104 In a series reported
by Wang and colleagues,105 64% of patients showed at least
partial recovery ater spinal cord injury. Of patients with
complete injuries, 25% eventually became ambulatory. Recovery was seen up to 1 year ater injury.
Complications unique to pediatric patients with a spinal
cord injury are susceptibility to development of posttraumatic
deformity and growth arrest.106 Causes can be divided into
intrinsic, extrinsic, and iatrogenic factors. Intrinsic factors
include injury to the vertebral apophyses, resulting in abnormal
growth and change in biomechanics from altered shape of the
vertebral body and loss of posterior ligamentous support. his
change in biomechanics can alter the forces on the vertebral
apophyses, exacerbating the deformity further.107 Extrinsic
factors include weak trunk muscles in the setting of gravity and
spasticity with a contracture. Iatrogenic factors include improperly instrumented segments and use of a laminectomy without
fusion. he risk of developing a deformity in the setting of a
laminectomy without fusion is approximately 50%, with a much
higher incidence in the cervical and thoracic spine.108 Nonoperative treatment with a brace can help slow the progression of
deformity, and can temporize the situation to allow the child
maximum time to grow before undergoing a fusion.109 Performing surgical correction and fusion needs to take into account
remaining growth. An estimate of remaining growth can be
determined by multiplying 0.7 mm times the number of segments fused times the number of years of remaining growth.110
Posterior fusion in young children has the added drawback
of the crankshat phenomenon. his phenomenon occurs with
continued growth of the anterior column in the setting of a
fused posterior column. With continued anterior growth, the
apical vertebral body rotates, producing a scoliotic curve.111
However, this is less of a problem now with the use of pedicle
screw instrumentation, which theoretically captures all three
spinal columns. he goals of surgery include halting progression, obtaining correction, and balancing the spine and
pelvis to equalize sitting skin pressure. Indications include a
scoliotic curve of greater than 40 degrees and kyphotic curves
of greater than 60 degrees. Anterior release may be needed if
the deformity is rigid, as shown on bending ilms. Including
the sacrum in the fusion construct is recommended if pelvic
obliquity exists.
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higher incidence of dislocation among children compared
with adults.33,34,120 Ligamentous stability is provided primarily
by the tectorial membrane, anterior longitudinal ligament,
nuchal ligament, and paired alar ligaments.
Dislocation of the atlanto-occipital joint is usually due to a
deceleration mechanism, such as a motor vehicle accident or
pedestrian-vehicle accident, in which the head violently moves
forward, causing separation of the condyles and the atlas.
Diagnosing dislocation based on physical examination indings can be diicult because of varied presentation and concomitant traumatic brain injury. Neurologic function can
range from a normal examination to laccidity (early), absent
deep tendon and sacral relexes (early), poikilothermy, spasticity (late), urinary retention (late), priapism (late), and autonomic dysrelexia (late).
On lateral plain ilms, the “rule of twelves” should be
remembered, looking at the dens-basion distance and distance
from the basion to the line tangential to the dens posterior
cortex. Additionally, the Powers ratio is the distance from the
basion to the posterior aspect of the arch of the atlas divided
by the distance from the anterior tubercle of the atlas to the
rim of the foramen magnum, which is normally between 0.7
and 1, with a value greater than 1 indicating anterior atlantooccipital dislocation.123 he accuracy of these traditional
radiographic criteria has been called into question, leading
some to advocate using CT and MRI for diagnosis.118,119,124
More recently, it has been suggested that a condyle–C1 interval
of greater than 4 mm, as measured on a reformatted CT scan,
is valuable in identifying atlanto-occipital dislocation.124,125
Although initial treatment of atlanto-occipital dislocation
is immobilization in a halo or Minerva cast, most unstable
injuries should be managed by posterior occipitoatlantal
fusion with internal ixation. Wire ixation or ixation with a
contoured rod and wires can be used from occiput to C1 to
preserve C1–C2 motion. If the stability of the C1–C2 junction
is questionable, fusion from occiput to C2, or C1 to C2, should
be considered. Techniques have been developed to utilize
occipital plates and lateral mass screw ixation to achieve successful fusion from the occiput to C2.126 Harms described a
technique for fusion of C1–C2 utilizing C1 lateral mass and
C2 pedicle screws, with good fusion result.127 his technique
is considered a useful option for stabilization of the atlantoaxial complex, particularly in the setting of a fracturedislocation when transarticular screws and wiring may not be
an option due to subluxation of C1 on C2.

Fractures of the Atlas
A fracture of the ring of C1 is a rare injury in children that
can occur when an axial load forces the occipital condyles into
the lateral masses, resulting in fractures that involve the
anterior and posterior rings (Jeferson fracture).128–132 Children
difer from adults because they can more oten have plastic
deformation of the ring and a single fracture with hinging on
the contralateral synchondrosis. Instability exists when there
is disruption of the transverse atlantal ligament. his disruption is determined on the anteroposterior cervical spine ilm

(or coronal CT slice) by adding the overhang of the C1 lateral
mass relative to the C2 lateral mass on the let and right sides.
If the sum is greater than or equal to 8.1 mm on plain radiography or 6.9 mm on CT imaging, instability exists and should
be treated with traction and a halo or Minerva cast. Cases with
sums less than 7 mm can be treated with a well-itting cervical
orthosis.132 Surgical stabilization of C1 fractures is rarely
required in children128,133; if required, this can be accomplished
with use of lateral mass screws in C1 and C2 connected by a
cross link, as described by Tan et al.134

Atlantoaxial Instability
Instability at the level of C1–C2 can be secondary to traumatic
ligamentous injury or chronic disease processes, including
inlammatory diseases, malignancy, bone dysplasias, and
congenital craniofacial malformations. An association with
Down syndrome is well reported in the literature; there are
other reports of atlantoaxial subluxation associated with Reiter
syndrome, Larsen syndrome, juvenile rheumatoid arthritis,
Morquio syndrome, and Kniest syndrome.135–141 In traumatic
atlantoaxial injury, the transverse atlantal ligament is disrupted, resulting in an increased ADI. he ADI is the distance
as measured on a lateral cervical radiograph between the
posterior aspect of the anterior ring of C1 and the anterior
cortex of the dens. Active lexion views may be required to
observe subluxation, and CT scans can show avulsion fractures
at the insertions of the transverse ligament. In children, the
upper limit for a normal distance is 4.5 mm; in adults, the
upper limit is 3 mm. Acute rupture of the transverse ligament
is rare in children.142,143 Alternatively, the ligament itself may
be intact, but can be avulsed from its attachment to C1. Surgical stabilization of C1–C2 ater reduction in extension is
generally recommended, followed by immobilization for 8 to
12 weeks in a halo brace, Minerva cast, or cervical orthosis.
To document stability ater treatment, lexion and extension
views are recommended.
In Down syndrome, the frequency of atlantoaxial instability has been reported to approach 10% to 30% by adolescence.136,144–147 Instability in patients with Down syndrome
is attributed to laxity of the transverse ligament and C1–C2
joint capsules. Nearly 98% to 99% of patients are asymptomatic, but should be followed closely,148–150 with some authors
recommending yearly neurologic and dynamic radiographic
examination.151 Surgery is indicated in symptomatic and
asymptomatic patients with an ADI greater than 10 mm or
with less than 14 mm of space available for the spinal cord on
lateral ilms.152 here is a high reported surgical complication
rate for these patients, including the risk of pseudarthrosis,
wound infection/dehiscence, adjacent-level disease, and neurologic injury.146,153
Surgical ixation for atlantoaxial arthrodesis originated
with posterior wire stabilization and structural bone grating,
as popularized by Gallie in 1939154 and Brooks and Jenkins in
1978.155 his technique requires the passage of wires into the
spinal canal, with the potential risk of spinal cord injury.156,157
Additionally, a wire construct oten lacks suicient stability158,159 resulting in nonunion rates of 30% even with a halo

Chapter 32 Cervical, Thoracic, and Lumbar Spinal Trauma of the Immature Spine

575

B: 5.5 mm

S E C T I O N

FLEXION

IV

A

B

C
FIG. 32.7 Atlantoaxial subluxation. A 6-year-old boy was hit by a car. (A) A 5.5-mm atlanto-dens interval shown
on lateral computed tomography reconstruction at the time of injury. (B) After 3 months of conservative
treatment in a cervical collar, instability is shown on lexion and extension lateral cervical radiographs.
(C) Postoperative radiographs after C1–C2 fusion.

vest postoperatively.49,62,160–163 he C1–C2 posterior transarticular screw, or Magerl screw (1986), has a decreased rate of
nonunion,156,164–168 but carries the risk of injuring the vertebral
artery.169 Segmental C1–C2 ixation was introduced by Goel
and Laheria in 1994170 using a plate and lateral mass screws,
and then by Harms and Melcher in 2001127 using polyaxial C1
lateral mass screws and C2 pedicle screws with rod stabilization. his approach ofers the distinct advantage of being able
to insert the screws and then achieve the reduction compared
with the Magerl screw technique, in which an anatomic reduction must be achieved before screw insertion. Fig. 32.7 shows
a 6-year-old boy who had atlantoaxial subluxation.

Atlantoaxial Rotatory Subluxation
Atlantoaxial rotatory subluxation, also known as atlantoaxial
rotatory ixation, if it has persisted for more than 3 months, is
a frequent cause of torticollis in children. he most common

etiologies are minor trauma and infection, although congenital
and iatrogenic causes also exist. Patients present with neck
pain, loss of cervical motion, and a “cock-robin” position, in
which the head is tilted to one side and rotated to the contralateral side. In acute subluxations, movement is painful and
accompanied by sternocleidomastoid spasms. In contrast to
muscular torticollis, the sternocleidomastoid muscle is contracted on the same side to which the chin is rotated. his is
likely due to a reactive muscle spasm attempting to reduce the
subluxation. he child oten has the ability to make the deformity worse, but cannot correct it. In ixed deformities, the pain
subsides, but the lack of motion persists. Neurologic deicits
are rare.171
he mechanism of injury is oten trivial trauma, thus
causing the diagnosis to be delayed.172,173 he infectious
etiology is known as Grisel syndrome and most commonly
occurs ater an upper respiratory tract infection, but can also
occur ater tonsillectomy, pharyngoplasty, or retropharyngeal
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abscess.174 Because of the anastomoses between the veins and
lymphatics draining the pharynx and periodontoid plexus,
inlammation in the pharynx can lead to attenuation of the
transverse ligament or synovium or both surrounding C1–C2,
resulting in subluxation.
Radiographic examination can be challenging because of
the diiculty in positioning a patient with torticollis.175 On the
anteroposterior and open-mouth odontoid views, the lateral
masses appear diferent in size because one is rotated anteriorly and one posteriorly, and the distances from the lateral
masses to the dens are asymmetrical. On lateral view, with the
cassette placed parallel to the skull, the two halves of the
posterior arch of C2 will not be superimposed, with the spinal
canal appearing narrowed. Two-dimensional and threedimensional CT scans have largely replaced cineradiography,
and can show superimposition of the atlas on the axis in a
rotated position.176,177 Some authors have endorsed dynamic
CT, in which 3-mm cuts are taken with the head in neutral
position, then with let and right rotation.178,179 Although
improved sensitivity has been reported using this technique,
the signiicantly increased radiation exposure undoubtedly
lessens its utility.
Treatment options depend on the timing of injury and
duration of symptoms,180 with some children likely never
receiving medical attention because of spontaneous reduction.
Patients whose symptoms have persisted less than 1 week can
be treated with a sot collar, antiinlammatories, and home
exercises. If spontaneous reduction does not occur ater a
week, the patients should be put in head halter traction and
bed rest, which usually relieves the symptoms if they have
persisted less than 1 month. In cases of atlantoaxial rotatory
subluxations that have endured more than 1 month, reduction
with head halter traction is unlikely, due to secondary changes
that have developed within the atlantoaxial joint and surrounding sot tissues.181 Halo traction can then be attempted,
as can be used with the halo, while applying a rotation to
the right and let to assist the reduction. Documentation of
the reduction should be performed by CT scan; then, the
patient must remain in the collar or halo vest for 6 weeks.
Recurrent subluxation should be treated with prompt cervical
traction until reduction is achieved, followed by a 3-month
course in a halo. If initial reduction is unable to be maintained,
posterior fusion of C1–C2 is recommended. Additionally,
fusion is recommended if the halo immobilization fails
ater 6 weeks, if the subluxation has been present for more
than 3 months, or if the patient has instability or neurologic
compromise.182

Odontoid Fractures
Odontoid fractures are one of the most common cervical
spine fractures in children, reported to represent up to 75%
of all cervical spine fractures owing to the large head/body
size ratio.183 In children, the most common mechanism is
falling; in young adults, the mechanism is typically highvelocity trauma, such as motor vehicle accidents. Fractures
of the odontoid in children typically occur through the

synchondrosis, which is a cartilage line at the base of the
odontoid. Fractures that reduce spontaneously can look like a
Salter-Harris I injury or appear to be normal on plain ilms.
CT scans with three-dimensional reconstructions can assist
in identifying minimally displaced odontoid fractures,184 and
MRI can show bone and sot tissue edema around a minimally
displaced fracture. Most odontoid fractures are displaced
anteriorly with an intact anterior periosteal sleeve that can
help stabilize the fracture when immobilized in extension,
and encourage healing.177,185–187 Treatment of displaced fractures is by closed reduction via an extension maneuver with
immobilization in a halo cast or Minerva jacket for children
younger than 3 years. Most fractures heal uneventfully ater
6 to 8 weeks, at which time documentation of stability with
lexion-extension views is recommended. In cases that are
diicult to reduce, head halter or halo traction—and, rarely,
manipulation under general anesthesia—is necessary. he
need for surgical ixation is unusual, as there are excellent
results from closed treatment.188–190

Os Odontoideum
Os odontoideum is an unsupported round ossicle that is separated from the body of the axis by a transverse gap. Some
authors propose that os odontoideum is due to an unrecognized fracture that is distracted by the alar ligaments and
results in nonunion,37,171,191–199 whereas other authors suggest
that it is congenital because of its association with congenital
syndromes.200–202 Presentation ranges from asymptomatic to
frank myelopathy. Diagnosis can usually be made on routine
radiographs, with lateral lexion-extension views showing the
degree of displacement of C1 on C2. Measuring the distance
between C1 and the ossicle is not helpful because they typically move together. Instead, one should evaluate the space
available for the cord or the relationship of the body of the
axis to the posterior aspect of the anterior arch of C1. More
recently, investigators have suggested using dynamic (realtime) MRI to aid in diagnosis of instability.203
here is debate in the literature regarding management of
patients with os odontoideum. Some authors advocate conservative management with yearly clinical and radiographic
evaluation of patients with a stable os odontoideum.192,204–206
here are reports, however, of decompensation and death
in asymptomatic patients who have been followed conservatively.192,207,208 Some surgeons favor surgical stabilization of
patients with an os odontoideum due to the potential instability
risk leading to catastrophic injuries.206,208–211 Options include
methods for C1–C2 arthrodesis, as already discussed.211–213

Hangman’s Fracture
A hangman’s fracture, or traumatic spondylolisthesis, is a
fracture of the bilateral pars interarticularis of C2. his name
derives from the fact that the fracture resembles the injury
associated with a judicial hanging. Because the fracture fragments separate and decompress the cord, neurologic injury is
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normally heal in 3 to 6 weeks. Flexion and extension ilms
should be obtained at 2 to 4 weeks to conirm stability and
alignment of the fracture.

Facet Fractures and Dislocations
Facet fractures and dislocations are the second most common
lower cervical spine injuries in children, and most commonly
occur in adolescents.182 Unilateral dislocations oten afect the
ipsilateral nerve root; bilateral dislocations afect the spinal
cord.220 he cartilaginous components are overlapped and
locked, causing a “perched facet” on radiography, which
indicates a true dislocation. Treatment for a unilateral dislocation is initially traction and reduction if the patient is awake
and able to cooperate with an examination. he patient must
be awake, cooperative, and able to provide a reliable examination in order for closed reduction to be done safely.221 Ater
reduction, surgical stabilization is typically needed. If the
dislocation cannot be reduced, open reduction and arthrodesis
is warranted. Similarly, bilateral facet fractures and dislocations are considered unstable; thus, reduction and stabilization
is required.182 Fig. 32.8 shows a 6-year-old girl with bilateral
lumbar facet dislocations. If no disc herniation is present on
MRI, either an anterior or posterior surgical approach can be
used for reduction and stabilization of facet fracturedislocations. he literature has not shown a clearly superior
approach in terms of fusion rate, alignment, long-term complications, or neurologic recovery.222 If a disc herniation is
present, an anterior approach is preferable to allow direct
removal of the impinging disc prior to reduction of the facet
joints. In addition, the treating surgeon should assess the
integrity of the posterior ligamentous complex (PLC) to
determine whether an anterior-only procedure is adequate or
whether a combined anteroposterior fusion is needed. In a
cadaveric cervical corpectomy biomechanical study, anterior
ixation with a static plate and cage adequately stabilized the
injured level if the PLC was intact. If the PLC was sectioned,
a combined anteroposterior approach was needed to achieve
stability.223

Lower Cervical (Subaxial) Spine Injuries
Traumatic injuries to the lower cervical spine (C3–C7) are rare
in young children and infants, but are more common in
adolescents and older children. Children younger than 9 years
old account for only 22% to 31% of pediatric lower cervical
spine injuries, whereas children older than 10 years account
for 70% to 73%.218 One should suspect a cervical spine injury
if the patient is unconscious, has cervical rigidity, muscle
guarding, neck pain, radicular pain, numbness, or neurologic
deicits.218 In infants, motor weakness and hypotonia should
raise the suspicion of a cervical spine injury.

Compression Fractures
Compression fractures are the most common fracture in the
pediatric lower cervical spine. Trauma causing lexion and
axial loading leads to a loss of vertebral height. When evaluating a child, one must be careful not to mistake normal cervical
wedging for a compression fracture. Ossiication progresses in
a posterior to anterior direction and remains incomplete until
approximately age 8 years; thus, anterior wedging of the lower
cervical spine until this age is considered normal. his wedging
is usually most notable at the C3 vertebra.219 Compression
fractures are usually considered stable injuries and can be
treated nonoperatively. With immobilization, these fractures
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FIG. 32.8 Bilateral lumbar facet dislocation. A 6-year-old girl was in a motor vehicle accident. (A) Sagittal
computed tomographic reconstructions show bilateral L2–L3 facet dislocations. (B) Postoperative image after
L2–L3 fusion with pedicle hook instrumentation. (C) Image 3 years postoperatively.
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unusual. Most of these injuries occur in children younger than
2 years, likely because of the large head size and poor muscle
control. Radiographs oten show anterior subluxation of C2
on C3, with lucency anterior to the pedicles of the axis. Persistent synchondroses of the axis have been reported that can
be confused with hangman’s fractures.163,214–216 Treatment
consists of immobilization for 8 to 12 weeks in a cervical
orthosis, Minerva jacket, or halo. Pizzutillo and colleagues217
reported healing in four of ive children treated in a Minerva
jacket or halo cast. If nonunion occurs, anterior or posterior
arthrodesis can be considered for symptomatic patients.182
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Burst Fractures
Burst fractures in the subaxial spine are rare in pediatric
patients. hese injuries occur secondary to axial loading.
Retropulsed fragments can compromise the spinal canal. CT
is a useful modality in determining canal compromise and
bony involvement. A burst fracture with no neurologic deicit
and minimal spinal canal compromise can be treated by
immobilization with a halo or rigid orthosis, depending on
the level involved. If the patient has neurologic deicits due to
signiicant canal compromise, surgical decompression and
ixation is recommended. typically via anterior arthrodesis.
his is one of the few instances in which anterior fusion is
recommended in children because the need for stability outweighs the risk of developing a deformity secondary to
destruction of the anterior growth plate. In older children and
adolescents, anterior instrumentation can be used without as
much risk of kyphotic deformity.182 In cervical burst fractures
that are more consistent with a lexion-distraction injury with
posterior ligamentous disruption, an isolated posterior instrumented arthrodesis can be considered in those patients
without active cord compression.
It is important to assess the integrity of the posterior ligamentous complex in the setting of burst fractures, as this can
aid in determining whether the injury is stable or unstable.224
Studies in the adult literature have shown that hyperintense
signal on fat-suppressed T2-weighted MRI correlates with
intraoperative conirmation of injury to the supraspinous ligament, interspinous ligament, and ligamentum lavum.225 A
detailed analysis by Vaccaro et al. reports the sensitivity of
MRI in detecting PLC injury to range from 79% (facet capsule)
to 90% (interspinous ligament).226 More speciic to the pediatric population, Sledge et al. also advocate MRI as a useful
tool to assess the PLC in pediatric trauma based on a retrospective review of 19 MRI studies in children.227

Vertebral Growth Plate Fractures
In contrast to adults, lower cervical spine injuries in children
can occur through the synchondrosis at the cartilaginous
endplate. he primary ossiication centers fuse by 7 to 8 years
of age, but the secondary ossiication centers can remain open
until 25 years of age.228 MRI can be used to assess the growth
plate because it may be diicult to diferentiate normal lucency
of a synchondrosis from a traumatic lesion on radiography.
Fracture of the synchondrosis can lead to anterior or posterior
displacement of the endplate. Anterior displacement can be
treated conservatively with a cervical orthosis until the fracture has healed. Posterior displacement of the endplate is
treated with an anterior surgical approach to reduce the bony
endplate, resulting in spinal decompression and alignment.
he patient should remain in a cervical orthosis for 4 to 5
months.229

Pediatric Halo
Halo immobilization is oten used in the treatment of pediatric
cervical spine injuries, even in infants. Presized halos and

vests are used in adults, which oten work for adolescents.
Prefabricated halos and vests are also available for children
and infants, but because of the wide variability in size in
children, custom vests and rings may be necessary. In some
patients, CT can be helpful before pin placement to help
determine bone structure. he pediatric skull is thickest
anterolaterally and posterolaterally, and pins should be placed
accordingly, with attention to the supraorbital and supratrochlear nerves.230 he number of pins required varies with age.
Children younger than 2 years require 8 to 10 pins, but by age
5 years, only 4 pins may be necessary.220 Pins should be inserted
perpendicular to the skull to improve pin-bone interface.231
he amount of torque required during pin insertion decreases
with age, with 2 to 4 inch-pounds required for younger children and standard torque of 6 to 8 inch-pounds in adolescents.
here can be great variation in pressures with diferent torque
wrenches, however, and they should be calibrated before any
halo placement.232 Pins should not be retightened at 48 hours
in children. In adolescents, however, retightening can be
performed at 48 hours.182
As in adults, complications are common with halo immobilizers in children. Dormans and colleagues233 reported a
complication rate of 68%, but noted that most complications
were minor and all patients were able to wear the halo until
fracture healing occurred. he most common complications
include supericial pin tract infection and pin loosening.
Serious, but less common, complications include dural penetration, supraorbital and supratrochlear nerve injury, pin
scars, and deep pin infections.

Thoracolumbar Classiication Systems
horacolumbar fractures in children are uncommon but can
cause signiicant morbidity and mortality, requiring a high
index of suspicion for these injuries. Two classiication systems
for thoracolumbar spine injuries are widely utilized: the Denis
classiication and the horacolumbar Injury Classiication and
Severity (TLICS) scale. hese classiication schemes are not
speciic to the immature pediatric spine; however, they are
commonly extrapolated for use in pediatric spine trauma.234
We are not aware of a classiication scheme speciic to thoracolumbar trauma in the immature skeleton, although recent
studies have demonstrated that these classiication systems
have good reliability and validity in pediatric trauma.235
Denis236 described a three-column classiication system.
he anterior column consists of the anterior ligament, anterior
anulus ibrosus (AF), and anterior two-thirds of the vertebral
body. he middle column contains the posterior longitudinal
ligament, posterior AF, and posterior wall of the vertebral
body. he posterior column comprises the supraspinous and
interspinous ligaments, facet joint capsules, and ligamentum
lavum. Denis236 used this system to classify thoracolumbar
injuries as compression fractures, burst fractures, lexiondistraction injuries, or fracture–dislocation injuries. He also
classiied the stability of these fractures based on the number
of columns afected. If two or more columns failed, the fracture
was considered unstable according to Denis.236
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thoracic and upper lumbar region, due to this being the transition area from the stif thoracic spine to the mobile lumbar
spine. Spinal cord injury can occur with retropulsion of bony
fragments at the thoracolumbar junction, resulting in conus
medullaris or cauda equina syndromes. here have been few
studies of burst fractures in immature patients. Most investigators believe that conservative treatment is warranted if the
posterior ligament column is intact and there are no neurologic
deicits. Treatment should include an extension molded cast
or a thoracolumbosacral orthosis (TLSO). he goal is to allow
the patient to maintain an upright position with ambulation
while preventing progressive kyphosis and neurologic deicit.
If there is injury to the posterior ligamentous complex
(PLC), surgical treatment may be used to protect the integrity
of the spinal cord. Anterior and posterior approaches can be
used.238 he posterior approach is now more frequently utilized. he anterior approach allows direct canal decompression
through corpectomy of the fractured vertebrae. When surgical
stabilization of a burst fracture is deemed necessary, the
surgeon should fuse as few motion segments as possible while
still providing enough stability for healing and protection of
the neural elements. Fig. 32.9 shows a 14-year-old boy with a
lumbar burst fracture.

Chance Fractures
Compression Fractures
Compression fractures are the most common thoracolumbar
fracture pattern.182 he severity of the fracture is based on the
percentage of height lost, but regardless of severity, these
fractures are rarely associated with neurologic deicit. It is
important to determine if the injury is acute or chronic
because these injuries can commonly occur as a result of falls.
Compression fractures are nearly always stable injuries, but
one must be sure to examine the posterior sot tissues to rule
out a lexion-distraction injury. Treatment options depend on
whether the fracture is isolated or if contiguous fractures are
present. Isolated compression fractures are best treated with
an extension orthosis. hese fractures usually heal in 4 to 6
weeks, but radiographs should be obtained to monitor alignment. Contiguous compression fractures can result in kyphosis. If kyphosis greater than 40 degrees is present, surgical
treatment can be considered.237 In the adult patient population,
degree of kyphosis at the site of thoracolumbar compression
fracture has not been shown to correlate with clinical outcomes in the setting of a normal neurologic exam.224,238,239 In
children, when kyphosis of 10 degrees or greater is seen on
upright lateral radiographs, brace treatment has been shown
to be more efective than no brace in terms of inal alignment
at skeletal maturity240; the clinical relevance of this inding has
not been established. Finally, based on cadaveric studies, one
must be careful to evaluate for injury to the PLC when 50% of
the vertebral height is lost.241

Burst Fractures
Burst fractures involve, at a minimum, the anterior and middle
columns.236 hese injuries are most common in the lower

Chance fractures, or lexion-distraction injuries, are most
oten caused by lap belt injuries in motor vehicle accidents.
With frontal impact, the lap belt causes the axis of rotation to
be the anterior spine, causing distractive forces on the posterior spine and anterior vertebral compression. Owing to this
mechanism, there is a high incidence of concurrent abdominal
injury, which necessitates a thorough evaluation by a pediatric
trauma specialist.242 According to the Denis classiication, this
is a three-column injury and is unstable. he classic inding
on radiography is an “empty facet” sign. he inferior articular
process of the superior vertebrae is no longer in contact with
the superior articular process of the inferior vertebrae, and the
facet appears empty. Treatment of Chance fractures is based
on severity of the injury. If only bony fractures are present,
with no injury to the ligamentous complexes, a hyperextension cast can be used. If ligamentous disruption is present,
surgical treatment is necessary. MRI should be performed to
determine the integrity of the posterior ligamentous complex
and guide management. Young children can be treated surgically with posterior wiring combined with a cast; older children
and adolescents can undergo segmental ixation.243 Fig. 32.10
shows a Chance fracture in a 5-year-old boy.

Fracture-Dislocations
Fracture-dislocations in the thoracolumbar spine are threecolumn injuries that are very unstable.236 hese injuries nearly
always require surgical stabilization. If complete spinal cord
injury is present, internal ixation is warranted because it may
aid the rehabilitation process. Children younger than 10 years
should undergo longer fusions to reduce the delayed development of paralytic scoliosis.244,245

S E C T I O N

he Spine Trauma Study Group developed the TLICS scale.
Although this classiication system was developed in adult
patients, recent studies have demonstrated reliability and
validity of this system in pediatric trauma patients.235 hree
primary axes were identiied to help analyze and manage
fracture patterns: (1) injury morphology, (2) integrity of the
posterior ligamentous complex, and (3) neurologic status. he
three primary axes are divided further into subgroups. Morphology is determined from radiographs, MRI, and CT scan
using one of three morphologic categories: (1) compression,
which can be classiied further with a burst component; (2)
translation and rotation; and (3) distraction. he integrity of
the posterior ligamentous complex is categorized as (1) intact,
(2) disrupted, or (3) indeterminate. he neurologic status is
categorized as intact, nerve root injury, complete spinal cord
injury, or incomplete spinal cord injury. he TLICS score is
based on these principles, and speciic values are assigned to
each subgroup with lesser point values for less severe injuries.
hese scores can help guide surgical treatment. Patients with
a score of 3 or less are generally treated nonoperatively
depending on the type of injury. Patients with a score of 5 or
greater frequently require surgical ixation. Patients with a
score of 4 fall in the intermediate zone, in which treatment is
more ambiguous and up to the discretion of the surgeon.219
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A

B
FIG. 32.9 Lumbar burst fracture. A 14-year-old boy was in a motor vehicle accident and had 50% retropulsion
of the L1 vertebral body. (A) Lateral radiograph and sagittal computed tomographic reconstruction. (B)
Postoperative result after decompression and fusion.

A

B

C

FIG. 32.10 Lumbar Chance fracture. A 5-year-old boy was restrained by a lap belt in a motor vehicle accident.
(A) Sagittal computed tomographic reconstruction shows L2 Chance fracture. (B) Postoperative image after
spinous process wiring. (C) Image 3 years postoperatively.

Limbus Fractures
Limbus fractures occur at the posterior vertebral endplate
when disc material herniates between the unfused peripheral
ring apophysis of the epiphyseal endplates and central cartilage
(Fig. 32.11). hese fractures oten manifest as low back pain
in adolescents and young adults, although they can be identiied in older patients as well.246 hese lesions are usually

located in the lower lumbar spine and appear on radiographs
as a corner defect in the endplate and a wedge-shaped piece
of bone posterior to the body or disc space. CT and MRI can
help fully delineate the bony defect and disc injury. hese
injuries are less likely to resorb on their own and oten require
surgical decompression in symptomatic patients.
Depending on the size of the lesion, the disc (calciied or
noncalciied) and bony fracture can be removed via an
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FIG. 32.11 (A) Computed tomographic and (B) magnetic resonance images showing a limbus fracture (red
arrow) in a 17-year-old male with continued back pain 4 months after the initial injury.

extended laminotomy, hemilaminectomy, or laminectomy. In
the absence of routine disc herniation, the discectomy can be
performed in standard fashion, thus identifying the fracture
as the endplate is exposed.246

KEY POINTS
1. Traumatic injury to the pediatric spine is relatively rare. Injuries
in children younger than 8 years old typically afect the upper
cervical spine because of the large head size; older children are
more likely to sustain subaxial cervical spine injuries and
thoracolumbar injuries as the spine takes on the biomechanical
characteristics of an adult.
2. During transport, children younger than 4 years often require a
cutout region for the occiput or elevation of the shoulders to
accommodate the disproportionately large head and to keep
the cervical spine in neutral alignment.
3. Spine imaging in an injured child should begin with a trauma
radiographic series. Young children who cannot cooperate may
require a CT scan from the occiput to C2. A CT traumagram—
including sagittal and coronal reconstructions of the cervical,
thoracic, and lumbar spine—is acceptable, and radiographs are
not needed. MRI can be used to evaluate a neurologic deicit
and determine if a ligamentous injury exists.
4. In spinal cord injury in pediatric patients, there is a susceptibility
to development of posttraumatic deformity and growth arrest;
surgical correction and fusion needs to take remaining growth
into account.
5. Evaluation of cervical and lumbar trauma in children requires an
understanding of developmental anatomy to diferentiate
trauma from age-appropriate indings. Evidence of soft tissue
swelling and sharp edges at the suspected fracture are more
indicative of trauma. Injuries that are unique to children include
atlantoaxial rotatory instability, birth injuries, and limbus
fractures. Generally, young children more often have
ligamentous injuries; older children and adolescents have bony
injuries as the spine takes on adult characteristics.
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The Immature Spine and Athletic Injuries
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Most spine injuries in athletically active children and adolescents are chronic, resulting from repetitive demand on the
immature spine during participation in sports. he most
serious injuries are acute as a result of direct trauma. he age
at which a child can be considered an athlete varies; a child
may put on skis at 3 years old or begin to ride bulls at 10 years
old (Fig. 33.1). Several sports—such as skiing, football, and
horseback riding—involve increased risk of acute traumatic
events, making spine fracture a signiicant concern when
considering an adolescent athlete. Increase in pediatric
involvement in nontraditional sports, such as cheerleading1
and extreme sports,2,3 have also increased sports-related
injuries. In children, 32% of life-threatening injuries are sports
related.4 his chapter discusses the initial evaluation and onield management of spine fractures; the complete treatment
of spine fractures is covered elsewhere.
According to surveys of patients seen in sports medicine
specialty clinics, the most common cause of back pain in
adolescent athletes is stress fracture, or spondylolysis. Spine
hyperextension and repeated twisting contribute to the high
rate of spondylolysis seen in sports such as gymnastics, football, and weightliting. he rate of spondylolysis in gymnasts
is 20% compared with 5% to 6% in the general population.5
Less aggressive sports, such as golf, can also cause adolescent back pain and spine injury. he golf swing places signiicant torque on the spine and surrounding muscles, and can
produce strains and sprains, which are minor injuries that
interfere with performance. In all sports, appropriate strength
training, routine stretching, and good technique are imperative for young athletes to avoid injury and to continue participation in sports throughout their lifetime.
he most efective technique in screening for serious
disease is a good patient history; diagnosing spine injury is no
exception. Although helpful, a radiograph is seldom deinitive
in diagnosing the cause of back pain. Radiography is imperative for diagnosis of an acute fracture, but back pain without
a speciic injury is usually treated on the basis of a careful
history and a thorough physical examination.
Understanding the requirements of the particular sport
and gaining knowledge of the training schedule of the athlete
are important when performing the patient history. For
example, a gymnast with no history of sudden trauma who
practices 3 hours daily has a chronic stress that may account

for the back pain. A young gymnast’s developing spine, given
insuicient recovery time, is highly susceptible to repetitive
trauma.
Return to sport is a major goal for an athlete; the physician
needs to be aware of the demands of the speciic sport to
determine when return to participation is reasonable. he
physician should take heed of a young athlete who is reluctant
to return to sport ater an injury. Family dynamics oten inluence when a child is willing to resume activity.
Physical activity is the normal function of the musculoskeletal system. he American Academy of Orthopaedic Surgeons
(AAOS) has encouraged physical activity as health promoting
for all ages in its “Get Up, Get Out, Get Moving” program. he
keys to maintaining a healthy spine are good nutrition and
proper exercise. Good nutrition includes avoiding obesity and
not smoking. Exercise programs should include strengthening
for power and endurance, as well as stretching to improve joint
range of motion (ROM) and muscle length.

Principles of Diagnosis
he initial treatment of low back pain usually begins without
a speciic diagnosis. A nonspeciic diagnosis is satisfactory as
long as the patient’s condition improves. In contrast, the
narrow area in which surgery ofers reliable beneit to the
patient requires a carefully determined, speciic diagnosis. In
children and adolescents, every attempt should be made to
arrive at a speciic diagnosis. Adults oten have variable degrees
of degenerative changes in the spine. In many such cases,
treatment to restore ROM and strength of the spine and its
associated structures is a irst step.

History
A good patient history depends on efective patient-physician
communication. When a patient presents with low back pain,
the history is important to rule out serious diagnoses rather
than leading to a deinitive diagnosis. he physician brings
knowledge of possible causes and treatments to the interview,
and assembles a diferential diagnosis. he patient wants to tell
his or her story and brings knowledge of timelines and anecdotal details.
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he term interview implies an interaction with the patient
as opposed to the traditional notion of extracting information
from the patient. When allowed to tell one’s story, an adult
patient takes an average of 90 seconds.6 Adolescents tend to
be more taciturn and talk less than the average adult. he
average physician cuts of the patient with a question ater 18
seconds because the physician has formed a diferential diagnosis. Such interruption stops the low of information, and
oten the patient is never permitted to relate pertinent facts.
he use of a visual pain scale facilitates consistent documentation. he patient’s assessment of the intensity of the pain
using a visual scale (Fig. 33.2) oten stimulates a description
of the circumstances that exacerbate or alleviate that pain.
When making the diferential diagnosis, the physician can
classify the clinical syndrome into one of three categories: (1)
nonmechanical back or leg pain (or both), (2) mechanical
back or leg pain (or both), and (3) sciatica.
Warning signs for possible cancer include a history of
cancer or constitutional symptoms, such as fever, weight loss,
or night pain. Risk factors for infection include a history of
recent bacterial infection, intravenous drug use, or an immunocompromised state. Patients with a spine cancer or spine
infection oten have pain that is not diminished by rest.
Warning signs of possible spine fracture are major trauma
(e.g., motor vehicle accident, blunt trauma, fall from a height),
prolonged corticosteroid use, and osteoporosis. Symptoms
suggestive of cauda equina syndrome, which requires urgent

surgical consultation, include saddle anesthesia (found in 75%
of patients); recent onset of bladder or bowel dysfunction
(with urinary retention the most common symptom); and
severe or progressive weakness of the lower extremities,7
especially involving both lower extremities.
here are several indings to note when ascertaining psychosocial contributions to nonorganic back pain, as follows8:
1. Supericial nonanatomic tenderness. Lightly pinching or
rolling the skin should not afect the deep structures, which
might cause true pain.
2. Patient’s response to positive stimulation, such as axial
loading. Lightly placing one’s hand on top of the head
should not signiicantly increase pressure in the low back.
3. Distraction. One should look for a signiicant diference in
straight-leg raising ability in the seated versus supine
position.
4. Overreaction. An overly loquacious patient or behavior
disproportionate to the stimulus should be noted.
5. Disturbances in sensation or distribution of pain or weakness
that do not follow anatomic patterns.
Symptoms and signs that suggest back pain from nonmechanical causes—such as subclinical pyelonephritis, kidney
stones, or dissecting aneurysm—should also be considered.

Genetics
he wild card in the etiology of sciatic pain is genetics. AlaKokko9 noted that scientiic studies have identiied speciic
versions of the genes encoding collagen, aggrecan, vitamin D
receptor, and matrix metalloproteinase-3 that have signiicant
associations with lumbar disc disease. Many other genes may
also play a role in disc disease.10–12 Although not a sportsrelated etiology, idiopathic adolescent scoliosis can be seen in
adolescent athletes and is undergoing extensive research for
genetic causes and predictors of curve progression.13–15

Physical Examination

FIG. 33.1 This 10-year-old boy is following the traditions of ranch life in
Colorado, where rodeo is a part of life. He won his irst big belt buckle in
competition at 8 years old.
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4

he physical examination should take into consideration the
three reasons for orthopaedic consultation: pain, deformity,
and dysfunction. Although there is poor correlation between
physical indings, symptoms, and treatment outcome, an
examination of the patient’s back is necessary. he purpose of
physical examination is to conirm the impression gained
from the history, if possible, and to look for surprises. Many
obvious anatomic abnormalities can be visualized only when
the patient’s back is bare. he physical examination usually
helps to exclude a serious disease rather than identify one. he
6

8

10

FIG. 33.2 Bieri faces. Drawings are neutral in terms of gender and ethnicity. The patient indicates a number
that corresponds to his or her pain between 0 and 10.
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Imaging
Modern imaging techniques, such as computed tomography
(CT) and magnetic resonance imaging (MRI) permit accurate
visualization of anatomic defects in the spine. Although both
techniques are powerful diagnostic tools, the defects revealed
by CT or MRI are not always causative with regard to the
patient’s pain. he literature is replete with cases in which
anatomic defects are present on MRI or CT in completely
asymptomatic patients.
he Cochrane group performed a meta-analysis of the literature and concluded that there is no correlation between
radiographic changes and back pain.16 Contrary to that
opinion, researchers in Tokyo reported a study in which they
correlated preparticipation spinal radiographs with the incidence of back pain and disability among young football
players.17 hey followed 171 high school and 742 college
football players over a 1-year period. High school players with
spondylolysis had a higher incidence of low back pain (79.8%)
than players with no radiographic abnormality (37.1%).
College players with spondylolysis, disc space narrowing, and
spinal instability had a higher incidence of low back pain

(80.5%, 59.8%, and 53.5%, respectively) than players with
normal radiographs (32.1%). College players with spondylolysis had a higher incidence of low back pain than players with
disc space narrowing and spinal instability.
How can this incongruence of indings be explained? It is
believed that asymptomatic abnormalities in the general population, particularly abnormalities seen with aging, may become
symptomatic with vigorous physical activity. Abnormal spine
radiographs in a young athlete should be considered a risk
factor for injury.

Magnetic Resonance Imaging of the Spine
MRI technology takes advantage of the high hydrogen content
of the molecules that make up biologic tissues. Hydrogen
atoms have a speciic “spin” property associated with them;
that “spin” state can be altered in the presence of a strong
magnetic ield. Alterations in the “spin” properties of hydrogen
atoms in biologic tissues can be detected by MRI technology,
producing highly sensitive visual images.
Although MRI is a very sensitive and accurate assessment
of spinal anatomy, it cannot distinguish between painful and
painless structures in the spine. A patient may have severe
back pain and MRI may reveal no abnormalities, or the converse may be true. It can be diicult for the physician to correlate MRI indings with the patient’s signs and symptoms to
make a clinical diagnosis. Typically, it is unnecessary to obtain
MRI at the onset of spine-related pain because most cases of
back and neck pain resolve within 2 to 12 weeks with proper
conservative treatment. MRI is indicated when more aggressive treatments (e.g., injections or surgery) are contemplated.

Bone Scintigraphy (Bone Scan)
Bone scintigraphy (Bone scan) is not as speciic as MRI or CT,
but is very sensitive to changes in metabolic activity of bone.
Increased metabolic activity is seen with inlammation, infection, and tissue proliferation owing to tumors such as osteoid
osteoma. Bone scintigraphy uses a short-lived radioactive
pharmaceutical agent to label speciic tissues or structures,
ultimately to visualize them via scintillation-mediated imaging.
Gamma emissions from the radiopharmaceutical are detected
by a gamma camera, converted to light photons, ampliied
with photomultiplier tubes, and digitized via computer to
present a high-resolution (4–6 mm) two-dimensional image.

Single-Photon Emission Computed Tomography
With single-photon emission computed tomography (SPECT),
gamma camera detectors rotate around the patient in small
increments (usually 3- or 6-degree steps), and emission data
are obtained from diferent plane angles. Computer algorithms
break the image into pixels, each of which represents an
approximately 6-mm area of the planar image. Pixel data are
used to render clinically useful volumetric images. Auerbach18
showed that SPECT exceeded MRI or plain radiography in
accurately deining spondylolysis in a series of 100 children
with signiicant back pain.

S E C T I O N

three S’s of an abnormal spine examination are apparent to
observation: spasm, scoliosis, and spondylolisthesis.
Watching the patient move in lexion, extension, and rotation gives a visible assessment of pain. How a patient moves
is as important to note as ROM. Whether the patient can bend
to the knees, below the knees, or to the toes provides a rough
measure of lexibility. Observing spinal rotation allows one to
evaluate the facet joints.
Ater checking ROM and palpating for tenderness and
muscle spasm, the physician should observe the rotational
symmetry of the spine using the Adams forward-bend test and
noting whether the pelvis is level. It is worthwhile to observe
the efect of compression of the pelvis while the patient is lying
on his or her back because this is a nonspeciic test for sacroiliac joint disorders.
Observing standing posture in the coronal and sagittal
planes is important to document evidence of deformity.
Special tests, such as one-leg standing (the stork test) and
compression tests for the neck (Spurling test), are indicated
when one suspects spondylolysis or compression neuropathy.
Anisomelia can be diagnosed by measuring limb lengths from
the anterior superior iliac spine to the medial malleolus.
he neurologic examination requires close attention to
detail and begins by having the patient heel walk and toe walk.
Both functions demand strength, coordination, and cooperation one would expect from an athletic child. Testing deep
tendon relexes is important, especially if they are asymmetrical; testing the abdominal relexes is essential to detecting
hydromyelia.
he straight-leg raise test, or Lasègue sign, is a test for nerve
root irritation or inlammation. A positive response is the
reproduction of radicular pain. Pain on the opposite side or a
positive cross straight-leg raise test is signiicant for diagnosis
of a herniated disc. he straight-leg raise test can simultaneously provide evidence of sciatica and hamstring contracture.

591

IV

592

PEDIATRICS

Principles of Treatment and Rehabilitation
Acute Treatment
When pain onset is acute and severe, bed rest may be necessary for 2 or 3 days for initial pain control. A longer period of
bed rest quickly becomes counterproductive. he key to
recovery is modiied activity within a minimal range to start,
followed by gentle progression of activity. he sooner the
athlete begins a level of tolerated activity, the quicker and more
efective is the recovery. Research and experience have dispelled the notion that prolonged absolute rest is beneicial for
treatment of back pain.19
Nonsteroidal antiinlammatory drugs (NSAIDs) can be
potent when given with muscle relaxants, but the duration of
medication should be no longer than 10 days. Opioid administration is rarely necessary for more than a few days. Local
anesthetic injections into the facet joints or into trigger points
can be useful treatments that may help to diagnose disease
related to the facet joint or ibromyalgia.
Passive physical therapy modalities such as ice, massage, or
heat can be helpful in initial treatment, but the athlete needs
to begin active rehabilitation and assume responsibility for his
or her recovery. Strengthening should begin as soon as possible, and bracing should be minimized.

A gymnast with spondylolysis needs a program avoiding
hyperextension while the bone is allowed to heal. As rehabilitation goals, the gymnast needs to stay active in the maneuvers
that do not stress the back and to maintain general itness.
Generally, rehabilitation begins with lexion and extension
cycles to reduce joint stifness and relax elastic structures.
here should be minimal loading of the spine during this
stage. Hip and knee ROM exercises are added next to oload
the spine, followed by speciic muscle training. Focus is irst
placed on the anterior abdominal muscles and maintaining
the spine in neutral position, followed by lateral muscle exercises for side support of quadratus lumborum and abdominal
wall muscles; inally, an extensor muscle program is added.
Repetitions and movement duration should be closely monitored by the therapist.

Core Stabilization
A core stabilization program is based on the principle of
coordinated muscle contraction. his contraction is done
from a neutral, pain-free position. Finding and maintaining a
pain-free position is fundamental to reestablishing isometric
muscle control. Flexibility training should not be approached
until strength has been regained.

Flexibility
Bracing
Bracing may be efective if used intermittently and primarily as
a tool for returning to activity.20 he Cochrane Collaboration
reported a meta-analysis on the use of braces for low back pain
in 2000.21 here was moderate evidence that lumbar supports
are no more efective for primary prevention than other types
of treatment or no intervention. he authors found no data
promoting the efectiveness of lumbar supports for secondary prevention. his opinion is consistent with the generally
held concept that passive treatment such as bracing should be
limited to acute pain relief and that active rehabilitation is an
early goal for return to participation in sports and prevention
of future injury. Lumbar function assessed by self-reported
and objective measures does not seem to worsen with shortterm use of nonrigid, inelastic bracing for low back pain.22

Traction
Traction has historically been used to treat low back pain.
Current thought remains disparate, however, regarding the
therapeutic value of traction.23 A 2013 Cochrane Review on
traction for low back pain with or without sciatica found traction alone or in combination with other treatments has little
to no value in low back pain treatment.24

Rehabilitation
he rehabilitation program consists of stages that encourages
building a foundation of fundamentals and moving through
increasingly diicult levels of activity. Physical rehabilitation
should be designed to be sport speciic and diagnosis speciic.

Exercise programs that load the spine throughout ROM have
poorer outcomes. Greater mobility is associated with poorer
outcomes as well. ROM of the spine has little predictability for
future low back pain. Programs emphasizing trunk stabilization with a neutral spine have had the most success.25–27 hese
programs emphasize increasing ROM of the hips and knees.

Muscle Performance (Strength Versus Endurance)
he term strength is deined as the maximum force that a muscle
can produce during a single exertion to create joint torque. he
term endurance refers to the ability to maintain a force for
a period of time. Muscle performance includes strength and
endurance. he few studies available suggest that endurance has
a much greater prophylactic value than strength.28 he emphasis
should be placed on endurance and should precede strengthening exercises in a gradual, progressive exercise program (i.e.,
longer duration, lower efort exercises).

Sport-Speciic Exercise
he physical therapist, trainer, physician, and coach must collaborate in designing a sport-speciic rehabilitation program.
New exercises should closely simulate the sport. Progress should
be slow enough to develop an awareness of muscle function. he
buildup to maximum performance requires time and patience.

Deep Water Running and Swimming
Walking in a swimming pool is a gentle strengthening
exercise for the back. Deep water running is excellent for
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Cycling
Although bicycling is generally considered a healthy form of
non–weight-bearing, low-impact exercise, it is important to
avoid prolonged lexion in a seated position. A more upright
posture is easier on the intervertebral disc; thus, the upright
mountain bike posture is preferred to the lexed racing bike
posture. Avoiding the vibration of rough terrain is also logical,
making stationary cycling a more reasonable option in the
early stages of rehabilitation.

Education
Several studies have documented the value of patient education in the treatment of spine problems.38 Education has been
shown to be as valuable to the patient’s recovery as physical
therapy. In 2004, Frost and colleagues38 measured the efectiveness of routine physical therapy compared with a single
assessment session and advice from a physical therapist for
patients with low back pain. hey used a multicenter, randomized controlled trial in seven British National Health Service
physiotherapy departments. hese authors concluded that
routine physical therapy was no more efective than a single
assessment and advice session from a physiotherapist in treating low back pain.
In the physician’s oice, handouts are an excellent source
of education and can be reference guides for the patient
during rehabilitation activities (Table 33.1). Good preprinted
handouts are available from multiple sources, such as the
Krames (http://www.krames.com/) or the AAOS (http://www
.aaos.org/) websites. Personalizing the handouts gives the
athlete assurance in his or her provider’s interest and commitment to the rehabilitation plan, as well as conidence in
the treatment plan on leaving the oice. With the availability
of digital radiography, it is inexpensive to give the patient a
copy of the patient’s radiograph to take home. Being educated
regarding the nature of the injury and being part of the rehabilitation team, not merely the subject, motivates the athlete,
which can bring about speedier and more complete recovery.

Program Guidelines

Return to Play

he following caveats should be considered when prescribing
and monitoring any “return to sport” rehabilitation program32:
1. Low back exercises are most beneicial when performed
daily.33
2. he “no pain, no gain” approach when exercising the spine
may cause tissue damage associated with certain speciic
repeated movements.34
3. General exercise programs that include cardiovascular
training (e.g., walking) have been shown to be efective for
rehabilitation of individuals with low back pain and for
injury prevention.35
4. Intervertebral discs are more hydrated early in the morning
ater rising from bed; it is unwise to perform full-range
spinal motions (bending) shortly ater rising.36
5. More repetitions of less-demanding exercises assist in
the enhancement of endurance and strength. Evidence
indicates that endurance has more protective value than
strength, and strength gains should not be overemphasized
at the expense of endurance.37
6. here is no such thing as an ideal set of exercises for all
individuals. Although science at present cannot evaluate
the optimal exercises for each situation, the combination
of science and clinical experience should be used to select
an exercise program.
7. Individuals need to be patient and stick with the program.
Increased function and pain reduction may not occur for
3 months in some individuals.37

For the athlete, returning to play is a central issue and may be
measured in terms of games missed as opposed to return of

TABLE 33.1 Ways to Avoid Overuse Injuries
Use good
technique.

An overhand pitch produces less strain than a
side-arm pitch.

If it hurts, don’t
do it.

“No pain, no gain” is a poor concept. You feel the
fatigue of a good workout, but you must recognize
the pain of going beyond fatigue to injury.

Stop when fatigued. Avoid the temptation of an extra repetition. Sprints
are best done after a rest.
Increase duration
gradually.

It takes time for the body to respond to increased
demand and to strengthen.

Rest for a time after
major increases.

It is better to alternate 3 hard days with an easy day,
then rest for 2 days.

Quit when you are
tired.

When you have exhausted the glycogen stored in
your muscles, your technique falters and you are
prone to injury.

Do preventive
exercises.

Keep your body in balance by stretching to gain full
range of motion and loosening contractures.

Remember your old
injuries.

When you recall your old injuries, you can work to
avoid repeating them.

Warm up slowly.

Use gentle stretching and gradually increasing efort
to limber up muscles and deep breathing to
stimulate the heart and lungs.

S E C T I O N

treating athletes with back pain. he buoyancy of the water
helps to unload the spine. Athletes run in the deep end of
a swimming pool, normally with the aid of a lotation vest.
Water is about 800 times denser than air; thus, resistance
met during water running is greater than when running on
land. Deep water running can help to maintain aerobic performance for 6 weeks in trained endurance athletes; sedentary
individuals can appreciate signiicantly increased maximal
oxygen uptake. During spine rehabilitation programs, deep
water running can be used for maintenance training, but deep
water running is not a substitute for conventional training.29–31
Swimming is an excellent exercise for the back, but caution
is advised for the novice. he swimming strokes can
produce or exacerbate back injury if proper technique is not
practiced.
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itness. Generally, the athlete can return to play when there is
no pain with sport-speciic activities and when full ROM and
strength has been recovered. here is no deinitive test to
measure when that point is reached. Gradual improvement in
pain and progression in performing functional activities are
predictive of a good prognosis.

Disorders and Treatment
Low Back Pain in Adolescent Athletes
Back pain in the pediatric and adolescent athlete has been well
described in several recent articles.39,40 Etiologies of pediatric
back pain include spondylolysis, spondylolisthesis, posterior
element overuse syndrome, sacroiliac joint irritation, atypical
Scheuermann disease, and disc herniations. When a physician
sees a child with back pain, the physician needs to rule out
serious disorders, such as infection, tumors, cauda equina
syndrome, and inlammatory spondyloarthropathies, then begin
acute care, typically involving a rehabilitation program that
allows the child to return to normal physical activity. Unlike
adults, 90% of whom have no identiiable cause of their back
pain, more than 50% of children with back pain were found
to have an identiiable cause.41 More recently, a study of 73
pediatric patients with low back pain resulted in 78% without
identiiable cause ater exhaustive workup.42 Careful evaluation is
important. An open-ended interview to hear the patient’s story
and expectations is the most valuable assessment instrument.
Obtaining a detailed description of the pain is paramount.
he description of pain needs to include its location, duration, onset, and characteristic. If pain is associated with a
particular activity or position, that information is helpful for
diagnosis. Even with the most aggressive diagnostic workups
and follow-ups, however, an organic cause for back pain in
adolescents is found only about half of the time.
Lumbar spine pain or low back pain accounts for 5% to 8%
of athletic injuries.43 Injuries are oten due to poor conditioning
of the spine, poor biomechanics, or repetitive stresses placed
on the spine by the nature of the sport. Overuse injuries from
repeated lumbar hyperextension may be common in children
participating in sports such as gymnastics, volleyball, and
rowing. Evaluation of the sacroiliac joint should be completed,
as nonoperative treatments result in signiicant improvement
in 80% of cases.44
Historical studies show that the correct diagnosis of acute
low back pain is established on the irst visit only 2% of the
time. Ater 6 weeks, the diagnostic accuracy increases to 15%,
and it increases to 30% at 3 months.45 he physician’s initial
visit is best used to rule out serious disorders, such as disc
herniation or malignant disease. Although less than 1% of
back pain complaints are related to serious spine pathology or
require emergent treatment, such as neoplasm or cauda equina
syndrome, it is important to exclude these conditions and
reassure the patient accordingly.
Aggressive diagnostic workup may be deferred and implemented only for patients who do not improve within 3 or 4
weeks. Oten, pain resolves without much treatment, and the
athlete continues participation in sports. With severe or

prolonged pain that prompts medical consultation, a diagnostic workup is appropriate for guiding the treatment.
Back pain that follows an acute injury is usually attributed
to muscle strain. here is little scientiic evidence showing
muscle strain as a back pain generator, however, probably
because pain produced by an injury cannot be diferentiated
to the various sot tissues of the back.46 he pain may be
localized or difuse. he patient frequently relates that more
stifness occurred ater a night’s sleep. his type of back pain
attributed to muscle strain tends to improve with time.
Growth is not linear, and as growth spurts occur, an imbalance between new length of bone and old length of muscles
occurs. hese contractures, whether of the hamstrings or
other muscles adjacent to the spine, can produce limited
motion and pain with athletic activities.
An adolescent with normal musculoskeletal structure may
have back pain from poor standing and sitting posture. he
typical proile is of lumbar hyperlordosis, thoracic hyperkyphosis, and contracted hamstrings. Radiographs are unnecessary to make the diagnosis or to institute a program of
stretching and postural correction.
Mechanical backache secondary to poor posture is more
common in sedentary children. Athletic children are less likely
to report nonspeciic back pain than their nonathletic counterparts. Children who do not walk to school and have a poor
self-image of their health in general report more back pain.
Multivariate analysis showed that the incidence of low back
pain in adolescents is inversely related to time spent doing
physical activity (e.g., regular walking or bicycling) and
directly related to television or computer time.47
Posture and inactivity contribute to low back pain. he
intervertebral discs have the highest luid content in the
morning, which inluences the pressure generated on spinal
tissues during lexion.48 Avoidance of lexion ater arising in
the morning signiicantly reduces nonspeciic back pain.49
Plain radiographs are indicated at the time of the irst visit
if there is a history of severe trauma, loss of neurologic function, or history of unexplained fevers or malignancy. For an
adolescent athlete with a high-risk factor because of a repetitive hyperextension maneuver, oblique views are appropriate
for evaluation of the pars interarticularis.

Spondylolysis
Spondylolysis is a stress fracture of the pars interarticularis. It
is generally considered to be a low-risk fracture that may heal
on its own. he fracture occurs most frequently at L5, followed
by L4 and L3. Spondylolysis occurs in 5% to 6% of the general
population.1 he lesion is usually asymptomatic and appreciated only incidentally on a radiograph. Generally, no single
traumatic event causes spondylolysis; rather, repetitive stress
produces fatigue defects, and a single event may complete the
fracture. hese fractures may not develop bony union but
develop ibrous nonunion or heal in an elongated state in a
relatively high percentage of patients.50
he incidence of pars defects is greater in adolescent athletes than in the general population, and is a particular clinical
problem for this population.51 Sports that require repetitive
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Clinical Presentation
Pain may begin ater acute injury, or there may be acute
exacerbation of mild symptoms present for weeks or months.
Lumbar spinal extension or rotation activities are particularly
associated with the generation of symptomatic low back pain.
Commonly, afected patients have a hyperlordotic posture and
hamstring contractures. he classic test during physical
examination is to have the patient stand on one leg and lean
backward—the stork test. If the lesion is unilateral, the pain is
most oten produced by standing on the ipsilateral leg. his
test is not deinitive, but contributes to the diagnosis.
Spondylolysis is a bone lesion that, in most patients, does
not produce a neurologic deicit. Any nerve root signs would
suggest an alternative pathology, such as a herniated nucleus
pulposus (HNP).

Diagnostic Imaging
Spondylolysis cannot be diagnosed by history and physical
examination alone. he key to establishing the diagnosis of
spondylolysis is visual conirmation of the pars lesion. he
determination of a symptomatic spondylolytic lesion has
become more sophisticated with the use of nuclear imaging,
CT, and MRI.
A defect in the pars interarticularis is apparent in Fig. 33.3,
which shows a three-dimensional CT scan. he classic description of this appearance on the oblique view radiograph is that
of a collar on the “Scottie dog.” Approximately 20% of the pars
interarticularis lesions are seen only on the lateral oblique
views, but no diference in sensitivity and speciicity between
anterior-posterior/lateral and anteroposterior/lateral/two
obliques radiographs has been found.57 Advanced imaging is
oten required to determine an accurate diagnosis.
MRI is typically used as the primary investigation for
adolescents with back pain and suspected stress reactions of
the pars interarticularis. MRI has been found to be 92% sensitive for detecting pars injuries, including stress reactions and
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hyperextension or extension combined with rotation—such as
gymnastics, wrestling, and weightliting—are more oten
associated with a stress fracture of the pars interarticularis.
White female gymnasts experience a rate of spondylolysis
(11%) ive times that of the general white female population.52
Certain participants in sports—such as diving, weightliting,
wrestling, and gymnastics—have disproportionately high
rates of spondylolysis. A study of elite Spanish athletes showed
the highest rates of spondylolysis in gymnasts and weightliters followed by throwing athletes and rowers.53 Other reports
suggest that a wide variety of sports increase the risk of
spondylolysis, including soccer, volleyball, and baseball.54
A major concern for patients with defects in the pars
interarticularis is the progressive development of symptomatic spondylolisthesis. he incidence of progressive spondylolisthesis is low (3% to 10%), and mainly occurs during
adolescence.55,56 here is no known correlation between active
sports participation and either the occurrence or the progression of spondylolisthesis.
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FIG. 33.3 Spondylolysis. Three-dimensional computed tomographic scan
shows pars interarticularis defect (arrow).

stress fractures,58 being especially useful in patients with negative CT who have stress reactions. SPECT use is limited by the
high rate of false-positive and false-negative results, and by
considerable ionizing radiation exposure.59
Bone scans have been found to be 94% sensitive and 100%
speciic for detecting skeletal abnormalities in pediatric
patients with back pain.60 For an adolescent with low back
pain, normal radiographs, and a negative bone scan, spondylolysis is ruled out. Other causes should be investigated. MRI
may be ordered under these circumstances to rule out disc
pathology or other causes for pain in nonosseous tissues.
Similarly, adolescents with back pain, positive radiographs,
and negative bone scan warrant MRI to investigate further the
basis for pain.

Treatment
Most patients with symptomatic spondylolysis do well with
conservative treatment short term.61 he main goals of treatment are amelioration of pain, return to activity, and the
attainment of bony healing. Treatment modalities include rest,
medication, and bracing, alone or in combination. Some pars
interarticularis lesions heal with early care and bracing, particularly early-stage unilateral defects. Osseous healing is
unnecessary to achieve an excellent clinical outcome with full
return to activities, although attaining bony union, particularly in younger adolescents, should be the goal since the
long-term outcome of unhealed spondylolysis is not known.
Activity restriction is important to limit pain. Running,
jumping, and sport-speciic activities that produced the pain
should be eliminated for 4 to 6 weeks. Contact and collision
sports are not allowed, and hyperextension activities should
speciically be eliminated.
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Physical therapy has been proven to be quite efective in
the treatment of spondylolysis. Patients with a speciic and
carefully managed exercise program show signiicant reduction in pain intensity and functional disability levels.62,63
herapy should include exercises to increase hamstring lexibility and to strengthen deep core muscles in the abdomen and
the lumbar region.64
Transcutaneous elective bone stimulation has received
increased attention as an adjunct in promoting healing of
spondylolysis in young athletes, though controlled studies
have not yet been done.65
he role of bracing is controversial. A rigid brace is not uniformly used for the treatment of symptomatic spondylolysis.
Many surgeons begin bracing immediately for spondylolysis,
whereas others reserve bracing for patients who do not progress with their conservative program or who experience
increasing pain. Chronicity of the lesion is important to
healing potential. One study reports that 94% of early-stage
defects were healed in an average of 3.2 months using a hard
brace, whereas only 27% of late-stage defects were healed in
5.7 months.66 Various studies have determined that only 9% to
15% of cases of symptomatic spondylolysis or grade 1 spondylolisthesis require surgery.67–69 he indications for surgery are
progressive slip, intractable pain, development of neurologic
defects, and segmental instability associated with pain. Pain
alone can be controlled by activity modiication and medication, and is not an indication for surgery. Surgical treatment
is directed at repairing the fracture in the pars interarticularis
using bone grating and internal ixation. Various techniques
using wires and screws have been advocated. he technique by
Chen and Lee,70 using a pedicle screw and laminar hook, has
the advantage of not violating the facet joints, while providing
excellent stabilization for healing.

Return to Activity
When follow-up examination reveals no discomfort and pain is
well controlled with ordinary daily activities, a low level of sports
participation is appropriate. Return to sport can be achieved ater
4 to 6 weeks of modiied activity. Activity intensity can increase
as tolerated. Continued therapy should focus on core strengthening, improvement in posture, and avoidance of hyperextension.
A case report of pediatric cervical spondylolysis showed
that over 1.5 million children participate in American football
without reported injury due to cervical spondylolysis; therefore, this pathology should not be a restriction to play.71
Preventing recurrence is a major goal of treatment. A
maintenance itness program should be included in any
workout regimen that is prescribed. Any low back pain that is
worsened by extension or twisting should prompt a reduction
in activity and increased periods of rest. If these precautions
are instituted at the irst sign of symptoms, a long course of
rest and rehabilitation may be avoided.

Spondylolisthesis
Spondylolisthesis occurs when there is a bilateral defect in the
pars interarticularis and one vertebra slips forward relative to

the vertebra beneath it. he incidence of spondylolisthesis in
athletes is the same as in the general population. No substantiated criteria are available for predicting which cases of spondylolysis will progressively slip, resulting in spondylolisthesis.
Patients with dysplastic posterior elements have a higher risk
of slip progression. Radiographic studies have shown a strong
correlation between slip progression and a more vertical
inclination of the superior plate of S1.72,73 Most cases of spondylolisthesis are mild, unlikely to progress, and cease to progress ater growth is complete. With mild spondylolisthesis,
there is no increased rate of disability and no reason to restrict
participation in sports.
Isthmic spondylolisthesis is the type seen in young athletes,
excluding the rare cases of congenital absence of facet joints.
Bilateral stress fractures of the pars interarticularis are the distinguishing pathology of spondylolisthesis. he stress fractures
are unusual in that they occur in young people and rarely heal
spontaneously. he only suspected causative factor, other than
familial predisposition, is minor or repetitive hyperextension.
Symptoms associated with spondylolisthesis are dull low
back pain exacerbated by activity, particularly hyperextension
and rotation. Sports requiring repetitive rotation and extension
under load, such as gymnastics, football, wrestling, hockey,
pole vaulting, diving, and throwing sports, have been incriminated as causative factors in multiple studies.74,75 Typical of
mechanical-type pain, rest tends to alleviate the pain.
During the examination, the indings of paravertebral
muscle spasm, hamstring contractures, and limited lexibility
may be dramatic. Kyphosis associated with severe grades of
slip lattens the proile of the buttocks and creates a sagittal
postural malalignment (Fig. 33.4). A step-of at the lumbosacral level may be palpable.
Weakness, loss of sensation, and a positive straight-leg raise
test are usually absent, diferentiating spondylolisthesis from
a herniated disc. If radiculopathy is present, the L5 root is
usually involved. Cauda equina syndrome has been reported
in severe cases owing to nerve root stretch over the dome of
the sacrum.76
he diagnosis is easily conirmed by a lateral radiograph of
the lumbar spine. he severity of the slip is graded either by
the quartile classiication of Meyerding or, more commonly,
as a percentage of displacement relative to the top of the
sacrum. here is consensus that kyphosis is a more important
measure of the deformity than displacement.77 he slip angle
and sacral inclination are used to describe the sagittal plane
deformity.
he treatment of a young athlete with spondylolisthesis is
based on the same principles as the population at large, but
the desire of the individual to continue sports participation
must be considered as well. he age of the patient, the severity
and duration of pain, and the degree of deformity all must
be considered when formulating a treatment plan. A young,
minimally symptomatic patient with a less than 25% slip
requires little restriction of activity, but should be monitored
for progression. Initial lexion-extension lateral radiographs
are useful for assessing instability. Serial lateral ilms at yearly
intervals can document any progression of slipping, unless
symptoms warrant more frequent follow-up. If the degree of
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FIG. 33.4 Spondylolisthesis. (A) Paravertebral muscle spasm is striking. (B) Sagittal imbalance produced by
severe slip made the clinical diagnosis evident. (C) Lateral radiograph showing the L5–S1 spondylolisthesis.

slip is 25% to 50%, the consensus is that the athlete should
be restricted from collision sports, such as gymnastics and
football. If the patient is truly asymptomatic, continued
participation may be reasonable as a matter of judgment and
cooperation.
Surgical stabilization is recommended for an immature
patient with documented progression. Stabilization by spinal
fusion is also recommended for slips greater than 50%, even
if the patient is asymptomatic.
If the patient still has unremitting, disabling pain ater a
6-month program of conservative treatment, certain surgical
decisions are made: in situ fusion versus reduction, whether
to perform decompression, whether to perform anterior and
posterior fusion, and plus or minus bed rest. he debate over
these issues remains. In situ fusion is the gold standard with
well-documented long-term excellent outcomes.78 Isolated
removal of the laminar fragment, or Gill procedure, is contraindicated because further progression is common ater that
procedure.
Absolute indications for decompression are motor deicit
and bowel or bladder dysfunction.77 Some surgeons do not
perform decompression even with motor or sensory signs
because these signs tend to improve with a solid fusion.79
Many surgeons perform a decompression at the time of fusion
if weakness, sensory loss, or radicular pain is present, particularly in instances of severe slip. With severe degrees of slip,
anterior fusion with or without reduction of the kyphotic
deformity can be done using pedicle screw ixation and anterior interbody cages.
Although various methods for reduction of spondylolisthesis are advocated, many are associated with a signiicant rate
of temporary or permanent nerve root damage. Reduction
should be done only ater wide decompression of the nerve
roots, and signiicant nerve damage may still occur. Return to

vigorous athletic participation is not guaranteed ater surgery
even if the fusion is solid. Most surgeons recommend against
any but the least demanding of sports ater such a major spine
procedure. he decision regarding participation should be
delayed until the outcome of surgery is clear.

Lumbar Scheuermann Disease
(Juvenile Disc Disease)
he classic radiographic criteria for the diagnosis of Scheuermann disease is kyphosis of the thoracic spine with wedging
of 15 or more degrees over three vertebrae.80 Scheuermann
disease is associated with endplate changes, such as irregularity of the apophyseal ring and Schmorl nodes due to defective
endplate growth. he causes of Scheuermann disease, which
has been attributed to juvenile osteoporosis, are controversial.
his condition afects 0.4% to 8.3% of the general population
and causes irregularities in ossiication and endochondral
growth in the thoracic spine in adolescents and young adults.80
he disease leads to various pathologic changes at the junction
of the vertebral body and the intervertebral disc, resulting in
pronounced wedging of the vertebral bodies and progressive
kyphosis in severe cases. According to various studies, it
causes back pain in 20% to 60% of cases, and occasionally
causes severe deformity of the spine.80
An increased frequency of radiologic abnormalities of
the thoracolumbar spine has been reported among young
athletes in various sports, such as soccer, gymnastics, waterski jumping, or wrestling, compared with nonathletes.81–91
Although the origins of typical Scheuermann disease91 have
been a matter of controversy,92 atypical Scheuermann disease
is considered to be strongly associated with trauma or excessive loading of the spine, especially in the lexed posture and
during growth spurts.93 Axial compression forces apparently
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FIG. 33.5 Juvenile disc disease. This 14-year-old baseball player presented with pain localized to the upper
lumbar level. (A) Anteroposterior radiograph shows irritative scoliosis. (B) Lateral radiograph shows endplate
irregularity and erosion anteriorly at the L1–L2 level.

cause vertebral endplate bulging, whereas compression of
the immature spine in lexion is considered to cause anterior
intravertebral disc herniation (marginal Schmorl nodes).92–95
Abnormalities of the vertebral ring apophysis are thought to
be the result of failure in tension shear, analogous to OsgoodSchlatter avulsion at the knee (Fig. 33.5).89
In 1985, Greene and colleagues92 described back pain and
vertebral changes in the lumbar spine similar to changes
seen in Scheuermann disease of the thoracic spine. hese
changes were accompanied by mechanical low back pain. In
1994, Heithof and colleagues96 saw similar changes on MRI
and coined the term juvenile discogenic disease. heir group
detected evidence of thoracolumbar Scheuermann disease
and multilevel disc disease of the lower lumbar spine in 9%
of the subjects studied. he patients ranged in age from 7 to
66 years, but most were young: slightly less than half of the
patients were younger than 30 years; 9% were younger than 21
years. Males outnumbered females 3 : 1. Disc degeneration was
found most frequently at the L5–S1 level, followed in order
by L4–L5 and L3–L4. Of patients, 80% showed evidence of
substantial degeneration at more than one lumbar level, and
53% had disc herniations involving at least one lower lumbar
level.
Heithof and colleagues96 suspected that a substantial
number of young adults have a combination of painful multilevel disc degeneration and lumbar spine changes typical of
Scheuermann disease. In their view, both conditions may be
caused by an underlying genetic defect in disc structure. It has
been estimated that 80% of young patients requiring disc
surgery have a genetic predisposition to disc degeneration.96
Juvenile discogenic disease has been statistically associated
with athletic activity and repetitive trauma. Most patients can

be treated nonoperatively, but a subset has concurrent spinal
stenosis, which may require decompression.97

Herniated Nucleus Pulposus
Acute disc herniation, or HNP, is relatively rare in children
and adolescents compared with adults. Reports suggest that
only 0.5% to 4% of surgically managed HNP occurs in patients
younger than 18 years.98–102 Despite the low incidence,
approximately 10% of severe back pain in skeletally immature
patients is due to disc herniation.103,104 High-risk activities
include weightliting and collision sports, such as football.104
HNP has also been associated with injuries sustained during
gymnastics, basketball, baseball, and wrestling.85 Nearly 95%
of herniations occur from L4 to S1 and are fairly evenly distributed between L4–L5 and L5–S1.105 he L3–L4 level is
afected in only 5% of patients.105
he presenting symptoms of HNP in children difer from
the symptoms seen in adults. he proile of an adolescent with
HNP includes the presence of tension signs and sciatic scoliosis, without localizing neurologic signs. Most patients present
with low back pain, with or without leg pain.104,105 Associated
leg pain is seen far less oten than in adults (<20% of the
time).93 In children, the herniation is thought to be more
central and the volume of extruded disc material less than in
adults.99,104 Actual rupture of the disc is rare in children.106
Physical examination oten reveals an abnormal gait or
scoliosis owing to paraspinal muscle spasm.104,105 Nerve tension
signs, such as a positive straight-leg raise test, are present in
greater than 80% to 90% of patients, and the crossed-leg raise
test is positive in more than 50%.104,105,107 Objective motor
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Apophyseal Ring Fracture

FIG. 33.6 Herniated nucleus pulposus. This 15-year-old wrestler has a black
bulging disc at L4–L5 highlighted by a white dot on MRI. (Courtesy Charles
Burton, MD.)

weakness may be present in 40%, with the extensor hallucis
longus most commonly afected, and deep tendon relexes at
the knee and ankle are decreased in approximately 40% of
patients.105
MRI is a very efective way to image the disc, spinal cord,
and nerve roots. In addition, because of its noninvasive
nature, it is a commonly used imaging technique. MRI has
been shown to detect 100% of symptomatic herniations (Fig.
33.6).108 Herniation is associated with endplate changes, with
marrow signal intensity changes on MRI, and with increased
cartilage in the material removed during surgery. here is
a correlation of marrow signal intensity changes on MRI
and the biology of the removed material. Avulsion-type disc
herniation is common.109 Occult spina biida, extralumbar
vertebrae, sacralization of the ith lumbar vertebra, lateral
recess stenosis, and spondylolisthesis have been associated
with pediatric disc disease.110
Conservative treatment is as outlined for nonspeciic low
back pain. he literature suggests, however, that the overall
outcomes of conservative treatment are generally poor. Recommendations suggest a 2- to 4-week trial of conservative
management followed by surgical excision of the disc if
symptoms have not resolved.105
Indications for surgical excision of the disc include
persistent symptoms despite conservative management,
cauda equina syndrome, progressive neurologic deicits, and
reinjury.104,105 Many authors have reported greater than 90%
good to excellent results ater surgical excision.100,102,105,111 Ater
surgical excision, low back pain and leg pain resolved within
3 weeks, and neurologic indings resolved ater 3 months.100
Reactive scoliosis almost always improves with successful
treatment.112 Long-term follow-up studies show excellent

Bone fragments at the posterior vertebral endplate have been
given numerous names, such as posterior marginal node;
limbus fracture; fracture of the vertebral rim, ring, or endplate;
epiphyseal dislocation; and apophyseal ring fracture.114 his
condition is unique to adolescents,104 and was irst described
by Skobowytsh-Okolot in 1962.101,115 Endplate fracture was
discovered in 20% of patients younger than 21 years and in
33% of patients younger than 17 years who were undergoing
lumbar disc surgery.116 he overall prevalence is only 0.07%
of all patients of all ages undergoing disc surgery. here is
a strong male predominance, with 85% of cases occurring
in boys; 66% of cases are related to a traumatic event, such
as weightliting, heavy work, or sports injury.101 Associations
have also been found with Scheuermann disease117 and lumbar
disc herniations.118
Hyperextension of the lumbar spine119 and rapid lexion
together with axial compression to the vertebral column such
as occurs with weightliting are two proposed mechanisms of
apophyseal ring injury.101,104,120 he presenting symptoms of an
apophyseal ring fracture are similar to the symptoms seen
with HNP—back, buttock, and posterior thigh pain. Symptoms are worse with coughing, sneezing, sports, and prolonged
sitting.104 Pain may radiate down one or both legs. he
straight-leg raise test is positive, and contralateral straight-leg
raise is frequently positive. Paraspinal muscle spasm, lumbar
tenderness, scoliosis, intermittent claudication, paraparesis,
and cauda equina syndrome have been reported.101,104
Plain radiographs can be useful and show the avulsed fragment in approximately 40% of cases.101,114 his fragment
appears as an arcuate or wedge-shaped bone fragment posterior to the vertebral body or disc space. Alternatively, it can
appear as a bony ridge on the posterior surface of the vertebral
body. MRI may show a defect in the posterior vertebral rim.
he fragment may be seen as a low signal area lying posteriorly,
but can be diicult to distinguish from cortical bone and the
posterior longitudinal ligament. MRI may be diagnostic in
only 22% of cases.114 CT is an excellent imaging study for these
fractures because it can deine the bony fragment, any associated disc prolapse, vertebral defect, and severity of any associated stenosis in approximately 75% of cases. CT should be
considered if MRI fails to show an expected HNP or ring
fracture.114
A trial of short-term rest, use of NSAIDs, and physical
therapy is indicated. Physical therapy should focus on hamstring stretching, as persistent hamstring tightness has been
found following conservative management in adolescent
athletes.121 If symptoms fail to resolve ater 2 to 4 weeks or if
there is progressive neurologic involvement or cauda equina
syndrome, surgical excision of the fragment and any associated disc material should be performed.104 Intervertebral
fusion is controversial at this time due to lack of comparative,
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outcomes, including absence of pain and no activity limitations.100,102,111 Satisfactory surgical outcomes may be seen for at
least 10 years postoperatively, though may slightly deteriorate
with time.113
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high-level studies.122 Good to excellent results have been
reported ater surgical excision in nearly all pediatric cases of
avulsed ring fracture.

Cervical Spine Injuries
Traumatic neck injuries in young athletes may be to bone,
nerve, or sot tissue. hese are increasingly common injuries.
Recent data on American football suggests that 0.2/100,000
participants at the high school level and 2/100,000 participants
per collegiate level are diagnosed with a cervical cord neurapraxia most commonly due to hyperlexion, during “spear
tackling.”123 he order of incidence is as follows124:
1. Nerve root or brachial plexus neurapraxia (burners)
2. Cervical strains (muscular injury)
3. Disc injury with neck pain only
4. Cervical sprains (ligament injury)
5. Disc herniation with radicular symptoms
6. Transient spinal cord compression secondary to stenosis
7. Fractures

On-Field Examination
In an on-ield examination, if a cervical spine injury is suspected, the physician or trainer should appreciate any spinal
pain; altered perception of touch; numbness; and weakness in,
or diiculty moving, the extremities. Any player with signs of
head trauma, such as disturbed vision, headache, staggering
gait, disorientation, or memory loss, should not participate
further.
For an ambulatory athlete complaining of pain or spasm in
the neck, the physician should localize the tenderness and
evaluate for muscle spasm. he physician should evaluate neck
ROM and perform a motor and sensory examination of the
extremities. On failing the examination, the athlete should be
removed from competition and immobilized in a cervical
collar. Alarming signs associated with a cervical fracture are
acute torticollis, resistance to any motion, and the patient
using the hands to support the head. If the player is unconscious, the presumption is that a cervical spine injury exists,
and the neck is immobilized. Any facemask should be removed,
but the helmet should be let in place. he player should be
immobilized before being moved. Players with persistent or
severe pain should be given a prompt radiologic evaluation.
Return to participation depends on complete resolution of
symptoms and normal radiographs.

Field Treatment of Cervical Fractures
Fractures of the cervical spine are relatively rare. he on-ield
treatment protocol should be well rehearsed and eicient,
however. he minimal equipment includes tools or instruments necessary to remove the facemask, a cervical collar, and
a backboard. Such an extensive setup may be impractical, but
the medical attendant is well advised to know what emergency
medical services are available, such as a well-equipped ambulance. A cell phone or other communication capability should
be available on the sideline. he key is advance planning.

Liting an individual high enough to insert a backboard
beneath requires a medical team chief who carefully links the
head to the chest and six additional people to lit. If a team
has not practiced or there are not six individuals immediately
trained and available, the athlete should not be moved until
there is adequate assistance to immobilize and transport
him or her without incurring additional damage. Instructions for the prehospital care of a spinal cord injury on an
athletic ield are published online by an interdisciplinary task
force.125

Prevention of Catastrophic Injuries to
the Cervical Spine in Football
According to Cantu and Mueller126 of the National Center for
Catastrophic Sport Injury Research, prevention is related to
teaching and enforcing good technique in blocking and tackling and the proper use of well-itted equipment. Cantu and
Mueller126 noted, “he football helmet is not the cause of
cervical spine injuries. Poorly executed tackling and blocking
technique are the major problems.” he neck should be kept
upright, avoiding use of the helmet and facemask as the initial
and primary contact point in blocking and tackling. Rules
against spearing should be strongly enforced, and athletes
should strengthen their necks for further protection in the
event of a miss-hit. Cantu and Mueller126–131 stated that being
prepared for the treatment and transport of a player with a
major spine injury can mean the diference between life and
death. hat means having a plan and practicing the teamwork
necessary for a successful transport.
Return to Play Guidelines
Recent publications have focused on return to play guidelines
ater cervical spine injury though strong, evidence-based
studies are lacking. General guidelines include resolution of
symptoms, full ROM and normal or near-normal strength, but
these are not unique to the cervical spine.132 Based on expert
opinions, return to sport should be based on radiographic
indings as well.133 Benign injuries, such as spinous process
fractures, may be treated with immobilization and return to
play once healed. Patients with more than three burners (see
later) in a single season or recurrent transient quadriparesis
should undergo evaluation and imaging to rule out stenosis
or parenchymal injury prior to return to play. Patients who
undergo cervical fusion of one or two segments may return to
play ater successful recovery. More complex injuries that
require operative intervention of fusion of three or more levels
are contraindicated for return to play.134

Cervical Peripheral Nerve Injuries
Burners
“Burners” (also known as “stingers”) are common injuries to
the neck in collision sports, such as football, hockey, or diving.
A high percentage of football players, especially defensive
players, experience burners during their playing career. Other
sports in which burners occur include wrestling, backpacking,
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TABLE 33.2

Quan and Bird Classiication of Nerve Injury

Type of Injury

Mode of Recovery

Time to Recovery

Conduction block
(neurapraxia)

Remyelination of focal
segment involved

2–12 wk

Limited axonal loss

Collateral sprouting from
surviving motor axons

2–6 mo

Intermediate
axonal loss

Collateral sprouting and
axonal regeneration
from site of injury

2–6 mo

Severe axonal loss

Axonal regeneration

2–18 mo

Complete nerve
discontinuity

No recovery without
nerve grafting

2–18 mo

Data from Quan D, Bird SJ. Nerve conduction studies and electromyography in the
evaluation of peripheral nerve injuries. Univ Pa Orthop J. 1999;12:45–51.

Cervical Stenosis
Congenital cervical stenosis is a risk factor for cervical spine
injuries.147 Two studies have analyzed the relationship of
burners to cervical stenosis in college football players at the
University of Iowa and Tulane University.137,148 Burners were
more common in players with spinal stenosis as deined by the
Torg ratio, especially the occurrence of repeated episodes of
neurapraxia. he Torg ratio is deined as the ratio of the spinal
canal width to the width of the vertebral body at the same
level, and is most narrow at C7. hese studies suggest that a
Torg ratio of 0.7 to 0.8 or lower is high risk. For players with
cervical stenosis, the risk of burners is three times that of
players without stenosis (Fig. 33.7).

Transient Spinal Cord Compression
Torg and colleagues149 described the syndrome of transient
quadriplegia, considered to represent a “neuropraxia of the
cervical spinal cord.” his syndrome includes bilateral upper
extremity and lower extremity neurologic involvement with
no associated fracture or dislocation. It usually resolves within
36 hours. he transient quadriplegia was associated with
developmental spinal stenosis, either as an isolated entity or
associated with congenital abnormalities, cervical instability,
or intervertebral disc disease. he authors noted statistically
signiicant spinal stenosis in all patients who incurred episodes
of transient quadriparesis.149,150 hey also noted that there was
“no evidence that the occurrence of neuropraxia of the cervical spinal cord predisposes an individual to permanent neurological injury.”149

Fracture
Fracture of the Thoracolumbar Spine
Fracture or dislocation of the thoracolumbar spine is unusual.
he typical mechanism is an axial load, as from a fall onto the
buttocks from a height or at a relatively rapid speed. he injury
is usually a relatively benign compression fracture occurring
in the lower thoracic spine or at the thoracolumbar junction.
Some compression fractures are not easily seen on plain
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sledding, skiing, horseback riding, boxing, weightliting, and
climbing.
Burners are caused by either compression or distraction.
An asymmetrical axial load on the neck causing compression
in the neuroforamen can injure the peripheral nerve root. If
the athlete falls directly on the shoulder and the head is distracted away from the shoulder, traction is applied to the nerve
root and the brachial plexus. When the cervical spine is
hyperextended, hyperlexed, or laterally lexed to the opposite
side, the angle between the shoulder and neck is increased
beyond the normal range, stretching the brachial plexus.
Symptoms are a severe burning or searing pain in the
shoulder and arm associated with loss of sensation and weakness of the arm. he pain may be decreased by abducting the
shoulder; this can be achieved by asking the athlete to place a
hand on the top of the head. he Spurling maneuver is a
provocative maneuver that reproduces the compression
mechanism of injury. he patient’s neck is extended, laterally
lexed to the involved side, and rotated to the involved side
with axial loading applied while in that position. he burning
or searing pain is reproduced. Extension-compression mechanisms are most common, followed by brachial stretch and
direct blow mechanisms.135
Burners are best prevented by enforcing the rules on spearing, by strengthening and conditioning the neck, and by
proper use of good-quality protective equipment. Shoulder
pads are protective equipment for the neck in football. An
A-frame design to the shoulder pads brings lateral stability to
the base of the neck, preventing lateral tilt while allowing
rotation of the head, which occurs at C1–C2 (50%). he base
of the shoulder pad needs to extend down well on the chest
anteriorly and posteriorly to link the chest to the base of the
neck. It is almost impossible to prevent extension of the head.
he player needs to learn to block with the shoulder and keep
the head down so that the opposing player is not contacted
with a facemask or the helmet.
Initial treatment for this injury is removal from participation and rest, followed by strengthening exercises of the neck
and, inally, careful stretching and restoration of ROM. Because
the pain, paresthesias, and weakness typically last only a few
seconds or minutes, these injuries fall into the Seddon classiication of neurapraxia. Occasionally, athletes with more
severe injuries experience a prolonged recovery period that
may last hours to several weeks and may lead to a prolonged
loss of time from competition.136–143 Return to play criteria
include full ROM of the neck associated with complete return
of arm strength and sensation.
Burners may occur many times during the season, ranging
from a transient nerve irritation without residual damage to a
complete avulsion of the nerve root from the spinal cord with
permanent deicit. Burners are symptoms of injury to either
the brachial plexus or a nerve root, and must be evaluated
systematically.
Quan and Bird144 proposed a classiication of peripheral
nerve injuries that correlates well with electrodiagnostic
studies and prognoses, based on earlier classiications by
Seddon145 and Sunderland.146 his classiication scheme is
useful for diagnosis and advice in individual cases (Table 33.2).
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radiographs (Fig. 33.8). When there is signiicant pain or
tenderness using spot radiographs, CT or MRI can aid in
identiication and localization of the fracture. Any neurologic
indings require special evaluation.
Treatment of spine fractures generally falls into two categories: closed and open. With closed treatment, the fracture is
reduced if necessary, and the patient is immobilized in a body
cast. Reduction is the primary technique for decompression
of the spinal cord. If reduction is not required, the patient is
itted with a brace for comfort.

With open treatment, a surgical procedure is performed to
reduce or secure severely displaced or unstable fractures. Open
procedures are indicated when two or three of the pillars of
the vertebral column are disrupted. Internal ixation is usually
required. Pedicle screws and rods are the current devices
used for posterior ixation. Anterior ixation with plates and
screws is less common. Bone grating to obtain spinal fusion
and biologic long-term stabilization are the inal parts of the
procedure. Factors to consider when deciding when and if an
athlete should return to play ater spine fracture are healing,
rehabilitation, risk of reinjury, and neurologic status.

Sacral Stress Fracture
Sacral stress fractures, more commonly seen in the intrapartum or postpartum period of pregnancy or elderly osteoporotic
patients, also can occur in individuals participating in running
sports, typically at an elite level. Large series studies are not
available on this condition, and most literature consists of case
reports. Pain is oten localized to the low back and buttocks.151
Diagnosis is made using plain radiographs and MRI or CT
scan. Treatment includes a brief period of limited weight
bearing followed by progressive mobilization, physical therapy,
and return to sport in 1 to 2 months, ater the pain has resolved.
Addressing nutritional status and calcium/vitamin D intake
are important in preventing repeat stress fractures.152 Gait and
running analysis can also be performed to assist in recovery
and prevention.

Iliac Apophysitis

FIG. 33.7 Cervical stenosis. This young college football lineman has a Torg
ratio of 0.4 and is at great risk in continuing the sport because of congenital
spinal stenosis.

Apophyseal injuries are a unique injury in adolescent athletes,
and are associated with skeletal immaturity and repetitive
microtrauma. With iliac apophysis involvement, the patient
usually presents with back pain localized to the iliac crest,
which facilitates diagnosis. here is local tenderness, which is

FIG. 33.8 Thoracolumbar fracture in a 16-year-old horsewoman. The fracture was aligned and stabilized by
three-level fusion. Anatomic details are clear on this three-dimensional computed tomographic scan.
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Tumor
Spine cancers in children are rare. Children 7 to 15 years old
with spine infection or tumor tend to present with back,
pelvic, or abdominal pain.158 Intradural spinal metastasis pain
is a characteristically cramping pain. he physician should
take note of back pain that increases with recumbency and
keeps the patient awake at night. Progressive pain is characteristic of tumors, not trauma-induced pain. he pain of
cancer tends to be constant.
Neoplasia of the spine may originate in either the neural or
the osseous elements. Most bony spine tumors of childhood
are benign, but they usually cause pain or an irritative scoliosis
(Fig. 33.9). Osteoid osteoma is a small, sclerotic, irritative
lesion of the posterior spinal elements. he pain is worse at
night, and is relieved by aspirin or other antiinlammatory
drugs. Although the natural history is for spontaneous resolution of the pain over years, patients do not oten tolerate
long-term pain well.

A

Osteoblastoma is a larger version of the same process.
Osteoid osteoma and osteoblastoma may manifest as stifness
or scoliosis with or without pain. he lesion may not be apparent on plain radiographs. Bone scan is intensely positive and
an excellent irst supplemental imaging study in children.
Eosinophilic granuloma in the spine produces a lattening
of the vertebra, or vertebra plana, rarely with neurologic
compromise. Some degree of vertebral regrowth occurs with
time in this benign condition. Conservative treatment is
indicated if the diagnosis is clear.
Bony malignancies are rare and include leukemia, Ewing
sarcoma, and osteosarcoma in bone, and neuroblastoma or
astrocytoma in the spinal cord. In the absence of actual bone
destruction, these tumors may show subtle signs of pressure
owing to their growth, such as separation or thinning of the
pedicles or scoliosis.
Spinal cord tumors, such as astrocytoma or ependymoma,
are more likely to manifest as extremity weakness, gait disturbance, or scoliosis. Precisely because they are rare, these
serious lesions should always be kept in mind. MRI is the
study of choice for diagnosis.

PEARLS
1. Back pain in an active adolescent athlete is due to spondylolysis
until proven otherwise.
2. An open-ended history taken from the patient is the most
cost-efective diagnostic tool and worth the time.

PITFALLS
1. Do not perform a cursory nonfocused history and examination
for adolescent back pain.
2. Do not jump to surgery before implementing efective
nonoperative treatment for back pain.

B

FIG. 33.9 Osteoid osteoma. Tumor did not show on magnetic resonance imaging done for this 14-year-old
softball pitcher who presented with back pain and scoliosis. (A) The single-photon emission computed
tomographic (CT) scan was hot at L3. (B) This computed tomographic scan clearly delineates pathologic lesion.
Irritative scoliosis corrected spontaneously after the tumor was excised.
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exacerbated by resisted lateral bending and extension. Radiographs are normal. he treatment is conservative for 3 to 6
weeks, during which time the pain predictably resolves. Bone
stimulators have been successfully used in refractory cases.153
Greater trochanter apophysitis has also been described in an
adolescent athlete, whose radiographs showed a widened
sclerotic apophysis. he patient had resolution of pain and
symptoms ater conservative management.154
he typical athlete afected is an adolescent runner. Clancy
and Foltz155 described a series of 21 young distance runners,
in all of whom pain resolved with alteration of training and
rest. As the apophysis closes at the end of growth, even the
most recalcitrant cases resolve, similar to Osgood-Schlatter
disease of the knee. here are a couple of case reports of
avulsion of the apophysis in older teenagers that was surgically
repaired, but this is rare.156,157
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KEY POINTS
1. Most spine sports injuries in children are chronic injuries
resulting from overuse rather than acute injuries secondary to
direct trauma.
2. Encouraging the patient to relate his or her history by attentive
listening is helpful in determining a diferential diagnosis more
quickly and accurately.
3. The most common cause of chronic back pain in adolescent
athletes is stress fracture or spondylolysis.
4. Sports employing repeated hyperextension maneuvers, such as
gymnastics, provide the mechanism for increased stress on the
pars interarticularis, which is the site of spondylolysis.
5. Screening radiographs seldom augment a benign history in
making a diagnosis. For patients who do not improve in 3 to 4
weeks, CT and MRI can be helpful for diagnosis.
6. Nonoperative treatment is efective for most back pain in
children. Spondylolysis, spondylolisthesis, or the rare condition
HNP may require operative treatment. Vigorous postoperative
rehabilitation may return the athlete to sport.

KEY REFERENCES
1. Bono CM. Low back pain in athletes. J Bone Joint Surg Am.
2004;86:382-396.
This review focuses on spondylolysis and degenerative lumbar
disc disease as the major sources of chronic pain in athletes,
while pointing out that most low back pain in athletes is due
to self-limited sprains or strains. Although these injuries usually
respond to nonoperative treatment, the author found direct repair
of recalcitrant defects to be the usual course recommended in the
literature. Whether the disc changes are worse than changes seen in
the general population is debatable. The author advocates anterior
interbody fusion for a patient who does not respond to a directed
conservative program.
2. Brodke DS, Ritter SM. Nonoperative management of low back
pain and lumbar disc degeneration. J Bone Joint Surg Am.
2004;86:1810-1818.
This review article summarizes the treatment options for nonspeciic
low back pain, including bed rest, medications, physical therapy,
manipulation, braces, and injections. The authors acknowledge
that a speciic pain generator should be sought and that scientiic
evidence is lacking to support any particular mode of treatment.
3. Ginsburg GM, Bassett GS. Back pain in children and adolescents:
evaluation and diferential diagnosis. J Am Acad Orthop Surg.
1997;5:67-78.
The authors document the diferential diagnosis for back pain in
children to include spondylolysis, spondylolisthesis, Scheuermann
kyphosis, disc herniations, infections, and tumors. They discuss the
appropriate tests for early detection and treatment with a rationale
for selecting the most appropriate study.
4. McGill SM. Low back exercises: evidence for improving exercise
regimens. Phys Ther. 1998;78:754-765.
This review article documents the biomechanical evidence from
the laboratory that can be used to guide the scientiic choice of an
exercise program for back pain. The author recommends that an
exercise program load tissues to strengthen them, while avoiding
injury from overexertion. The relative importance of strength,
lexibility, and endurance is explored. Speciic exercises are described
to enhance the stability of the back for rehabilitation and health
maintenance.
5. Salminen JJ, Erkintalo MO, Pentti J, et al. Recurrent low back pain
and early disc degeneration in the young. Spine.
1999;24:1316-1321.

The authors studied a group of 14-year-old Finnish boys and girls
prospectively who had chronic low back pain and compared them
with a similar sample of 40 patients who were asymptomatic. The
risk of reporting recurrent low back pain up to age 23 years was 16
times as high in the group with early degenerative disc indings.
Signiicant changes included disc protrusion and Scheuermann-type
changes on MRI of the lumbar spine.
6. Standaert CJ, Herring SA. Spondylolysis: a critical review. Br J
Sports Med. 2000;34:415-422.
The authors based their review on more than 125 articles addressing
spondylolysis. They found no controlled clinical trials. Their
conclusions were that isthmic spondylolysis is a fatigue fracture
of the pars interarticularis, which is more often symptomatic in
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without healing of the skeletal defect. Multiple imaging studies have
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surgery is indicated.
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Introduction
Congenital anomalies of the cervical spine are an infrequent
occurrence; physicians who manage children with these
anomalies must be involved in the total care of the patient.
Other anomalies are frequently present, including vascular,
cardiac, renal, and musculoskeletal manifestations. An accurate diagnosis may be delayed because radiographic evaluation
of pediatric patients can be diicult, and these anomalies
frequently do not manifest until the patient is older.
his chapter is concerned with the evaluation and treatment of congenital anomalies of the pediatric cervical spine.
Special consideration will be given to the role of radiographs
and advanced imaging in making an accurate diagnosis, as
well as surgical stabilization techniques.

Modern Cervical Instrumentation in Children
In the past, the only internal stabilization option available to
surgeons treating children with cervical spine disorders was
wiring techniques. hese wires were traditionally sublaminar
and were found to have acceptable rates of fusion and complications for a variety of cervical spine disorders. With advances
in technology, screw options are now available for every
segment of the cervical spine. Coupled with rigid rod connections, modern segmental screw instrumentation now afords
surgeons a powerful and reliable tool to safely stabilize most
pediatric cervical spine anomalies. hese advanced constructs
ofer improved options for treating complex deformities
associated with poor bone quality. A thorough understanding
of the bony, neurologic, and vascular anatomy is paramount
to successful implementation of these techniques.

Occipital Plating
Previous ixation options to the occiput included wiring
techniques, such as loop-rod constructs. Modern techniques
include the placement of occipital screws (most commonly
through a plating system), which are then secured to a rod

construct. Recent biomechanical data have demonstrated that
occipital screws are superior to loop-rod wiring techniques in
all planes of motion.1 Placement of these screws is most commonly at the external occipital protuberance, and computed
tomography (CT) scan–based studies have conirmed this as
the thickest area of bone available for ixation with the ability
to accept unicortical screws at acceptable pullout strength.2–4
Studies speciically in children aged 2 to 6 years have conirmed this as the optimal location for screw placement5 (Fig.
34.1). In a recent review of 70 children treated with occipital
plating connected to cervical screws with rods, rates of fusion
were high and complications rates were acceptable.6

C1 Screws
In congenital anomalies, sublaminar wiring of C1 in children
is not always feasible, as the posterior arch of the atlas is not
always completely formed. Furthermore, many procedures
about the cervical spine require concomitant decompression
of C1, which eliminates the ability to obtain wire ixation.
Lateral mass screws can be safely placed in patients as young
as 2 years old5,7,8 (Fig. 34.2). CT studies of C1 in children have
provided excellent information on the bony anatomy, including appropriate starting point and screw placement trajectory.
Salient principles of techniques for placement of C1 screws
in children include a thorough understanding of the relationship of the vertebral artery to the bone (usually obtained by
preoperative CT scan). In children, the location of the vertebral
artery is usually closer than the traditional 1.5 cm from the
midline, as described in adults,9 and extra care should be
assumed in the setting of congenital anomalies. In order to
improve exposure of the starting point, some surgeons sacriice the root of C210; however, we have not consistently found
this to be necessary. Hemostasis and control of the venous
plexus found in this area are critical in the safe placement of
C1 screws.
C1 lateral mass screw placement is successful in a variety
of pediatric pathologies, including atlantoaxial instability,
with low rates of complications, resulting in predictable
fusion.6,11,12
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A

FIG. 34.3 Axial computed tomographic image demonstrating crossed
laminar screws at C2.

B
FIG. 34.1 (A) Coronal and (B) sagittal reformatted computed tomographic
images showing that the external occipital protuberance is the thickest area
of bone available for occipital screw purchase. If concerns of venous sinus
penetration are present, unicortical screws may be used with little decrease
to the biomechanical strength of the construct.

A

C2 Screws
C2 is an important segment in pediatric cervical spine fusion
constructs, as it can serve as the base of an occipitocervical
construct, or the top of a lower cervical construct. Many screw
options exist in C2, including laminar screws and pars/pedicle/
isthmus screws. With limited space available for the cord at
this segment, screw options are an attractive alternative to
sublaminar wiring. As in the case of C1, adequate knowledge
of the course of the vertebral artery is mandatory for successful implantation.13
he spinous process of C2 is the landmark for the entry
point for translaminar screws, which are efective for construct
rigidity.14 Clinically, laminar screws are safe and eicacious.14,15
Canal breach has not been reported in children11,13 (Fig. 34.3).
Regarding the C2 pars/isthmus/pedicle, there is variability
in the terminology. Technically, two separate screw paths exist,
but the pars and pedicle are commonly intertwined in a shared
mass of bone. Most frequently, surgeons select the course and
tract of the screw based on maximum available bony purchase,
as well as the location of the vertebral artery and C1–C2
articulation.
Rigid screw ixation, either through pars/pedicle or translaminar screws, is possible in almost all patients. his method
serves as an excellent and reliable ixation point in pediatric
deformity surgery without injury to the vertebral artery or
malposition of screws in the vast majority of patients.6,11,13

C1–C2 Transarticular Screws

B
FIG. 34.2 (A) Axial and (B) sagittal reformatted computed tomographic
images demonstrating appropriate placement of C1 lateral mass screws.

C1–C2 transarticular screws are a powerful, but challenging,
ixation technique. he challenges of screw placement are
threefold: dissection of the C2 isthmus must be adequate,
dissection of the C1–C2 joint must be complete, and an understanding of the course of the vertebral artery in relation to C1
and C2 must be thorough. Common vertebral artery anomalies
that preclude C1–C2 screws include high-riding vessels next
to a small isthmus or medially deviated vessels blocking the
optimal trajectory. he most common problematic vertebral
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FIG. 34.4 Transarticular C1–C2 screws. Note posterior cables securing bone
graft. This construct is powerful and stable if the surgeon is aware of the
challenges associated with screw placement.

artery course in relation to C2 is a medial deviation.13 To
complicate matters in pediatric patients, few children younger
than age 6 years have anatomy suitable for transarticular
screws given either the size of the C2 isthmus or the course
of the vertebral artery.5 However, clinical studies have shown
that, even in younger patients, screws may be safely placed if
the preoperative imaging demonstrates anatomy that allows
for safe screw placement16,17 (Fig. 34.4). Some authors have
found success in children younger than age 4 years, as long
as safe anatomy on CT scan can be conirmed.17,18 In cases of
severe bony anomalies or aberrant vertebral artery courses,
placement of a unilateral C1–C2 transarticular screw is a
biomechanically reasonable consideration.17

FIG. 34.5 Lateral mass screw placement for cervical instability.

Subaxial Lateral Mass Screws
Several studies have demonstrated that the use of lateral mass
screws in children is safe and efective, as long as preoperative
planning principles are maintained.19,20 We use lateral mass
screws for a variety of pediatric conditions. Postoperative CT
has shown complete screw containment in all cases and there
have been no vertebral artery injuries or postoperative nerve
deicits.19,20 (Fig. 34.5) Although subaxial lateral mass screws
can be safely placed in children as young as 4 years, the indications are rare. We do not use cervical pedicle screws in pediatric
patients given the cadaveric anatomic studies showing the size
of the pedicle is not adequate for safe screw placement in the
majority of patients.21

Halo
he halo orthosis is a powerful tool with a variety of uses in
pediatric cervical spine pathology. In patients who present
with substantial and signiicant deformity, the halo can be
used to obtain an efective reduction prior to deinitive surgical stabilization. Common principles in application of halo
rings to pediatric patients include a greater number of pins

FIG. 34.6 A halo vest orthosis applied intraoperatively can maintain
reduction and protect the eyes and face.

than traditionally utilized in adult patients, and less torque per
pin. Care should be taken to avoid the supraorbital and supratrochlear nerve. he halo should be applied just superior to
the equator of the head.22
Application and use of a halo vest orthosis preoperatively
can aid the surgeon in maintaining reduction and protecting
the patient during surgery. We commonly apply a halo vest
orthosis once the patient has undergone general anesthesia.
Once a reduction is obtained, the halo vest is secured. he
patient is then turned into the prone position and the posterior
leaf of the vest is removed. he reduction is reliably maintained
for surgery, and pressure is removed from the face and eyes
during the procedure (Fig. 34.6). Given the poor bone quality
and pseudarthrosis rates in many pediatric cervical conditions, postoperative use of the halo vest provides additional
security to the instrumented spine.
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Halo vest orthoses are not benign devices; surgeons must
use them judiciously. In a large series of patients, complications occurred in over half of patients. Neurologic changes are
not rare when utilizing halo traction for reduction, and pin
site infections are frequent.23 his has led some authors to
recommend pinless halo systems, which have been found to
be safe in a variety of disorders.24,25 Halo utilization in toddlers
should be used with caution, as these children are prone to
falls, which may destabilize the halo vest construct.26

Navigation
Improvements in image acquisition and computer-based planning sotware have aforded surgeons the ability to preoperatively plan and skillfully execute surgery using navigation
technology. he feasibility and efectiveness of this technology
has already been well explored in the thoracic and lumbar
spines in pediatric patients.27–30 New research is emerging on
the utilization of this technology and its applications in pediatric cervical spine surgery.31

Speciic Cervical Spine Conditions
Basilar Invagination
Basilar invagination (or impression) is a deformity of the base
of the skull at the foramen magnum. he relationship between
the base of the skull and upper cervical spine is altered, and
the tip of the odontoid becomes more cephalad, protruding
into the foramen magnum. his deformity may encroach on
the brain stem, increasing the risk of neurologic damage.
here are two types of basilar impression. he irst is a
primary congenital abnormality oten associated with other
vertebral defects, such as occipitoatlantal fusion, hypoplasia of
the atlas, or Klippel-Feil syndrome.32 Secondary basilar invagination is an acquired developmental condition usually attributed to recurrent microfractures in the region of the foramen
magnum from the axial load from the skull, which precipitates
sotening, lattening, and infolding of the posterior skull base.
It is a potential sequela of osteogenesis imperfecta, neuroibromatosis, and other osteochondrodysplasias.33–35

Clinical Features
Patients with basilar invagination frequently have a deformity
of the skull or neck, and may present with torticollis.36,37 he
symptoms (or lack thereof) are diicult to explain,36,38 but are
generally due to encroachment of the neural structures (particularly the medulla oblongata) at the level of the foramen
magnum. he neurologic sequelae are determined by the
degree of cranial migration of the dens. In addition to the
direct compression of the ventral brain stem, the dens creates
a fulcrum for traction on the cervical cord. Cerebellar dysfunction may arise from direct compression or relect secondary herniation from the posterior fossa.
Basilar invagination is frequently associated with other neurologic conditions, such as Arnold-Chiari malformation36 and
syringomyelia39–41; therefore, the clinical picture may be unclear.

Patients with pure basilar impression mainly complain of motor
and sensory disturbances, such as weakness and paresthesia
of the limbs within more severe cases of alteration of gait. In
contrast, symptomatic patients with pure Chiari malformation
are more likely to complain of cerebellar and vestibular disturbances (gait alteration, dizziness, and nystagmus). However,
many patients will present with a combination of these symptoms, as these conditions commonly simultaneously coexist. In
both conditions, there may be impingement of the lower cranial
nerves as they emerge from the medulla oblongata. here may
be pain in the nape of the neck from compression of the greater
occipital nerve. Headache may also occur from blockage of
the aqueduct of Sylvius, causing increased intracranial pressure.36,42 Upon physical examination, many of these patients
will have indings indicative of cord compression (myelopathy)
or upper motor neuron dysfunction, such as a wide-based gait,
decreased motor strength, and increased relexes.
here is a high incidence of vertebral artery anomalies in
basilar invagination.43 he vessels may be compressed passing
through the crowded foramen magnum, causing symptoms
suggestive of vertebral artery insuiciency, such as dizziness,
seizures, and syncope.36,43,44 Compromise of vertebral arteries
in the foramen magnum may lead to degeneration of the
spinal cord and medulla, which may be an explanation for the
frequent association with syringomyelia or syringobulbia.45
Many patients do not develop symptoms until the second
or third decade of life36 due to gradually increasing instability
from ligamentous laxity caused by aging. hese individuals
oten develop premature cervical osteoarthritis, and arteriosclerotic changes in the vertebral arteries may make these
vessels more susceptible to minor constrictions.

Imaging
Basilar invagination is diicult to assess radiographically.
Many measurement schemes have been proposed, such as the
Chamberlain,46 McGregor,42 and McRae lines on the lateral
radiograph (Fig. 34.7) and the Fischgold-Metzger line in the
anteroposterior projection. he Chamberlain line42,46 (a line
drawn from the dorsal marginal hard palate to the posterior
lip of the foramen magnum) is seldom used because the
posterior lip of the foramen magnum (opisthion) is diicult
to deine on a standard radiograph and is oten itself invaginated. he McGregor42 line (a line drawn from the upper
surface of the posterior edge of the hard palate to the most
caudal point of the occipital curve of the skull) is easier to
identify (Fig. 34.8). he position of the tip of the odontoid is
measured in relation to this baseline, and any distance greater
than 4.5 mm above the McGregor line is considered abnormal.
he McRae line deines the opening of the foramen magnum
and is an accurate guide in the clinical assessment of patients
with basilar impression because if the tip of the odontoid lies
below the opening of the foramen magnum, the patient is
likely to be asymptomatic. A criticism of the lateral lines
(McGregor and Chamberlain) is that the hard palate is not
actually a part of the skull and may be distorted by an abnormal facial coniguration or a highly arched palate, independent
of a craniovertebral anomaly.47

Chapter 34 Congenital Anomalies of the Cervical Spine

613

S E C T I O N

McRae
Chamberlain

IV

McGregor

FIG. 34.7 Three lines used to determine basilar impressions. The
Chamberlain line (1939) is drawn from the posterior lip of the foramen
magnum (opisthion) to the dorsal margin of the hard palate. The McGregor
line (1948) is drawn from the upper surface of the posterior edge of the
hard palate to the most caudal point of the occipital curve of the skull. The
McRae line (1953) deines the opening of the foramen magnum. The
McGregor line is the best method for screening because the bony landmark
can be clearly deined at all ages on routine lateral radiograph.
FIG. 34.9 Sagittal magnetic resonance image of basilar invagination shows
cord signal change.

signal change, Chiari malformation, hydrocephalus, syringomyelia, or cerebellar herniation35 (Fig. 34.9).

Treatment

FIG. 34.8 A 12-year-old male presented with a history of unusual gait.
Routine lateral radiograph suggested that the odontoid was displaced
proximally into the opening of the foramen magnum. The McGregor line
(white) has been drawn from the most caudal portion of the occiput to the
hard palate. The tip of the odontoid is more than 4.5 mm above this line,
indicating a basilar impression.

Since the advent of CT and magnetic resonance imaging
(MRI), the diagnosis of basilar invagination can be made
directly rather than based on radiographic lines.48 MRI also
allows direct assessment of neural compression and identiies
the presence of associated pathologic processes, such as cord

Treatment of basilar invagination depends on the cause of
the symptoms and is dictated by the severity of ventral neural
compression and reducibility of the deformity. Absolute indications include symptomatic patients with documented impingement with spinal cord signal changes. Relative indications
include progressive deformity or signiicant deformity with
cord impingement in asymptomatic patients. Hydrocephalus
from aqueductal stenosis, if present, must be addressed irst with
ventricular shunting before any other surgical interventions.35
In symptomatic patients, the cervical spine should initially
be realigned using halo traction, which will also help decompress the neural elements. However, careful radiographic
evaluation of the occipitocervical junction should precede use
of traction,49 as children with occipitocervical anomalies may
be at increased risk of vertebral artery injury.
Ater application of halo traction, radiographs and MRI
may be used to determine the adequacy of reduction and
neural decompression. Patients who respond to closed reduction should be treated with posterior decompression via
suboccipital craniectomy and upper cervical laminectomy,
followed by occipitocervical arthrodesis to maintain stability and promote fusion.35,37,50,51 he dura should be opened
to look at any tight posterior dural bands.36 In rare cases in
which brain stem compression is not relieved by traction,
circumferential anterior and posterior decompression, with
resection of compressive elements, is recommended, followed
by posterior fusion.35,52–55 Anterior decompression can be
performed through an open transoropharyngeal approach56
or through an endoscopic approach.57
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patients did not survive this injury; improved resuscitative
measures have resulted in more patients surviving this condition. In both traumatic and congenital cases, the clinical and
neurologic manifestations are due to trauma near the brain
stem, and include motor weakness, pain, vertigo, and vomiting.61 he most common anomalies of the upper cervical spine
associated with this condition include Down syndrome and
Klippel-Feil syndrome.62 Patients who have Down syndrome
fail to develop the normal curved architecture in the occipital
condyle, resulting in the development of occipitoatlantal
instability63 (Fig. 34.11).
In cases of both congenital and traumatic atlantooccipital instability, surgical stabilization is recommended with
arthrodesis from the occiput to C2.64 Authors have reported
successful outcomes using a variety of stabilization techniques.65 In cases of trauma, neurologic sequelae are common.
Any further deterioration should alert the clinician to the
possibility of hydrocephalus.66

Occipitoatlantal Fusion (Occipitalization,
Occipitocervical Synostosis)

FIG. 34.10 A 10-year-old male with basilar invagination following posterior
decompression and occiput to C2 instrumented spinal fusion. This is the
same patient shown in Fig. 34.8; note the improved relationship of the
odontoid to the foramen magnum.

Modern segmental fusion ixation constructs include
occipital and cervical screws connected by a rod.58 Occipitocervical arthrodesis from occiput–C2 can be performed
with or without instrumentation at C16 (Fig. 34.10). In cases
in which primary basilar invagination is diagnosed without
neural injury, in situ stabilization without decompression may
be beneicial to prevent further progression or neurologic
compromise.
Posterior fossa decompression alone for symptomatic secondary basilar invagination typically provides only transient
relief of symptoms and is not recommended, as recurrent
neurologic deterioration inevitably occurs months to years
later. his is because secondary basilar invagination tends to
progress even ater occipitocervical fusion with infolding of
the skull base around the fusion mass and progressive forward
bending.34 Prolonged bracing with an orthotic device and lifelong surveillance may be necessary to halt further recurrence
or symptomatic progression.35,59 Bisphosphonates have shown
some promise in being able to delay skull base malformations
in some children with osteogenesis imperfecta, but routine
surveillance is still required.60 Some patients with secondary
basilar invagination may beneit from surgical stabilization.

Occipitoatlantal Instability
Occipitoatlantal instability is rarely due to a congenital
anomaly and is more oten caused by trauma. In the past, most

Occipitoatlantal fusion is characterized by a partial or complete union between the base of the occiput and C1 (the atlas;
Fig. 34.12). It ranges from a ibrous band connecting one or
both of the occipital condyles to the atlas to complete osseous
union.67 Both upper and lower cervical anomalies may be
associated with this condition, including occipital condyle
hypoplasia, basilar impression, or Klippel-Feil syndrome. he
incidence of occipitocervical malformations is around 2 per
1000 children, with a male predominance of 80%.62,68,69

Clinical Features
Patients with occipitoatlantal fusion have a short neck with
limited cervical motion.70,71 Associated spinal deformities,
such as kyphosis and scoliosis, are frequent. Neurologic
symptoms do not manifest during childhood, but develop in
the third or fourth decades69 in a slow, unrelenting manner.72
It is unclear why neurologic problems develop so late and
progress so slowly, but they are likely due to the degree of
actual or relative basilar impression and the position of the
odontoid. When the odontoid lies below the foramen magnum,
the patient is usually asymptomatic,73 but with fusion of the
atlas to the occipital condyles, the odontoid may project far
into the foramen magnum, producing brain stem pressure70
(Fig. 34.13).
In this condition, the backward-projecting odontoid compresses the brain stem, causing upper motor neuron indings
(spasticity, hyperrelexia, and muscle weakness) and cranial
nerve involvement (diplopia, tinnitus, dysphagia, and auditory disturbances). he relative basilar invagination may cause
vascular disturbances from vertebral artery involvement and
irritation of the greater occipital nerve. Clinical manifestations include syncope, seizures, vertigo, and unsteady gait;
dull, aching pain in the posterior occiput; and neck tenderness noted in the area of the posterior scalp. Rarely, acute
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A

B

FIG. 34.11 (A) Flexion and (B) extension lateral radiographs in a patient with Down syndrome. Note the
lattened occipital condyles and translation relative to the atlas. More attention is now being paid to
craniocervical instability in Down syndrome.

A

FIG. 34.13 Lateral radiograph demonstrating fusion C1 to the occiput.
Note the relative basilar invagination, resulting in neurologic symptoms in
this patient.

B
FIG. 34.12 (A) Coronal and (B) sagittal reformatted computed tomography
scan images demonstrating complete fusion of the atlas to the occiput
bilaterally.
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respiratory failure secondary to hypoventilation and sleep
apnea may occur.39

Imaging
In children with occipitoatlantal fusion, radiographs are dificult to interpret, and advanced imaging, such as CT or MRI,
may be necessary.74,75 he condition may range from a bony
or ibrous band to total fusion of the atlas into the occipital
bone (see Fig. 34.12). Gholve et al.69 proposed a morphologic
classiication of this anomaly: zone 1, a fused anterior arch;
zone 2, fused lateral masses; zone 3, a fused posterior arch;
and a combination of fused zones. Most commonly, the anterior arch of the atlas is fused to the occiput, with a hypoplastic
posterior arch. Posterior fusion is not usually evident because
this portion of the ring may only consist of a short bony fringe
on the edge of the foramen magnum. Although innocuous in
appearance, this fringe is frequently directed downward and
inward and can compromise the spinal canal.
here is frequently an associated congenital fusion of C2–
C3.73 his results in greater demands being placed on the
atlantoaxial articulation, particularly in lexion and extension,71 resulting in atlantoaxial instability in 50% of patients.76
Obtaining lexion-extension stress ilms is imperative. As
mentioned earlier, with fusion of the atlas to the occiput, there
is a relative loss of height of the atlas, allowing the odontoid
to project upward into the foramen magnum and creating a
basilar impression (see Fig. 34.13). Finally, a constricting band
of dura posteriorly may create a groove in the spinal cord and
may be the primary cause of symptoms. he band cannot be
visualized on routine radiographs; therefore, MRI should be
part of the evaluation.

Anomalies of Ring of C1
In normal development, ossiication of the atlas proceeds from
paired centers, one for each of the lateral masses, then progresses posteriorly into the neural arches, which are fully
ossiied at birth except for a gap of 5 to 9 mm posteriorly that
closes by the fourth year.75 he anterior arch of the atlas ossiies from a single center, which appears during the irst year
of life and fuses to the remainder of the atlas by the third
year.68,75,82 he most common anomalies of C1 are a persistent
biid anterior (Fig. 34.14) and posterior (Fig. 34.15) arch, or a
hemiatlas (absence of a C1 facet).
here is about a 3% incidence of failure of closure of either
the anterior or posterior arch of the atlas beyond age 4 years.83
his anomaly can be observed in several conditions, such as
skeletal dysplasias, Goldenhar syndrome, Down syndrome,
and Conradi syndrome.51
Anomalies of the posterior arch can be characterized as
median clets or hypoplasia. A classiication scheme for congenital defects of the posterior arch of C1 has been proposed
(Fig. 34.16). More than 90% of patients are asymptomatic with
a type A median clet variant, which is incidentally identiied

Treatment
Management of this uncommon problem carries a high risk of
morbidity and mortality.70,77 In patients with persistent complaints of head and neck pain, initial nonoperative methods—
such as antiinlammatories, rest, and cervical collars—may be
initially attempted. With an unstable atlantoaxial complex and
neurologic deicits, we recommend posterior decompression
and posterior occipital cervical stabilization and fusion with
rigid segmental instrumentation from the occiput to C2.58
Further stability can be obtained by using a halo ixator in the
postoperative period.78 If reduction is possible and there are
no neurologic signs, surgical intervention carries an improved
prognosis.70
With irreducible ventral compression, transoral resection
of the odontoid may be considered,79 but may risk destabilizing the entire upper cervical spine.80 We do not recommend
isolated cervical laminectomy without instrumentation, as
this may increase C1–C2 instability or lead to the late development of a cervical kyphosis, particularly if the laminectomy
involves several levels.81 We also strongly caution against
operative reduction (rather than preoperative halo traction),
which can result in death.

FIG. 34.14 Axial computed tomography scan demonstrating incomplete,
or biid, anterior arch.

FIG. 34.15 Axial computed tomography scan demonstrating incomplete,
or biid, posterior arch.
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FIG. 34.16 Classiication system for posterior C1 ring anomalies. Type A is
small midline failure of fusion. Type B defects are unilateral clefts of variable
size, ranging from small gap to complete absence of hemiarch. Type C
indicates bilateral defects with preservation of most of the dorsal arch. Type
D is complete absence of posterior arch with a retained, midline tubercle.
Type E is a complete posterior arch and tubercle deiciency. (Modiied from
Currarino G, Rollins N, Diehl JT. Congenital defects of the posterior arch of
the atlas. Spine. 2000;47:267–271.)

on radiographic studies.83 Types C and D are accompanied by
a free-loating posterior tubercle. hese patients may experience neck pain and neurologic symptoms before discovery of
the anomaly. he free posterior tubercle has been shown to
move with neck extension, and in some cases may migrate
anteriorly and traumatize the spinal cord with neck extension.
Rarely, hypoplasia of the posterior arch occurs and has been
associated with myelopathy.84
Dubousset85 recognized the problem of the hemiatlas of
C1, or absence of the facet of C1, which can lead to severe
and progressive torticollis in young children (Fig. 34.17).
Initially, the deformity is lexible but becomes more severe and
eventually ixed as the child ages. CT is necessary to identify
this deformity. It can accompany Klippel-Feil syndrome with
anomalies of the lower cervical spine as well, and there is
an increased incidence of anomalies of the vertebral vessels
in these children. Clinicians should utilize arteriographic
evaluation before the use of traction or surgical intervention.
If the patient is passively correctable, a single posterior fusion,
occiput to C2, is recommended.

Atlantoaxial Instability
Atlantoaxial instability can vary from subtle instability to
frank ixed C1–C2 dislocation. It is commonly associated
with syndromes or other systematic disorders. Speciically in
patients with Down syndrome, generalized ligamentous laxity
and lat facets predispose to hypermobility and pathologic

B
FIG. 34.17 Absence of C1 facet in a 5-year-old child with severe,
progressive torticollis. (A) Open-mouth odontoid view shows absence of
right C1. (B) Computed tomography scan with three-dimensional
reconstructions viewed posteriorly shows absence of right C1. Note how
the occipital condyle articulates with C2.

motion at the craniovertebral and atlantoaxial articulations.86,87
Up to 40% of these patients have radiologically detectable
atlantoaxial instability,88 although it is symptomatic in only
1% to 2% of cases.89 Patients with congenital scoliosis, skeletal dysplasia, osteogenesis imperfecta, juvenile rheumatoid
arthritis, and neuroibromatosis also can have signiicant
atlantoaxial instability, which may be unrecognized. Other
anomalies, such as os odontoideum, can manifest as atlantoaxial instability (see “Anomalies of the Odontoid” later in this
chapter).90
he signiicance of anomalies at the atlantoaxial joint are
related to the stability of the articulation between the atlas
(C1) and the axis (C2), as this is the most mobile section of
the vertebral column and consequently has the least stability.
Normally, 90 degrees of rotatory motion exists in the cervical
spine, and 50% occurs in the C1–C2 joint. Lateral slide is also a
component of the rotatory motion. Limited lexion (5 degrees)
and extension (10 degrees) are permitted.91 he freedom of
motion is primarily due to the lack of bony constraints, as
the odontoid is the only bony buttress to prevent hyperextension. he integrity of the sot tissues (ligaments and capsular
structures) provides the majority of stability at this articulation. herefore, the atlantoaxial joint is extremely mobile but
structurally weak. Furthermore, it is located between two
relatively ixed points, the atlanto-occipital and C2–C3 joints,
which puts C1–C2 at further risk.
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FIG. 34.19 Atlantoaxial joint showing the normal atlas-dens interval (ADI),
normal space available for spinal cord (SAC), distance between posterior
aspect of the odontoid, and the nearest posterior structure.

Clinical Presentation
Odontoid

B
FIG. 34.18 Atlantoaxial joint as viewed from above. (A) Normal. (B)
Disruption of transverse atlantal ligament (TAL): Odontoid occupies safe
zone of Steel. Intact alar ligaments (second line of defense) prevent spinal
cord compression.

he primary ligamentous stabilizer is the transverse atlantal
ligament. he alar ligaments form the second line of defense
and act as a checkrein ater disruption or laxity of the transverse atlantal ligament (Fig. 34.18). Although the alar ligaments appear thick and strong, they stretch with relative ease
and permit signiicant displacement. his secondary stability
plays an important role in patients with chronic atlantoaxial
instability.
When evaluating this area, Steel deined the “rule of thirds”:
he area of the vertebral canal at C1 can be divided into
one-third odontoid, one-third spinal cord, and one-third
“space,” which represents a safe zone in which displacement
can occur without neurologic impingement and is roughly
equivalent to the transverse diameter of the odontoid (usually
1 cm)92 (see Fig. 34.12). In chronic atlantoaxial instability, the
alar ligaments have failed and there is no longer a margin of
safety. he patient has exceeded the “safe zone” of Steel and
enters the area of impending spinal cord compression. he end
result is narrowing of the spinal canal and impingement on
the neural elements.76
Laxity of the transverse atlantal ligament is common in
patients with Down syndrome, with a reported incidence of
15% found in all age groups.89,93 hese patients seem to have
rupture or attenuation of the transverse atlantal ligament with
encroachment of the safe zone of Steel, but at least initially
they are protected by the checkrein action of the alar ligaments
from spinal cord compression. In other words, many patients
have excessive motion, but relatively few are symptomatic, and
most cases are discovered only by radiologic survey.94,95 MRI
can be helpful in assessing the integrity of the transverse
atlantal ligament.96

In children, the presenting symptoms may be quite subtle and
nonspeciic. In most patients, the only presenting symptom is
generalized weakness, manifested as lack of physical endurance, a history of frequent falling, or the child’s asking to be
carried.
As patients age, the central nervous system itself becomes
less tolerant of intermittent compression, and its ability to
recover is diminished. Even with hypermobility at this articulation, it is unusual for patients to become symptomatic before
their third decade. When patients do become symptomatic,
trauma is immediately suspected, but is oten not the case.
More likely, the degenerative changes of aging cause the lower
cervical articulations to become more rigid. his gradual
restriction of caudal motion places an increased demand on
the ligaments and capsular structures of the atlantoaxial
articulation, and instability develops.
With compression from the odontoid on the spinal cord, the
symptoms and signs of upper motor neuron compression are
commonly found.70 If the primary area of impingement is posterior (from the foramen magnum, a dural band, or posterior
ring of C1), symptoms are attributed to the posterior columns,
with alterations in vibratory responses and proprioception. If
there is also an associated cerebellar herniation, nystagmus,
ataxia, and incoordination may be observed. Symptoms attributed to vertebral artery compression may occur.

Imaging
he atlas-dens interval (ADI) is the space seen on the lateral
radiograph between the anterior aspect of the dens and the
posterior aspect of the anterior ring of the atlas (Fig. 34.19).
In children, the ADI should be no greater than 4 mm in
lexion.91 In children with ligamentous laxity (such as Down
syndrome), instability is present with an ADI of more than
5 mm. Symptoms occur with instability greater than 7 to
10 mm. he ADI does not exceed 3 mm in adults if the transverse ligament is intact.97
However, in cases of congenital anomalies, ligamentous
laxity, or chronic instability, the ADI is of limited value. In this
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FIG. 34.20 Atlantoaxial instability. (A) Extension: forward sliding of the atlas
with increased atlas-dens interval (ADI) and decreased space available for
spinal cord (SAC). (B) Flexion: the ADI and SAC return to normal as the intact
odontoid provides bony block to subluxation in hyperextension.

situation, attention should be directed to the amount of space
available for the spinal cord (SAC). Determining the SAC is
accomplished by measuring the distance from the posterior
aspect of the odontoid or axis to the nearest posterior structure
(foramen magnum or posterior ring of the atlas)98 (Fig. 34.20).
In adults, spinal cord compression does not occur if the SAC
is 18 mm or more. While cord compression is possible between
15 and 17 mm, it frequently occurs if SAC is 14 mm or less.
Data on normal variations in sagittal and transverse diameter of the cervical spine have been collected for infants and
children. As might be expected, these measurements generally
are smaller than in adults and follow a predictable growth
curve. Clinical signiicance is determined via comparison of
the absolute diameter with the known norms for that vertebral
level and age, and comparison of successive vertebral levels
within the same individual. Comparisons between levels in
the same patient is more sensitive in determining an abnormality. Jauregui et al.33 found that Steel’s rule of thirds generally applied throughout all of growth, and relative stenosis was
deined at 13 mm in children.
Lateral lexion-extension views should be conducted
voluntarily by the patient, and no efort should be made by
the clinician to assist the patient. Although motion may be
limited in certain cases, especially in the setting of pain or
noncompliant children/poor efort, avoidance of precipitating a neurologic defect is paramount. Patients who present
with a neurologic deicit usually exhibit signiicant instability
(Fig. 34.21).
In patients with multiple anomalies or abnormal bone
(such as Morquio syndrome or spondyloepiphyseal dysplasia),
the usual radiographic views are not always reliable in conirming the presence or absence of an odontoid.99 In these situations, dynamic CT scan with reconstruction views is
helpful.74,100 Although much attention has been paid to anterior
translation of C1 on C2, extension views should not be ignored,
as some patients have signiicant posterior subluxation.101
Dynamic MRI provides direct visualization of the neurologic structures and sites of bony impingement not appreciated
on radiography.74,96 While diicult to perform and time consuming, it is a reliable tool to diagnose instability.102 MRI can

FIG. 34.21 Signiicant atlantoaxial instability in a patient with neurologic
indings.

evaluate the integrity of the transverse atlantal ligament, as
well as other anomalies, such as the Chiari malformation and
syringomyelia. Because excessive motion may lead to compression of the vertebral arteries,75 arteriography is helpful in
evaluating patients who exhibit symptoms of transient brain
stem ischemia.103,104
Current recommendations for radiographic screening for
atlantoaxial instability in children with Down syndrome
include lateral lexion-extension radiographs taken around
age 3 years, and, if these are normal, the child may participate
in activities but avoid contact sports.93,105 Asymptomatic
children with evidence of instability on radiographs should
undergo MRI to determine if any neural compromise is
present (or impending)106 (Fig. 34.22). he Special Olympics
requires repeat radiographs as evidence of ADI of less than
4.5 mm prior to participation in high-risk sports.89,107,108

Treatment
Nonoperative care plays a limited role in treatment of symptomatic atlantoaxial instability and is reserved for patients
with no symptoms or neurologic indings. Fortunately, many
patients remain asymptomatic throughout their life and need
only be monitored periodically. Any new-onset pain or abnormalities in motor function should precipitate a thorough
workup. In asymptomatic patients, there is currently no agreed
upon indication for prophylactic fusion of C1 to C2; however,
in cases of progressive instability and/or limited SAC, prophylactic fusion can be considered.
Efective treatment generally can be provided only if the
exact cause of symptoms has been determined. Before surgical
intervention, reduction of the atlantoaxial articulation should
be achieved by either positioning or traction.55,58,109 he patient
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FIG. 34.22 A 5-year-old boy with Down syndrome atlantoaxial instability. (A) Neutral position. (B) In lexion, the
atlas-dens interval is substantially increased.

should be maintained in the reduced position preoperatively
and monitored for improvement in symptoms and neurologic
status.
Prior to modern segmental screw and rod–based instrumentation, results of operative fusion, especially in Down
syndrome patients, were disappointing.110–112 With the advent
of rigid internal ixation, such as C1 lateral mass to C2 screws,
C1–C2 transarticular screws, and transoral decompression with posterior plating, rates of fusion have increased
substantially113–115 (Fig. 34.23). he improved rigidity aforded
by modern segmental spinal instrumentation has substantially
reduced the need for postoperative halo immobilization.116,117
Choice of surgical procedure for stabilization must be
individualized based on clinical presentation and surgeon
expertise.58
Occult respiratory dysfunction in patients with atlantoaxial instability is important to recognize.118 Many patients
have an unrecognized decrease in vital capacity and chronic
alveolar hypoventilation as a result of the neurologic injury
to the brain stem. Periods of apnea and respiratory distress
during surgery or in the immediate postoperative period have
frequently resulted in death or have required prolonged respiratory support.119

Anomalies of Odontoid (Dens)
Congenital anomalies of the odontoid occur on a spectrum,
ranging from aplasia (complete absence) to hypoplasia (partial

FIG. 34.23 Postoperative lateral radiograph of a Down syndrome patient
with signiicant atlantoaxial instability who underwent C1–C2 fusion with
C1 lateral mass and C2 pars screws. Note cables securing the iliac crest
bone graft.
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FIG. 34.24 (A) Radiograph of a 6-month-old infant. The odontoid is normally formed and recognizable on
routine radiographs at birth, but is separated from the body of the axis by a broad cartilaginous band (arrow),
similar in appearance to an epiphyseal plate. It represents the vestigial disc space and is referred to as
neurocentral synchondrosis. (B) Neurocentral synchondrosis is not at anatomic base of the dens, at the level of
the superior articular facets of the axis. This open-mouth view shows that the embryologic base of the
odontoid is below the articular facets and contributes a substantial portion to the body of the axis. This
radiolucent line is present in nearly all children at age 3 years and in 50% by age 4 years; it is absent in most
individuals by age 5 years.

absence) to os odontoideum (an anomaly in which a partially
or fully formed dens is in bony discontinuity with the body of
the axis). Depending on the severity, potential neurologic
sequelae may result from an unstable atlantoaxial complex.120
he frequency of these anomalies is unknown. hey are probably more common than typically appreciated, as they are
oten incidental indings. In the past, malformations of the
dens were infrequently reported and considered rare121–123;
however, improved imaging and awareness have led to an
increase in diagnosis.
Ossiication of the apex and body of the odontoid proceeds
separately. he body is derived from the irst cervical sclerotome and is the center of the irst cervical vertebra. his center
becomes separated from the atlas to fuse with the axis. he
apex is derived from the mesenchyme of the most caudal
occipital sclerotome.124
he body of the dens begins to ossify from two centers
between the irst and ith prenatal months. hese centers
become a single mass by the time of birth.82 At birth, the apex
of the odontoid has not ossiied, is V-shaped, and is known as
a dens bicornis. A separate ossiication center within the dens
bicornis is known as an ossiculum terminale, which appears at
age 3 years and fuses with the rest of the dens by age 12 years.
An ossiculum terminale has been found in a quarter of normal
children age 5 to 11 years.
However, an ossiculum terminale may never appear or may
occasionally fail to fuse with the dens. In this case, it is considered an ossiculum terminale persistens, which is occasionally
discernible as either a cyst or an area of increased density.
hese developmental anomalies are usually irmly bound to
the main body of the dens by cartilage. hey are of little clinical signiicance and seldom the source of instability,125 but
reports exist of serious neurologic sequelae.126
At birth, the dens is separated from the body of the axis by
a cartilaginous band, or neurocentral synchondrosis, that

represents the epiphyseal growth plate. It does not cross at the
level of the superior articular facets, but lies well caudal to this
level within the body of the axis (Fig. 34.24). It is present in
almost all children by age 3 years and in 50% of children by
age 4 years, but it is absent in most by age 6 years.127 It rarely
persists into adolescence and adult life.
he blood supply to the odontoid is from two sources.128
he vertebral arteries provide anterior and posterior ascending arteries that originate at C3 and pass ventral and dorsal to
the body of the axis and the odontoid. hey anastomose in an
arcade by the alar ligaments. hese arteries supply small
penetrating branches to the body of the axis and the odontoid.
Lateral to the apex of the odontoid, the anterior ascending
arteries and apical arcade receive anastomotic derivatives
from the carotids by way of the base of the skull and the alar
ligaments. his arrangement of the blood supply is necessary
because of the embryologic development and anatomic function of the odontoid. he transient neurocentral synchondrosis
between the odontoid and the axis prevents the development
of any signiicant vascular channels between the two structures.129 he body of the odontoid is surrounded entirely by
synovial joint cavities; its ixed position relative to the rotation
of the atlas precludes vascularization by direct branches from
the vertebral arteries at the C1 segmental level.124
heories on the etiology for os odontoideum are twofold.
he irst proposes a congenital theory, or failure of fusion
of the dens to the body.130,131 his is supported by a familial
form132 and os odontoideum in identical twins with no history
of trauma.133
More likely, a traumatic etiology attributes an unrecognized
fracture in the region of the base of the odontoid as the cause
of os odontoideum.101,123,134,135 Ater fracture of the odontoid,
contracture of the alar ligaments exerts a distraction force that
pulls the fragment away from the base and closer to their
origin at the occiput. he delicate blood supply to the odontoid
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is easily traumatized and contributes to poor fracture healing
or callus formation. Several cases of “os odontoideum” that
developed several years ater trauma when a normal odontoid
was initially present have been reported.134,136 Infection is a
rare cause of dens abnormalities as well.137

Clinical Features
Clinical presentation can vary from no symptoms to frank
myelopathy secondary to cord compression.138 Minor trauma is
commonly associated with the onset of symptoms. Mechanical
symptoms, such as neck pain or headache, may be due to local
irritation of the atlantoaxial articulation. Neurologic symptoms are due to spinal cord compression. Because the area of
the spinal cord impingement is below the foramen magnum,
these patients seldom have cranial nerve symptoms.139
If clinical manifestations are limited to mechanical symptoms without neurologic involvement, the prognosis is excellent.101,139,140 Patients who exhibit only transient weakness
of the extremities and paresthesias ater minor trauma usually have complete return of function. More concerning are
patients in whom there is an insidious onset and slowly
progressive neurologic impairment, as they have a greater
potential for permanent deicit.101 Weakness and ataxia are
the most common complaints, but sensory loss spasticity,
increased deep tendon relexes, clonus, loss of proprioception, and sphincter disturbances have been described.98 In
few patients, vertebral artery compression at the foramen
magnum may lead to symptoms and signs of cerebral and
brain stem ischemia, such as seizures, mental deterioration,
syncope, vertigo, and visual disturbances.141

FIG. 34.25 Hypoplasia of the odontoid.

Radiographic Features
At birth, the normal odontoid can be visualized in the lateral
view with an epiphyseal plate. A mistaken impression of
hypoplasia may be given by a lateral extension radiograph
because the anterior arch of the atlas may slide upward and
protrude beyond the ossiied tip of the dens, especially in very
young patients.142
Agenesis or hypoplasia of the odontoid is an extremely rare
anomaly that is best seen in the open-mouth view. he diagnostic feature is the absence of the basilar portion of the
odontoid, which normally is well below the level of the
superior articular facets of the axis. Hypoplasia manifests as a
short, stubby peg of odontoid projecting just above the lateral
facet articulations (Fig. 34.25). CT scan is necessary to conirm
whether an os odontoideum is present in addition to the
hypoplasia.
In the os odontoideum, there is a jointlike articulation
between the odontoid and the body of the axis that appears
radiologically as a wide radiolucent gap (Fig. 34.26). In children younger than 5 years, this gap may be confused with the
normal neurocentral synchondrosis. he radiologic appearance of os odontoideum may be similar to a traumatic nonunion, and oten they cannot be diferentiated.121 he location
of lucency is usually the key to making the diagnosis. In the
os odontoideum, the gap is above the level of the superior

FIG. 34.26 Lateral radiograph of the cervical spine demonstrating wide
lucency between the body of the dens and the os odontoideum.

facets and is wide with a smooth edge. In traumatic nonunion,
the gap between the fragments is characteristically narrow and
irregular and frequently extends into the body of the axis
below the level of the superior facets of the axis.
Recommended radiographic views are open-mouth and
lateral lexion-extension views. he free ossicle of the os
odontoideum usually appears ixed to the anterior arch of the
atlas and moves with it in lexion and extension (Fig. 34.27).98,143
Since the os odontoideum moves with the ring of C1, measurements of its relationship to C1 are of little value. Instability
can reduce the SAC but not the ADI.91 Diminished space
available for the cord with neck extension (SAC) signiicantly
correlates with higher risk for myelopathy.138 While the instability may be in any direction,98,101 most commonly, the anterior
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FIG. 34.27 Sagittal reformatted images from computed tomography scan demonstrating (A) dynamic lexion
and (B) extension. Note posterior translation of the os odontoideum on the extension image.

CT reconstructions are indicated when routine views are
unsatisfactory in showing the anomaly. Lateral lexionextension stress views should be conducted voluntarily by
patients, particularly patients with a neurologic deicit. he
degree of anteroposterior displacement of the atlas on the axis
should be documented (see Fig. 34.20). CT scan can also help
to deine the anatomy of the craniocervical junction, including
the completeness of the atlas ring and the position of the
transverse foramina at C1 and C2.145
MRI is helpful for evaluating the SAC. MRI studies have
shown a direct correlation between cord signal abnormality and the degree of myelopathy measured clinically.146
Dynamic MRI147 allows direct visualization of motion of the
os odontoideum, atlas, and axis as well as surrounding motion
throughout the full range of motion (ROM) of the cervical
spine (Fig. 34.29). Open MRI conigurations allow analysis of
the cervical spine in the physiologic upright position, which
may assist in identifying subtle pathology that is not apparent
in the nonphysiologic supine position.

Treatment

FIG. 34.28 Lateral radiograph of the cervical spine of a patient with
Morquio syndrome; note the diiculty in identifying correct anatomy and
potential pathology.

portion of the atlas is usually hypertrophied, and the posterior
portion of the ring may be hypoplastic or absent.144
In patients with multiple cervical anomalies or those with
abnormal bone (such as Morquio syndrome [Fig. 34.28] or
skeletal dysplasia), the traditional radiographic views are not
always reliable in conirming the presence or absence of an
odontoid, as the odontoid may be present but dysplastic, or
blend with the surrounding abnormal bone. In these situations, good results have been obtained by using CT scans to
ascertain the character of the atlantoaxial articulation.

Patients with congenital anomalies of the odontoid are at
increased risk of neurologic injury, as a trivial insult superimposed on an already weakened and compromised structure
may be catastrophic. he natural history is variable, and no
predictive factors are apparent.98 While strict indications
for surgical stabilization are not apparent, we recommend
considering surgery for persistent pain, myelopathy, or
frank radiographic instability, as evidenced by instability of
10 mm or more in lexion and extension. Neural decompression must address bony or sot tissue impingement of the
spinal cord.
Nonoperative treatment is possible in patients with os
odontoideum who have no neurologic deicits or evidence of
instability on radiographs. Patients with inlammatory symptoms or even transient myelopathies can expect recovery.139,148
Cervical traction or immobilization may be helpful in such
circumstances.
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FIG. 34.29 Sagittal magnetic resonance image of the cervical spine
showing cord compression in a patient with os odontoideum.

Considerable controversy exists over the role of prophylactic stabilization in asymptomatic patients with instability.
Surgical treatment is not required for every patient in whom
an os odontoideum is identiied. Patients who have no neurologic symptoms or instability at C1–C2 can be managed with
periodic observation. he lack of C1–C2 instability at initial
diagnosis does not guarantee that instability will not develop
in these patients, however, or that they are not at higher risk
for spinal cord injury with trauma.149 For this reason, longitudinal follow-up with lexion-extension radiographs of these
patients is recommended. Klimo and colleagues98 recommended surgical stabilization for all patients with os odontoideum. he safety of stability and the ability to lead a normal
active life may outweigh the possible complications of surgery
or the catastrophic dangers of instability. Especially in the
pediatric age group, it may be diicult or impossible to limit
activity, even in the presence of instability.
When treating symptomatic patients, initial reduction of
the atlantoaxial articulation must be accomplished prior to
surgery, usually by skull-based halo-gravity traction.150 Ideally,
the patient should be maintained in the reduced position
several days before surgery to allow recovery of neurologic
function.139
Decompression of the neural elements by any ofending
lesion must be undertaken; the choice of approach depends on
the site of compression and the comfort level of the surgeon.
Both anterior and posterior decompression strategies can
be undertaken with good results. Following any method of
decompression, the suggested method of stabilization is posterior cervical arthrodesis and instrumentation of C1–C2. As
discussed earlier, wiring techniques with iliac crest bone grat
and halo immobilization have been reported with favorable

FIG. 34.30 Posterior cervical arthrodesis from C1–C2 with a wiring
technique used to treat a symptomatic patient with os odontoideum.

results (Fig. 34.30).151–155 However, concerns with neurologic
injury151 and incomplete posterior C1 arch formation112 have
made C1 lateral mass screws coupled with C2 screws a safe and
reliable option.8,11,156 In a small or poorly developed spinous
process of C2, a threaded Kirschner wire (K-wire) through the
spinous process can be helpful in improving the stability of the
wiring technique.157 In a patient with a marginally functioning
neurologic status, it may be wiser to perform an occiput-to-C2
arthrodesis and plan to maintain immobilization with a halo
vest in extension.
In patients who have a highly mobile but reducible C1–C2
articulation, several authors have reported good results using
transarticular screws (see Fig. 34.4).16,153,155,158,159 Atlantoaxial
transarticular screws have been shown to be feasible in pediatric patients; the superior biomechanical stability may eliminate
the need for prolonged postoperative halo vest immobilization.16,160 As discussed earlier, a thorough understanding of the
bony and vascular anatomy is paramount prior to attempting
an instrumentation around C2.13,88 When fusion is needed to
subaxial levels, lateral mass screws at C3 and below can be
used with good results.11,155,161,162
With transarticular ixation of C1–C2, the lamina of C1
can be removed without extending the fusion to the occiput.
Although this technique is generally reliable and safe, in
patients with spinal cord compression, ixed dislocations, or
congenital ligamentous laxity, particularly in patients with
Down syndrome, extra caution should be employed,112 and a
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postoperative halo-vest orthosis should be considered. Smith
and colleagues163 reported signiicant problems with C1–C2
stabilization, particularly in patients who are very unstable or
have myelopathy. Patients with failed fusions or irreducible
dislocations were at high risk for perioperative neurologic
complications.
Patients in whom the C1–C2 dislocation is unreducible
pose a diicult management problem. Manipulative reduction
during surgery is discouraged because it has proved extremely
hazardous and may result in respiratory distress, apnea, or
death. For patients with no neurologic deicit, a simple in situ
posterior fusion is the least hazardous procedure. If neurologic
indings are present, posterior decompression by laminectomy
has been associated with increased morbidity and mortality139 and may potentiate C1–C2 instability if performed in
isolation. An occiput-to-C2 arthrodesis is recommended in
these situations.164 If reduction of the C1–C2 dislocation is
considered necessary or if the clinical situation precludes
posterior stabilization, an anterior or lateral retropharyngeal
approach can be considered.165

IV

Klippel-Feil Syndrome
In 1912, Klippel and Feil166 published the irst report of
their eponymous syndrome. hey presented a patient with
shortening of the neck, a low posterior hairline, and severe
restriction of neck motion. Ater the patient died, postmortem
examination revealed complete fusion of the cervical vertebrae. Currently, the term Klippel-Feil syndrome (KFS) refers to
patients with any congenital fusion of the cervical vertebrae,
whether it involves two segments or the entire cervical spine
(Fig. 34.31).
he embryologic etiology of KFS likely stems from failure
of normal segmentation of the cervical somites during the
third to eighth weeks of life. Between 20 and 30 days’ gestational age, the paraxial mesoderm undergoes segmentation
into spherical, discrete somites. As somites mature, they
subdivide into sclerotomes, myotomes, and dermatomes. he
sclerotomes, precursors of the adult vertebral bodies, undergo
resegmentation such that the caudal section of one somite
fuses with the cephalad segment of the adjacent one to form
a vertebral body167 (Fig. 34.32).
he precise reasons behind this failure of segmentation are
yet to be elucidated, as only a few patients have inherited this
condition.168,169 Pedigree analysis and molecular studies have
deined speciic genetic abnormalities that may account for
these anomalies. he gene SGM1 has been identiied as the
irst human Klippel-Feil locus (SGM1) in a large afected
family. Experimental animal models have identiied genes in
segmentation and somitogenesis pathways, such as in the
HOX, PAX, and Notch signaling pathways.124
As these embryologic abnormalities occur early in development, the pathology may not be limited to the cervical spine.
Patients with KFS commonly have other defects in the genitourinary,170,171 nervous,172 cardiopulmonary,173,174 and auditory systems.175,176 Actually, many of these other abnormalities
are more detrimental to the patient’s general well-being than
the cervical fusions. Because the incidence of related congenital

FIG. 34.31 Lateral cervical radiograph of a patient with Klippel-Feil
syndrome. Note the multiple congenital cervical fusions.
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FIG. 34.32 (A) Embryologic diferentiation of the mesoderm into pairs of
somites on either side of the spinal cord. Somites divide further to form the
ventral sclerotome and dorsal dermomyotome. (B) Cells from the rostral and
caudal half of adjacent somites fuse to form future vertebral bodies and
arches. Defects in this process have been theorized in Klippel-Feil syndrome.
PSM, paraspinal muscles. (Modiied from Tracy MR, Dormans JP, Kusumi K.
Klippel-Feil syndrome. Clin Orthop 2004;424:183–190.)
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anomalies is fairly high, all patients with KFS should have the
aforementioned organ systems thoroughly investigated171
(Box 34.1).

Clinical Features
he classic description of KFS is a triad of low posterior
hairline, short neck, and limitation of neck motion. However,
fewer than half of patients have all three signs (Fig. 34.33).171

BOX 34.1

Abnormalities Associated With Klippel-Feil Syndrome

Common
Scoliosis: 60%
Renal abnormalities: 35%
Sprengel deformity: 30%
Deafness: 30%
Synkinesis: 20%
Congenital heart disease: 14%
Less Common
Ptosis
Duane contracture
Lateral rectus palsy
Facial nerve palsy
Syndactyly
Hypoplastic thumb
Upper extremity hypoplasia
Neurenteric cyst

FIG. 34.33 A 9-year-old child with Klippel-Feil syndrome. Note short neck
with tendency toward webbing, mild torticollis, and asymmetry of eye level.
The patient clinically has marked restriction of neck motion, impaired
hearing, and mirror motions (synkinesia) of upper extremities.

Clinically, the most consistent inding is limitation of neck
motion, which is directly related to the degree of cervical spine
involvement. Generally, lexion-extension is better preserved
than rotation or lateral bending. If fewer than three vertebrae
are fused or if only the lower cervical segments are fused, the
patient generally has no detectable limitation.177 In addition,
many patients with marked cervical involvement are able to
compensate with hypermobility at the unfused joints and to
maintain a deceptively good range of motion. Some patients
may have 90 degrees of lexion-extension, only occurring at a
single open interspace. Rarely, patients have ixed hyperextension of the neck; this is usually associated with iniencephaly
(absence of the posterior cervical laminae and an enlarged
foramen magnum178; Fig. 34.34).
Shortening of the neck is a rare inding, and a low posterior
hairline is uncommon. Other head and neck manifestations—
such as facial asymmetry, torticollis, or neck webbing—occur
in fewer than 20% of patients.171,177 In KFS, concomitant Sprengel deformity occurs in up to 35% of cases, either unilaterally
or bilaterally171,179 (Fig. 34.35). Since the scapula develops from
mesodermal tissue high in the neck, it is thought to be due
to the same interruption in the normal embryologic development pathway of the cervical somites.177

FIG. 34.34 A 12-year-old girl presented with Klippel-Feil syndrome and
iniencephaly—enlarged foramen magnum and absent posterior laminae.
Note ixed hyperextension and long segment of cervical fusion (C2–C6) and
abnormal occipitocervical articulation. This pattern could be viewed as a
more elaborate variation of the C2–C3 pattern of McRae. Flexion-extension
and rotational forces are concentrated in the area of the abnormal
occipitocervical junction. These patients may be at risk of developing
instability with aging.
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FIG. 34.35 A patient with concomitant Klippel-Feil syndrome and Sprengel
deformity of the left scapula.

Many patients are asymptomatic, but if they develop symptoms, they are generally localized to the head, neck, and upper
extremities. he symptoms result from direct irritation or
impingement of the cervical nerve roots, with radicular symptoms in the upper extremities.45 Most patients who develop
symptoms are in the second or third decade of life. Sources of
the symptoms are either mechanical in nature due to inlammation of a cervical articulation, or neurologic in nature,
owing to root irritation or spinal cord compression. Most
symptoms originate at the open segments, where the remaining free articulations are hypermobile,180 which can lead to
instability or early arthritis. here may be constriction and
narrowing of the nerve root at the foramen from osteophytic
spurring.181
If joint instability is progressive or if there is appropriate
trauma, myelopathy may occur, ranging from mild spasticity,
hyperrelexia, and muscular weakness to sudden complete
quadriplegia ater minor trauma.182,183 Syncope and neurologic
compromise may be associated with mechanical compromise
of the vertebral arteries secondary to hypermobility, with
ischemic episodes.184

Associated Conditions
Scoliosis
Scoliosis is the most frequent anomaly found in association
with KFS.185,186 Up to 60% of patients have a signiicant degree
of scoliosis, most of whom require treatment and should be
followed through the growth years. Two types of scoliosis can
be identiied: congenital scoliosis, owing to vertebral anomalies and diferential growth patterns (Fig. 34.36), and compensatory scoliosis, below the area of vertebral involvement.
Congenital scoliosis is more frequent171; in fact, up to 5% of

FIG. 34.36 Scoliosis below cervical deformity in a patient with Klippel-Feil
syndrome. Note the previous Sprengel deformity correction.

patients with congenital scoliosis have been found to have
concomitant KFS.187
Radiographic examinations should include posteroanterior
and lateral views of the spine to assess both coronal and sagittal
plane deformities. If recognized early, many spinal deformities
can be successfully managed with standard orthoses. Progressive
curves are more likely associated with children who have extensive fusions,186 and frequently occur in the normal-appearing
vertebrae below the primary curve. Documented progression
demands appropriate treatment to prevent serious additional
deformity. horacic scoliosis may seriously compromise pulmonary function.173 At present, many of these patients require
posterior spinal stabilization.
Renal, Cardiac, Auditory Abnormalities
More than one-third of children with KFS can be expected
to have a signiicant urinary tract anomaly, which is oten
asymptomatic. Ultrasonography is a noninvasive way to screen
adequately for the anomalies associated with this syndrome.188
Abnormalities include unilateral absence of a kidney, a double
collecting system, renal ectopia, horseshoe kidney, and
hydronephrosis from ureteropelvic obstruction. KFS is also
associated with congenital heart disease (4.2–14%). he most
common lesion reported has been an interventricular septal
defect occurring alone or in combination with other defects,
such as patent ductus arteriosus and abnormal position of
the heart and aorta. he association of hearing impairment
and deafness in KFS (>30%) is seldom mentioned in orthopaedic reports. here is no characteristic audiologic anomaly,
and all types of hearing loss (conductive, sensorineural,
and mixed) have been described. hese patients should
undergo a complete audiometric evaluation when defects are
discovered.130–136
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Mirror Motions (Synkinesis)
Mirror motion, or synkinesis, is involuntary paired movements of the hands in which the patient is unable to move one
hand without similar reciprocal motion of the opposite hand.
his phenomenon appears to occur in approximately 20%
of patients with KFS171; thus, some authors have suggested
that synkinesis should be included as part of the syndrome.172
he etiology of synkinesis is unknown, but it appears to be
a separate neurologic defect not caused by cervical vertebral
fusions.189 Autopsy specimens suggest that the clinical indings are due to inadequate or incomplete decussation of the
pyramidal tracts in conjunction with a dysraphic cervical
spinal cord.

Imaging
Adequate radiographic evaluation of the child with KFS can
be diicult, especially if involvement is severe. Fixed bony
deformities can prevent proper positioning, and the mandible,
occiput, or foramen magnum may overlap the upper cervical
vertebrae. Flexion-extension radiographs or CT scans may be
necessary to provide information to assess stability.181 With
MRI, the relationship between the bony elements and neurologic structures (both the spinal cord and cervical nerve roots)
can be assessed directly to show any potential sites of neural
compression.190,191
he radiographic hallmark of KFS is fusion of any cervical
vertebrae, whether a simple synostosis of two bodies (congenital block vertebrae; Fig. 34.37) or massive fusion of the

FIG. 34.37. Congenital block vertebrae at C6–C7. Symptoms are directly
related to the number and level of involved vertebrae; this represents the
most benign form of Klippel-Feil syndrome.

entire cervical spine166 (see Fig. 34.31). Other anomalies may
be present, including lattening and widening of the involved
vertebral bodies or an increase in the space available for the
spinal cord.192,193 Absent disc spaces or hypoplasia of the disc
space can oten be seen (Fig. 34.38). In a young child, narrowing of the cervical disc space cannot always be appreciated
because the ossiication of the vertebral body is incomplete,
and the unossiied endplates may give the false impression of
a normal disc space. With continued growth, the ossiication
of the vertebral bodies is completed, however, and the fusion
becomes obvious.193
Hemivertebrae are common (Fig. 34.39) occurring in up to
74% of patients. he incidence increases with the number of
segments fused. Fusion of posterior elements usually parallels
fusion of the vertebral bodies. In a young child, particular
attention should be paid to the laminae because fusion posteriorly is oten more apparent earlier.171
Knowledge of the normal variations in cervical spine
mobility, particularly in children, is important in evaluating
patients with KFS.194 Pseudosubluxation of C2 on C3 with
lexion can be observed in 45% of normal children younger
than 8 years of age (Fig. 34.40).127 Marked angulation at a
single interspace during lexion, rather than a uniform arc of
vertebral motion, can be observed in normal children (16%)
and may be misinterpreted as vertebral fusion below. Advanced
imaging with CT scan can aid surgeons in understanding
bony abnormalities and also serve as an aid for preoperative
planning.195

FIG. 34.38 Absent disc spaces in a patient with Klippel-Feil syndrome.
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Any KFS anomaly may extend into the thoracic spine. An
anomaly of the thoracic spine on a routine chest radiograph may
be the irst clue to an unrecognized cervical synostosis. With a
high thoracic congenital scoliosis, the radiographic evaluation
should routinely include lateral views of the cervical spine.

FIG. 34.39 Cervical hemivertebra in Klippel-Feil syndrome.

FIG. 34.41 Enlarged neural foramina in Klippel-Feil syndrome.

Patterns of Cervical Motion
here are three patterns of cervical motion in KFS, described
by Pizzutillo et al.180

2
3

A

B

FIG. 34.40 (A) Pseudosubluxation of C2 on C3 in a child at age 5 years. (B) At age 10 years, lexion view of the
cervical spine shows normal motion without pseudosubluxation. This normal variation can be found in more
than half of children younger than 8 years.

S E C T I O N

In KFS, the diameter of the spinal canal is usually normal.
Narrowing occurs in adult life and is due to degenerative
changes or hypermobility.191,196,197 Enlargement of the canal
is uncommon and may indicate conditions such as syringomyelia, hydromyelia, or Arnold-Chiari malformation. he
intervertebral foramina are usually smooth in contour, but are
frequently smaller than normal and oval rather than circular
(Fig. 34.41). Posterior spina biida is common (45%), but anterior spina biida is rare. Rarely, there is complete absence of the
posterior elements. his condition is usually accompanied by
enlargement of the foramen magnum and ixed hyperextension of the neck, referred to as iniencephaly178 (see Fig. 34.34).
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Type 1 is fusion of C2 and C3 with occipitalization of the
atlas. Flexion-extension is concentrated in the area of C1 and
C2, and the odontoid can become hypermobile, narrowing the
spinal canal and compromising the spinal cord and brain stem.
Type 2 is a long fusion with an abnormal occipitocervical junction. he center of lexion-extension and rotation is
concentrated in the area of the abnormal odontoid or poorly
developed ring of C1, which cannot withstand the wear and
tear of aging.197–199 It is important to diferentiate this pattern
from the pattern in a patient with a long fusion and a normal
C1–C2 articulation (Fig. 34.42), which is usually compatible
with a normal life expectancy.
Type 3 is a single open interspace between two fused segments (Fig. 34.43). As the cervical spine motion is concentrated at the single open articulation, this hypermobility may
lead to frank instability or degenerative osteoarthritis.180,200
his pattern can be easily recognized because the cervical
spine appears to angle or hinge at the open segment.
Similarly, Samartzis et al.198 studied cervical fusion patterns
in patients with KFS. heir classiication system encompassed
three types: type I, single fusion; type II, multiple, noncontiguous fusions; and type III, multiple, contiguous fusions. Type I
is associated with axial neck symptoms; types II and III were
associated with radiculopathy and myelopathy.

Treatment
A patient with KFS with minimal involvement can be expected
to lead a normal active life with no or only minor restrictions

A

FIG. 34.42 Radiograph of a 45-year-old man with Klippel-Feil syndrome.
The patient has complete fusion of C2–C7. Flexion-extension occurs only at
atlantoaxial articulation. There are no symptoms referable to the neck despite
two previous serious falls. This pattern seems to be relatively safe because a
normal occipitocervical junction serves as protection from late instability.

B

FIG. 34.43 (A) Flexion and (B) extension lateral radiographs show a single open interspace in Klippel-Feil
syndrome.
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in neck length and motion. his procedure is an extensive
surgical experience, however, and is a great risk to the patient.
No subsequent reports have appeared in the literature.
Sot tissue procedures, Z-plasty, and muscle resection may
achieve cosmetic improvement in properly selected patients.
hese procedures can restore a more natural contour to the
shoulders and neck and an apparent increase in neck length.
Neck motion is generally not increased, and the scars may be
extensive, particularly in a patient with a large skin web. If
an omovertebral bone is present or an abnormal connection
to the clavicle,204 its removal may permit an increase in neck
and shoulder motion. he risk of brachial plexus injury from
traction is higher in patients with KFS because there are likely
to be anomalous origins of the cervical nerve roots in these
patients.

Congenital Muscular Torticollis
Congenital muscular torticollis is a common condition caused
by contracture of the sternocleidomastoid (SCM) muscle,
usually discovered in the irst 6 to 8 weeks of life. he head is
tilted toward the involved side and the chin rotated toward the
contralateral shoulder (Fig. 34.44). A palpable mass may be,
but usually is not, detected within the irst 4 weeks of life (Fig.
34.45).205 It is a nontender, mobile enlargement beneath the
skin, attached to or located within the body of the SCM.
Ultrasonography may be helpful in assessing the mass.206 Ater
4 to 6 months of age, the mass is usually absent, and the
contracture of the SCM muscle and head posture are the only
clinical indings (Fig. 34.46).
With progression of the condition, deformities of the face
and skull can result.207 Flattening of the face and skull (termed
plagiocephaly) on the side of the contracted SCM muscle is
due to the position of the child when sleeping. In the past,
many children slept prone,208 and the face remodeled to
conform to the bed. he “Safe to Sleep” movement (formerly
known as “Back to Sleep”) has substantially decreased the
percentage of children who sleep in the prone position.209 In
children who sleep supine, reverse modeling of the contralateral aspect of the skull is evident.

B

FIG. 34.44 A 6-month-old infant presented with right-sided congenital muscular torticollis. Note rotation of
the skull and asymmetry and lattening of the face on the side of the contracted sternocleidomastoid.
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or symptoms. In fact, the actual treatment of KFS is conined
mostly to the area of associated conditions. Even patients with
severe cervical involvement can have a good prognosis if early
and appropriate treatment is instituted, especially regarding
associated scoliosis and renal abnormalities.
Treatment options center on prophylaxis, mechanical
treatment, and cosmetic treatment. Regarding prophylaxis,
patients with long segments of cervical fusion or high-risk
patterns of cervical spinal motion should avoid activities that
might risk the cervical spine. In these patients, the mobile
articulations are under greater mechanical demands and are
less capable of protecting them against traumatic insults.
Additionally, although neurologic compromise or death ater
minor trauma has been reported in patients with KFS,182 the
role of prophylactic surgical stabilization in asymptomatic
patients has not yet been deined. here is no satisfactory
deinition of when the risk of instability warrants further
reduction of neck motion.
For symptomatic patients with mechanical symptoms, conservative treatment measures are reasonable and may include
antiinlammatories or a cervical collar. Symptoms that suggest
neurologic compromise require consideration and thorough
physical examination and radiologic evaluation. he area
of neural compression must be determined before surgical
intervention. Attempts should be made preoperatively to
obtain reduction of the spinal column in advance of surgical
stabilization. Also, the anesthesiologist may need to plan for
airway management and be prepared for diicult intubation.201
Treatment of the cosmetic aspects of this deformity has
found limited success. Occasionally, children’s abnormal neck
posture may be improved with bracing. Bracing requires longterm application, however, and excellent patient cooperation.
Correction of the bony deformity by direct means, such as
wedge osteotomy or hemivertebrae excision, has been done on
a limited basis. Ruf et al.202 reported hemivertebrae resection
for correction of head tilt. Occasionally, carefully selected
patients who have cervical congenital scoliosis may obtain
some correction and improvement of appearance by use of the
halo vest combined with posterior cervical fusion. Bonola203
described a method of rib resection to attain apparent increase

631

IV

632

PEDIATRICS

FIG. 34.45 A 6-week-old infant presented with swelling in the region of
the sternocleidomastoid. The mass is usually soft, nontender, and mobile
beneath the skin, but is attached to the muscle.

similar to changes observed in the forearm and leg ater
compartment syndrome. In cadaveric dissections, the fascia
covers the entire SCM, strongly suggesting that congenital
muscular torticollis represents a compartment syndrome.
Experimental work with dogs suggests that the lesion is due
to occlusion of the venous outlow of the SCM muscle. As in
the sequelae of compartment syndrome in other locations of
the body, the occlusion results in edema, degeneration of
muscle ibers, and eventual ibrosis of the muscle body.
he clinical deformity is related to the ratio of ibrosis to
remaining functional muscle.207 With suicient normal
muscle, the SCM stretches with growth, and the child will not
likely develop the torticollis posture. If ibrosis predominates,
there is very little elastic potential, and deformity ensues. With
time, the ibrosis of the sternal head may entrap and compromise the branch of the accessory nerve to the clavicular head
of the muscle, leading to a late increase in the deformity due
to progressive denervation.212
Congenital muscular torticollis is associated with uterine
crowding, or “packaging syndrome,” due to restriction of
infant movement in the tight maternal space. In many children, the lesion is on the right side,210,213 and up to 20% of
children will have concomitant developmental dysplasia of the
hip.214,215 In one series, all patients with concomitant hip
disease required treatment for their dysplasia. Some authors
recommend screening hip ultrasounds for all patients with
congenital muscular torticollis.216

Diferential Diagnosis

FIG. 34.46 This 18-month-old child had torticollis that was resistant to
stretching exercises and required surgical release.

Clinical Presentation
Currently, the etiology of congenital muscular torticollis is
thought to be due to compression of the SCM during delivery.210 While most commonly unilateral, bilateral torticollis
has been reported.211 Although commonly associated with
breech or diicult deliveries, it may occur ater otherwise
normal deliveries or in cesarean sections.205
In MRI studies of infants with congenital muscular torticollis, Davids et al.210 found signal changes in the SCM muscle

Head and neck postural deformities are a common complaint
in children. While congenital muscular torticollis is the most
common cause of wry neck posture in infants and young
children, the diferential diagnosis is diverse, and many other
problems may lead to this unusual posture (Tables 34.1 and
34.2), including bony deformities, sot tissue lesions, inlammatory conditions, and neurologic conditions.
In fact, coexisting bony anomalies are common in the
setting of congenital muscular torticollis. In 20 cases of muscular torticollis, Gyorgyi217 found congenital cervical fusions,
asymmetrical facet joints, basilar impression, atlantoaxial
dislocation, assimilation of the atlas, and deformities of the
odontoid process. Occipitocervical malformations, basilar
invagination, KFS, and asymmetrical development of the
occipital condyles may manifest as torticollis.36,68,171
he posture of the head and neck, as well as the stifness of
the deformity, may provide clues as to the etiology. In the
presence of both head tilt and rotatory deformity, the pathology is more likely at C1–C2, whereas head tilt alone indicates
a more generalized problem in the cervical spine. Rigid
deformity, especially without contracture of the SCM muscle,
points to a bony anomaly of the cervical spine (particularly
C1–C2) as a cause of torticollis.
Sot tissue problems are less frequent and may include
excessive skin webs (pterygium colli), which maintain the neck
posture. SCM muscle tumors, cystic hygroma, branchial clet
cyst, and thyroid teratoma are rare but possible. Inlammatory
conditions include cervical lymphadenitis or retropharyngeal
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Diferential Diagnosis of Torticollis
Clavicle head of SCM

Acquired

Occipitocervical anomalies

Neurogenic

Basilar impressions

Spinal cord tumors

Atlantooccipital fusion

Cerebellar tumors (posterior fossa)

Odontoid anomalies

Syringomyelia

Hemiatlas

Ocular dysfunction

Pterygium colli (skin web)

Bulbar palsies

Congenital muscular torticollis

Traumatic (particularly C1–C2)

Klippel-Feil syndrome

Subluxations
Dislocations
Fractures
Inlammatory
Cervical adenitis
Spontaneous hyperemic atlantoaxial
rotatory subluxation
Tuberculosis
Typhoid
Rheumatoid arthritis
Acute calciication of disc
Miscellaneous
Sandifer syndrome (hiatal hernia with
esophageal relux)

Sternal head of SCM

IV
A

B
TABLE 34.2 Torticollis Caused by Bony Anomalies
Congenital Anomalies of
Craniocervical Junction

Acquired Anomalies of
Craniocervical Junction

Klippel-Feil syndrome

Traumatic

Atlantooccipital synostosis (unilateral) Subluxations
Odontoid anomalies

Dislocations

Aplasia

Fractures

Hypoplasia

Inlammatory

Os odontoideum

Rheumatoid arthritis

Occipital vertebra

Idiopathic

Asymmetry of occipital condyles
(hypoplasia)

Atlantoaxial rotatory displacement
Subluxation
Fixation

FIG. 34.47 (A) Abnormal appearance of sternocleidomastoid (SCM) in
congenital muscular torticollis. (B) Ultrasonography shows homogeneous,
hyperechoic mass on the SCM. (Modiied from Tien YC, Su JY, Lin GT, et al.
Ultrasonographic study of the coexistence of muscular torticollis and
dysplasia of the hip. J Pediatr Orthop 2001;21:343–347.)

causes include dystonia musculorum deformans and disorders
of hearing and vision that can result in head tilt.222
In the setting of acute-onset torticollis, atlantoaxial rotatory subluxation must be part of the diferential diagnosis.
Early treatment is paramount, as acute treatment for this
condition can oten be nonoperative. Chronic or missed rotatory subluxation oten will require more aggressive treatment.

Imaging
abscess.218 Polyarticular juvenile rheumatoid arthritis may
involve the cervical spine, and torticollis may be the only
clinical sign. Following pharyngitis, spontaneous atlantoaxial
rotatory subluxation may occur,219,220 resulting in torticollis.
Traumatic causes should be considered also, as torticollis
commonly follows injury to the C1–C2 articulation. Children
with conditions with known C1–C2 instability (Morquio
syndrome, spondyloepiphyseal dysplasia, and Down syndrome) should be evaluated thoroughly. Intermittent torticollis can occur, as in the case of a seizurelike disorder termed
benign paroxysmal torticollis of infancy. Similarly, Sandifer
syndrome, involving gastroesophageal relux with sudden
posturing of the trunk and neck, is a known etiology of torticollis in children with cerebral palsy.221 Neurologic disorders,
particularly space-occupying lesions of the central nervous
system, are oten accompanied by torticollis. Other neurologic
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Congenital

While the diagnosis of congenital muscular torticollis is most
commonly made on clinical grounds, sometimes imaging
modalities are needed for conirmation. Ultrasonography is
now considered the most sensitive test for conirming the
diagnosis of congenital muscular torticollis. A homogeneous,
hyperechoic mass within the SCM muscle is diagnostic of
congenital muscular torticollis.223 Ultrasound has proven to be
a very sensitive and speciic modality in making the diagnosis224 (Fig. 34.47).
Children with torticollis who fail to improve with routine
conservative treatment should be evaluated with radiography
to exclude an osseous abnormality or fracture. However,
adequate radiographic interpretation (especially at the occipitocervical junction) may be diicult because of the abnormal
head position. It is helpful to remember that the atlas moves
with the occiput: a radiograph directed 90 degrees to the
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B

FIG. 34.48 (A) Clinical appearance of a 6-year-old child with congenital muscular torticollis. Note appearance
of two heads of sternocleidomastoid (arrows). (B) Operative exposure of the same patient shows complete
replacement with ibrous tissue of the two heads of the sternocleidomastoid..

lateral skull usually results in a satisfactory view of the occipitocervical junction. Flexion-extension ilms may also be necessary to reveal cervical instability.
CT scans may be beneicial, especially in the cases of
discerning torticollis from atlantoaxial instability, or C1–C2
rotatory subluxation. his is because plain radiographs cannot
diferentiate the position of C1 and C2 during subluxation
from that in a normal child whose head is rotated, as the
images are identical. Using dynamic CT scans by rotating
the head to the right and let, the clinician can determine the
position of the facets.220

Nonoperative Treatment
Excellent results can be obtained with conservative measures
in most patients,205,213,225 which includes physical therapy and
stretching exercises. Controlled manual stretching is safe and
efective in greater than 95% of patients with congenital
muscular torticollis when seen before the age of 1 year.226 he
most important prognostic factors for success are minimal
rotational deicit, age less than 1 year, and absence of a palpable
tight band or tumor in the afected SCM muscle.
Standard maneuvers include stretching the SCM muscle
by positioning of the ear opposite the contracted muscle to
the shoulder and touching the chin to the shoulder on the
afected side.227 Utilization of a physical therapist in performing exercises may be more beneicial than teaching parents
on their own.228 When adequate stretching has been obtained
in the neutral position, these maneuvers are repeated with
the head hyperextended to achieve maximal stretching. When
plagiocephaly is present, the use of a sleeping helmet may
reduce the deformity.

Surgery
here are no clear indications for surgery. In situations with
persistent signiicant deformity persisting beyond 1 year of age
with an obviously tight SCM, release of the muscle can be

considered. In patients without functional deicit, indications
for treatment are not clear. Early aggressive treatment of acute
torticollis is important, as progression to chronic rotatory
subluxation becomes a more signiicant problem requiring
more aggressive treatment. Established facial asymmetry and
motion limitations usually preclude a good result225; asymmetry of the skull and face improves as long as adequate
growth potential remains ater the deforming pull of the SCM
is removed.207 Although it has been traditionally thought that
age greater than 1 year precluded good results, good cosmetic
results can be obtained in children 5 to 7 years of age (Fig.
34.48).229 Even patients older than 8 years can beneit from
unipolar or bipolar release of the SCM and postoperative
physical therapy.230 Even if neglected, delayed release of the
SCM has been found to be successful in improving both neck
ROM and head and facial deformities.231
Surgery consists of resection of a portion of the distal SCM
muscle. At least a 1-cm segment should be removed to guard
against recurrence of the deformity. A transverse incision is
made low in the neck to coincide with a normal skin fold.232
he two heads of the SCM are identiied, and both are sectioned. he investing fascia around the SCM must also be
released.205 Rotation of the chin and head at this point generally reveals the adequacy of the surgery, and palpation of the
neck shows any extraneous tight bands that could lead to
partial recurrence of incomplete correction. In an older child,
an accessory incision (bipolar) is oten required to section the
muscle at its origin on the mastoid process. he whole muscle
should not be excised because this may lead to reverse torticollis or asymmetry in the contour of the neck.213 It is important not to place the incision near or very near the clavicle
because scars in this area tend to spread and are cosmetically
unacceptable.
he postoperative regimen includes passive stretching
exercises of the SCM muscle, which should begin as soon as
the patient can tolerate them. Occasionally, head traction at
night is helpful, particularly in an older child. Bracing or cast
correction may be necessary if the deformity has been of long
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Introduction
Congenital anomalies of the dorsal midline structures—
including neural tissue, muscle, skin, and bones—fall into the
broad category referred to as neural tube defects (NTDs).
When referring to NTDs, there are several diferent types.
hey range from common entities that are not clinically
important to major anomalies that have signiicant implications throughout the nervous system. Spinal dysraphism refers
to a group of anomalies involving the bony or nervous components of the spine and, more speciically, the failure of
fusion of these midline structures. Spina biida refers to bony
posterior structures that do not completely fuse in the midline.
Although uncomplicated, bony spina biida is a common
asymptomatic radiographic inding. When it is associated
with complex anomalies of the nerve roots, dura, and even
organs outside the nervous system (such as those within the
genitourinary or gastrointestinal systems), it can be a source
of major disability. he embryologic defects related to spinal
dysrhaphism can occur either due to failure of primary neurulation and closure of the neural tube, which should occur
in the third or fourth fetal week of life, or later failures of
secondary neurulation. he incidence of spinal dysraphism is
estimated to be 0.05 to 0.25 per 1000 live births.1
Spinal dysraphism has been recognized since the earliest
of times and in all cultures. he most severe of these defects
can result in permanent disability to patients, depriving
them of “those qualities held in high esteem by our society—
independence, physical powers and intelligence.”2 Aristotle
(384–322 BCE) recommended infanticide for these children,
leading to an ongoing debate about the diagnosis and management of these diicult defects, including the current trend
toward antenatal treatment.
Spinal dysraphism is divided into two main categories: (1)
Spina biida aperta is characterized by herniation of the spinal
cord and nerves through a defect in the skin, apparent at birth
and/or on prenatal imaging. Myelomeningocele (MMC) is the
most common of these defects. (2) Spina biida occulta involves
less obvious defects, as the neural structures are covered by

full-thickness skin. Although each can be associated with
signiicant spinal cord pathology, the associated anomalies of
the nervous system are far greater when the lesion is associated with a loss of spinal luid (see discussion of “uniied
theory” in the myelomeningocele section later in the chapter).
Management of spinal dysraphism involves three main stages:
(1) accurate diagnosis; (2) surgical intervention, if warranted;
and (3) postoperative care, which oten includes lifelong
management of neurologic deicits that can worsen over time.
his chapter reviews the major types of congenital anomalies
of the spinal cord, including the exciting but controversial
subject of prenatal diagnosis and surgical intervention for
open MMC defects.

Embryology
Many of these congenital anomalies are associated with presumed problems in embryogenesis; a review of relevant
embryogenesis will be helpful for the practitioner to understand these anomalies.
he development of the spine occurs between the second
and sixth week of gestation and progresses in the following
stages: gastrulation, primary neurulation, secondary neurulation, and retrogressive diferentiation. Gastrulation (day 16)
occurs when the mesoblast (future mesoderm) converts the
bilaminar embryonic disc to a trilaminar structure. By 18 days
of development, all three germ layers are present. he neural
groove, which is a longitudinal depression, is destined to be
the brain and spinal cord.
Neurulation (beginning at day 22) is the process by which
the neural groove deepens to become a hollow neural tube,
and includes two phases. he rostral opening closes irst in
humans (day 24), while the caudal opening closes at 28 days
of gestation. Primary neurulation is completed by the fourth
week of gestation. Errors in this phase lead to open neural
tube defects, such as MMC or encephalocele, when afecting
the brain.
Secondary neurulation refers to the canalization of secondary tubules and the formation of a secondary neural tube
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caudal to the lower lumbar levels. his secondary neural tube
will fuse with the primary neural tube. Errors during this
process of secondary neurulation can lead to a terminal MMC
or lipomyelomeningocele. he caudal cell mass, which is
responsible for secondary neurulation, is also responsible for
the formation of other organ systems, and accounts for the
frequent association of anomalies of the distal spinal cord with
those of the anorectal or genitourinary system.
At approximately 45 days of gestation, the caudal end of the
neural tube (i.e., immature spinal cord) extends to the coccygeal spinal level. At this point, retrogressive diferentiation
is partly responsible for the cranial ascent of the neural tube
as compared to the bony structures, although the diferential
growth of the spinal cord and spine is the major reason that,
in a majority of adults, the conus medullaris corresponds to
the level of the L1–L2 disc.3

Spina Biida Aperta
he term spina biida was irst proposed by Nicolaas Tulp, a
Dutch physician and surgeon who was pictured in Rembrandt’s
famous painting “Anatomy Lesson” for his description of
MMC in 1651.4 Originally, it was used to describe a duplication of the spinous process, but is currently still used for any
malformation of the lumbar spine.5

Myelomeningocele

Epidemiology
he incidence of MMC ranges from less than 1 case per 1000
live births to almost 9 cases per 1000 live births.7 It is unclear
what accounts for this regional variability. Ethnicity also
appears to be involved in the epidemiology, with Hispanics
having a higher rate of neural tube defects compared with
African Americans and Asians in the United States, even ater
taking into account other factors.8,9
In the 1970s, it was noted that the red cell folate levels of
women of lower socioeconomic status in the United Kingdom
were lower than those of higher socioeconomic status, and
that these women had a higher rate of pregnancies complicated
by neural tube defects.10 A double-blind randomized trial
commissioned by the Medical Research Council Vitamin
Study Group (UK) showed that periconceptional folic acid
supplementation (4 mg/day in mothers with a previous history
of NTDs) was associated with a substantial risk reduction of
72%.11 he result of this study was the impetus of the US
Centers for Disease Control and Prevention (CDC) recommending 4 mg/day folic acid supplementation for those
mothers with a high risk of MMC due to a previously afected
pregnancy.12 A randomized study of more than 4000 low-risk
Hungarian women found a statistically signiicant reduction
of NTDs with folic acid supplementation (800 mg/day). his
led to the further recommendation by the CDC that all women
of reproductive age should take 400 mg folic acid daily in
addition to consuming a folate-rich diet.13

Embryology
MMC is the most common signiicant birth defect afecting
the spine. It is characterized by herniation of a malformed
spinal cord and its related meninges through a defect in the
bony spinal canal and skin. MMC refers to herniation of the
meninges through such a defect, without associated spinal
cord tissue.
MMC most likely occurs when the posterior neuropore
fails to close during primary neurulation, or if it reopens due
to distention of the central canal by cerebrospinal luid (CSF).
his spinal abnormality is only one of the constitutive abnormalities seen in this disorder, which can also include Chiari II
malformation, hydrocephalus, and multiple brain abnormalities, including partial agenesis of the corpus callosum, thalamic
adhesions, and gyral malformations.
McLone and Naidich attempted to explain this constellation
of indings with their “uniied theory.”6 his theory hypothesizes that the open spinal defect and associated drainage of
CSF leads to a loss of backpressure within the developing
ventricular system of the brain, causing the collapse of the
rhomboencephalic vesicle, which results in a small posterior
fossa. his resultant small posterior fossa in efect forces the
growing cerebellum and hindbrain to herniate downward into
the cervical spinal canal, which is the hallmark inding of
the Chiari II malformation. his downward herniation causes
an obstruction of the fourth ventricle outlet, which causes
hydrocephalus in the fetus or, in the newborn ater closing
the MMC, eliminates the spinal defect as a CSF drainage
pathway.

Prenatal Diagnosis
Historically, the rates of prenatal diagnosis of MMC were relatively low, but this has changed in recent years, especially in
developed countries. Serum screening of α-fetoprotein and
acetylcholinesterase and the use of ultrasound yield current
detection rates close to 80%.14
Ultrasound can be particularly efective in diagnosing
MMC; as a result, rates of detection have increased dramatically over the last 2 decades. Both direct and indirect signs of
MMC and other neural tube defects can be seen on ultrasonography. hese indirect signs include the “lemon sign”
(frontal bossing), the “banana sign” (deformation of the cerebellum), and obliteration of the cisterna magna (Fig. 35.1).1
he diagnosis can be made as early as the tenth week of gestation in some cases, but the majority of cases are diagnosed
between weeks 18 and 24.15
here is evidence, including sequential imaging studies,
to suggest that the neurologic deicits in MMC may be
progressive, with movement in the lower limbs decreasing
with gestational age, and worsening of the hydrocephalus and
hindbrain herniation.16 Conversely, animal models of spina
biida showed preserved neurologic function and improved
hindbrain herniation when there was prenatal coverage of
the spinal defect.17 his suggested that many of the inal
phenotypes of MMC may be due to a “two-hit” process, in
which the spinal defect may initiate lower limb dysfunction,
but the continued egress of CSF through the defect may
cause some of the hindbrain defects, and further damage may
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FIG. 35.1 Ultrasound indings of myelomeningocele. (A) Two-dimensional ultrasound showing luid collection
posterior to the spine, representing a myelomeningocele. (B) Frontal narrowing, or the banana sign. (From
Zerah M, Kulkarni AV. Spinal cord malformations. Handb Clin Neurol. 2013;112:975-991.)

ensure exposure of the neural elements to the intrauterine
environment.18
As can be imagined, once the diagnosis has been made, the
parents and health care team are faced with an ethical dilemma.
Termination of pregnancy is one option that is oten pursued,
with rates of termination around 20% in the United States and
around 80% in Europe.19 However, many countries have made
termination of pregnancies illegal, even in the face of the most
severe malformations. In addition, other families would not
consider this a viable choice if it were permissible. herefore,
regardless of the choice made by the parents, a spina biida
center should include a multidisciplinary team consisting of
neurosurgeons, orthopedists, neonatologists, urologists, and
social workers.

Initial Management
A detailed physical examination is necessary when assessing
an infant with an MMC. he physical examination evaluates
the general well-being of the infant and the deicits associated with the MMC, and seeks to ind associated anomalies.
he physical examination should include an assessment of
the actual MMC defect, with an eye toward surgical closure,
and a complete neurologic examination with an emphasis
on attempting to localize the functional level of the MMC.
An assessment of any orthopedic deformity and urologic
function is also important. It is critical to assess the patient
clinically and radiographically for concomitant indings of
hydrocephalus, as many of these infants will require treatment
for the condition by either placement of a shunt or endoscopy.
his can be assessed by head circumference, bulging of the
fontanelle, and splaying of the cranial bones at the sutures.
Hindbrain dysfunction or the concomitant inding of a Chiari
II malformation can be suggested by the indings of stridor
or apnea.
he condition of the MMC will determine the rapidity of
surgical intervention. One should not rupture the sac if it is
not ruptured, although this is uncommon. If the sac has
ruptured, the neural placode should be readily visible and
prophylactic antibiotics should be started. he lesion should
be kept moist with a nonadherent dressing.

TABLE 35.1

Segmental Innervation of Lower Extremity Muscles

Hip lexion

L1–L3

Hip adduction

L2–L4

Knee extension

L2–L4

Ankle inversion

L4

Toe extension

L5–S1

Hip abduction

L5–S1

Hip extension

L5–S1

Knee lexion

L5–S2

Ankle plantar lexion

S1–S2

From Sharrard WJ. The segmental innervation of the lower limb muscles in man. Ann R
Coll Surg Engl. 1964;35:106–122.

he neurologic examination should include cranial nerve
examination, as Chiari II malformations can present with
lower cranial nerve dysfunction, such as stridor from vocal
cord paralysis or swallowing diiculty. Eye motion abnormalities and nystagmus are also common. Examination of the
lower extremities is of paramount importance, as it allows one
to assess the functional level of the MMC. Particular attention
should be paid to the position of the legs at rest, as well as
ixed contractures and wasting of particular muscles, as they
suggest paralysis of the nerves innervating these muscles. One
should also pay attention to the lowest level of reactivity to
painful stimuli. Table 35.1 lists the segmental innervation of
the lower extremities and can be used to assign a functional
level to the defect.20
In addition to the neurologic assessment, a general orthopedic assessment of the lower extremities is also important, as
many of these patients have clubfeet (equinovarus defects)
and/or dislocated hips. Spine radiographs can be used to
assess the associated scoliosis, although this can usually be
done later. If a major gibbus is seen clinically, then the radiographs should be taken before closure of the MMC, as resection of the gibbus might be necessary.21,22 Many patients with
MMC have associated urologic problems; as such, clean
intermittent catheterization should be initiated immediately
to avoid urinary tract infections.
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Postnatal Surgery for MMC Closure
Closure of the MMC defect should occur within 24 to 48
hours ater birth to decrease the risk of meningitis and ventriculitis. It is important to note to the parents that the procedure is lifesaving and can prevent deterioration of function,
but it does not improve neurologic function. If there is no
evidence of hydrocephalus, then closure of the MMC can be
done as an isolated procedure. If signiicant hydrocephalus is
present, closure of the MMC should be accompanied by CSF
diversion (discussed later).
he goals of the closure of the MMC are twofold. Primarily,
it is to seal the spine and spinal cord and guard against the
entry of bacteria. Second, it is to preserve neurologic function
and to prevent tethering of the spinal cord, although it must
be stressed that the rate of retethering is very high.
Surgically, the infant is put in the prone position ater
intubation under general anesthesia with gentle gel rolls so
that the abdomen is free and to minimize epidural bleeding.

An elliptical incision is made outside the normal skin and the
zona epithelioserosa, which is a thin, pearly layer that surrounds the placode. It is important to excise this tissue, as
leaving it may lead to the development of epidermoid inclusion cysts. For most MMC defects, the defect is oriented in
the superior/posterior axis, making a vertical closure easier,
but there are times when a horizontal closure may be easier23
(Fig. 35.2).
Next, radial excision of the skin surrounding the placode
is done, with care not to damage the placode. For MMCs with
complete lack of distal neurologic function, some authors have
advocated complete excision of the placode, which may
prevent future tethering. However, most surgeons endeavor to
preserve the placode. In fact, it may be beneicial to reconstruct
the placode into a tubular form so that it its into the dural sac
and is less likely to tether.
Once this is done, the surgeon attempts to free the dura
from the underlying fascia. he two edges of dura are then
approximated and sewn together in a water-tight fashion.

Neck of
sac divided

Sac
cut from
placode

B

C

A

D

E

F

G

FIG. 35.2 Myelomeningocele closure. Technique for closure of myelomeningocele (see text). (A) The infant is
placed in the prone position with towel rolls under the hips. An elliptic incision is outlined just outside the zona
epithelioserosa, which may be oriented on the vertical or horizontal axis. (B) The incision is to the level of the
lumbodorsal fascia. The apices of the island of skin within the incision are grasped with clamps, and the skin is
undermined medially until the dural sac is seen to funnel through the fascial defect. (C) The dural sac is irst
incised at its base. The skin is excised from the placode and discarded, allowing the placode to fall into the
spinal canal. (D) The everted dura is undermined and relected medially to envelop the placode. The placode
itself may be folded medially and sewn into a tube at this point. (E) The dural layer is closed with
nonabsorbable suture, using a running stitch. (F) The fascia is incised to the muscle, undermined, and relected
medially to create second layer of closure. G, Skin is undermined using blunt techniques to permit closure.
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important to have both orthopedic and urologic consultations
to plan appropriate timing for repair of other associated
anomalies and establish baseline urologic function. Routine
catheterization is also important.

In Utero Closure
he irst prenatal MMC repair was done in 1997. Early results
suggested that this prenatal surgery had improved outcome
for the infant in terms of decreased rates of hindbrain herniation, but also showed an increase in maternal risk, namely, the
risk of preterm labor and uterine dehiscence.26 hese promising results were the impetus for the management of the
Myelomeningocele Study (MOMS), which was a randomized
trial at three tertiary centers that compared prenatal MMC
closure to traditional postnatal closure.18
For this trial, the uterus was exposed via a low transverse
laparotomy incision and exteriorized. he fetus and placenta
were then located by ultrasound and hysterotomy. he MMC
was closed in a standardized manner under magniication,
generally using an allograt as a patch.
he primary outcome was the need for CSF shunting at
12 months. he prenatal group had a statistically signiicant
lower rate compared with infants randomized to postnatal

FIG. 35.3 Extradural myelomeningocele reconstruction. Top, Paraspinal muscle fascia is incised laterally and
elevated medially over the underlying muscle. After the turnover fascial laps are sutured together in the
midline, the paraspinous muscles are then advanced medially. Bottom, If the majority of the defect is caudal to
the paraspinous musculature, the paraspinous muscle fascia is turned over in continuity with the gluteal
muscle fascia without additional muscle coverage. (From Patel KB, Taghinia AH, Proctor MR, Warf BC, Greene AK.
Extradural myelomeningocele reconstruction using local turnover fascial laps and midline linear skin closure. J
Plast Reconstr Aesthet Surg. 2012;65[11]:1569-572.)
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Because the dura is oten weak and the closure tenuous, it is
a good idea to close the fascia in a separate layer. his is done
by radially releasing the fascia from the overlying muscle and
bringing the two edges of fascia together, over the closed dura.
Next, to close the skin, undermining using blunt dissection is
oten necessary around to the abdomen. A two-layer closure
is preferred, with interrupted nonabsorbable suture for large
defects.
Larger defects require more complicated closure techniques; a close collaboration with plastic and reconstructive
surgery is an important adjunct. he goal of closure is to
minimize tension between individual tissue planes and to
maximize tissue healing. One method to ensure this is to use
an S-shaped skin opening, allowing for the use of local rotational laps.24 Rhomboid laps and latissimus dorsi laps can
be used. We have also described using (1) local fascial turnover
laps with or without paraspinous muscle laps for deep coverage of the dural repair followed by (2) linear, midline skin
closure with good results25 (Figs. 35.3 and 35.4).
Postoperatively, infants should be placed prone to avoid
pressure on the incision. It is important to use a barrier dressing to avoid soiling with urine or stool. To monitor for the
potential for hydrocephalus, daily head circumferences are
measured and weekly head ultrasounds are obtained. It is
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FIG. 35.4 (A) Two-day-old male with an 8.5 × 8.0 cm lumbosacral myelomeningocele. (B) Elevation of
paraspinous turnover fascial laps. (C) Closure of fascial laps over the dural repair. (D) Additional soft tissue
coverage using bilateral paraspinous muscle advancement laps. (E) Widely undermined skin laps advanced
medially for midline linear closure. (F) Healed incision 4 months postoperatively. (From Patel KB, Taghinia AH,
Proctor MR, Warf BC, Greene AK. Extradural myelomeningocele reconstruction using local turnover fascial laps
and midline linear skin closure. J Plast Reconstr Aesthet Surg. 2012;65[11]:1569-1572.)

closure (68% to 98%). he prenatal group also had lower rates
of hindbrain herniation, brain stem kinking, abnormal fourthventricular location, and syringomyelia. Although the ability
to walk is dependent on the level of the lesion, infants in the
prenatal group were also more likely to walk without orthotics
or devices. Interestingly, infants in the prenatal group underwent more delayed procedures for spinal cord tethering, likely
because the initial closure was a less technical operation,
aimed more at sealing the defect than releasing the spinal cord.
Furthermore, the rates of maternal and pregnancy complications were higher with prenatal surgery. A later publication
suggested that modiication of the surgical technique, including not using a trochar and minimizing the separation of the
amniotic membrane, resulted in lower rates of premature
rupture of membranes and chorioamnion separation, and
most infants were able to be delivered at a later gestational
age.27 A recent phase I study of an endoscopic approach to
prenatal closure appears promising.28 Larger ventricular size
may be a prognostic sign for the requirement of a CSF diversion procedure.29 More long-term follow-up is needed to
ensure that these results hold up.

Ventriculoperitoneal Shunts
It is estimated that close to 80% of MMC patients will develop
hydrocephalus, with 5% to 10% requiring CSF diversion at

birth.1 Most children who develop hydrocephalus will do so
within the irst 6 months of life. Interestingly, some patients
develop hydrocephalus ater MMC repair, as the egress of CSF
from the defect is sealed of. he indications for CSF diversion
are increasing head circumference, CSF leak from the MMC
closure site, or signs of increased intracranial pressure, such
as bradycardia or apnea. Some children may also develop a
syrinx as a result of excess luid buildup. If a CSF diversion is
thought to be needed at the time of MMC repair, it can be
done under the same anesthetic.30 In a study comparing a
wait-and-see approach for the placement of a ventriculoperitoneal shunt and automatic placement of the shunt, patients
who had their shunts placed later had a signiicantly higher
risk of developing a shunt infection.31 However, by waiting to
be certain that it is necessary, it is likely that some patients
who would have been shunted can avoid this procedure.

Endoscopic Third Ventriculostomy
Endoscopic third ventriculostomy (ETV) is a procedure that
was irst proposed by W. Jason Mixter, founding chairman of
neurosurgery at Massachusetts General Hospital, in 1923.32
He used a urethroscope to puncture a hole in the loor of
the third ventricle of a patient with noncommunicating
hydrocephalus. Mixter’s instrumentation and visualization
were poor and cumbersome and did not have much appeal
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Surgical Complications
Latex Allergy
here has been an observation of a deinite increase in allergy
to latex, as found in surgical gloves and urinary catheters, in
patients with spinal dysraphism.38 Health care providers must
be vigilant in this regard, as the allergy is type I, an immediate
immunoglobulin E (IgE) reaction that can result in anaphylaxis and death. his sensitization is thought to arise from
repeated exposure to latex products, although there is evidence
that patients with spinal dysraphism have higher levels of total
and latex-speciic IgE compared with normal patients.39 For

this reason, all surgical procedures on spina biida patients are
recommended to be done in a latex-free environment. At most
pediatric centers, this latex-free precaution is established
immediately, before any evidence of allergy is present, to
prevent this reaction.

Late Deterioration
Although MMC is a congenital birth defect and most of the
neurologic sequelae are present at birth, there is risk for progressive loss of function from several causes. Signs of worsening
in a patient should be investigated, as early treatment afords
the best outcome. Reasons for neurologic deterioration in an
MMC patient include hydrocephalus, Chiari malformation,
hydromyelia, tethered cord, and progressive spinal deformity.
Many of these conditions can coexist; thus, it might not be easy
to determine the exact reason for neurologic deterioration in
an MMC patient. herefore, it is generally best to consider a
top-down approach.
Hydrocephalus can be the source of dysfunction for many
reasons, including the primary efects of the progressive
ventricle size, and the secondary efects this can have on
the Chiari II malformation and the hydromyelia. herefore,
workup for MMC patients who present with neurologic
deterioration should start with a brain scan. If this shows
worsening ventriculomegaly, the treatment might be obvious.
If the ventricles are not enlarging, paradoxically, the hydrocephalus can still cause worsening Chiari or syrinx symptoms;
thus, the spine should be imaged. If the symptoms appear to
be Chiari related (i.e., cranial nerve dysfunction) or syrinx
related (i.e., upper extremity weakness) the treatment might
still be for hydrocephalus, which will oten improve these other
conditions. If the indings are purely in the lower extremities
or bowel/bladder, the tethered cord might be the source, in
which case the treatment is directed there. he presence of
indings is not always a mandate for surgery; rather, these
indings should be placed in context to previous imaging and
clinical presentation of the patient. It is therefore important
that these patients are followed longitudinally by a highly
specialized multidisciplinary clinic, including neurosurgeons,
orthopedic surgeons, urologists, pediatricians, and physical
therapists.

Shunt Malfunction/Increased Intracranial Pressure
Any neurologic deterioration in a patient with MMC should
invoke a thorough investigation for increased intracranial
pressure. If a shunt is present, it can malfunction, and even the
ETV can fail. his is oten confusing to irst-line responders,
who may not think of the possibility of hydrocephalus since
no shunt is present. Studies have shown sudden death from
hydrocephalus in patients treated with ETV alone.40,41 It is
important to note that many MMC patients have baseline
ventriculomegaly, or “arrested” hydrocephalus. here is some
evidence that some of these patients may beneit from an
insertion of a new shunt or shunt revision,42 which is a decision made carefully by the neurosurgeon. Eye examinations
can be vitally important in looking for papilledema in these
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to his colleagues. As technology improved, speciically the
development of charged-couple devices, which convert optical
data to electrical impulses, better visualization, magniication,
and lighting could be delivered to an endoscope and the
size of the endoscopes could be reduced.33 Recently, there
has been a resurgence in interest in treating many types of
hydrocephalus using ETV with and without choroid plexus
cauterization (CPC), which is reducing the need for patients
to have an implanted device (shunt). his can be of great value
to patients if the eicacy and longevity of the ETV procedures
are borne out over time, as implanted shunts are at permanent
risk of mechanical failure, infection, and other complications.
Interestingly, the eicacy of ETV with and without CPC was
established, out of necessity, in Africa, where there was less
access to implanted shunts and where it is oten very diicult
for these children to receive shunt revision surgery if the shunt
fails.34 his modality is now being introduced to irst-world
countries with widely accessible modern shunts, a rare transfer
of medical innovation from less-developed to more-developed
countries. In a large series of over 100 patients, Warf and
Campbell showed that using ETV and CPC as a primary treatment of hydrocephalus in patients with MMC was successful
in 76% of patients, with a predicted lifetime success rate of
76% if reopening of a closed ETV was performed.34 Importantly, close to 10% of patients could not undergo ETV and
CPC, most commonly due to postinlammatory distortion
of intraventricular anatomy. Preliminary evidence in North
American studies supports these results.35 A recent metaanalysis of ETV of approximately 500 patients, 53% of whom
presented with MMC, revealed a success rate of 55%.36 Due to
the high morbidity of shunt failures and infection in MMC,
it may be reasonable to attempt an ETV with CPC in patients
requiring CSF diversion; thus, we are likely to see reductions
in the number of shunted patients in the future. here are
caveats in that, for some patients, the intraventricular anatomy
may not be ideal for the ETV procedures. When failures
of ETV do occur, they are commonly within 6 months of
treatment,34,37 a time when the skull bones remain open. his
means that, although some infants might be converted to an
implanted shunt, ETV failure should not lead to increased
intracranial pressure and a poor outcome, as the baby will
generally present with a more benign acceleration of head
growth. To date, there have been no studies looking at ETV for
hydrocephalus that occurs ater prenatal treatment of MMC.
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patients, and occasionally direct monitoring of intracranial
pressure is needed. For patients who have undergone ETV,
reopening of the ETV site has been shown to be efective, even
if it is performed later.43

Tethered Cord
Tethered cord syndrome (TCS), in which the spinal cord
is attached to the surrounding tissues and limited in its
movements, can cause neural structures to stretch and lead
to multiple neurologic, urologic, and orthopedic defects. It
is important to note that by radiographic criteria, such as a
low-lying conus or attachment of the spinal cord to overlying
tissue, all MMC patients will have the picture of a “tethered
cord,” but it is only approximately 20% to 30% that will have
symptomatic TCS.44,45 Interestingly, fetal repair does not
seem to change the incidence of this phenomenon, as 30% of
patients that underwent a fetal repair subsequently presented
with TCS, with 63% of these patients having a cutaneously
derived intradural inclusion cyst. In fact, it may paradoxically increase this risk because the prenatal closure, despite
its overall complexity, is a less technically exacting operation
regarding the spinal cord.
Signs and symptoms of TCS are more likely to appear
early in life, when growth is rapid. We oten see spikes of
presentation between 4 to 6 and 12 to 14 years of age, which
coincide with growth spurts. Symptoms can include back and
leg pain, urinary incontinence, gait abnormalities, progressive
foot deformities, and kyphoscoliosis. In children whose function is already compromised, such as with gait abnormalities
from low-lying lesions, loss of more function can signiicantly
alter quality of life; thus, early diagnosis and treatment are
essential.46

A

Surgery to detether a tethered cord is similar to that for a
lipomyelomeningocele. It is important to identify the most
cephalad normal lamina above the spina biida defect. his
most cephalad lamina is removed, and the underlying normal
spinal cord is identiied. Working in a caudal fashion, the
dorsal and lateral attachments are detached using sharp dissection. his should continue until the cord is noted to fall
into anterior spinal canal. here is some evidence that using
electrophysiology—namely, electromyography (EMG)—and
compound muscle action potentials can be helpful in making
these dissections safer and perhaps decrease the rates of subsequent tethering.47
Although the aim of surgery is to halt neurologic deterioration, there is some evidence that detethering operations may
actually improve neurologic function, including gait and
motor diiculties and urinary incontinence.48,49 It is for this
reason that early detection and surgery are important.

Chiari Malformations
Chiari malformations refer to abnormalities of the hindbrain
originally described by the Austrian pathologist Hans Christian in the early 1890s.50 here are four main types described,
but the most relevant to the topic of spinal dysraphism is the
Chiari type II (CMII) malformation. CMII is almost always
(>95%) associated with myelomeningocele or, rarely, other
forms of spinal dysraphism.51,52 In this malformation, there is
downward displacement of the cerebellar vermis and brain
stem through the foramen magnum (Fig. 35.5). Hydrocephalus is also present about 90% of the time.
Infants with CMII requiring treatment are in a fairly severe
category and can present with inspiratory stridor due to vocal
cord paralysis, bradycardia, or apnea.53,54 Older children will

B

FIG. 35.5 Magnetic resonance imaging indings of Chiari II malformation. (A) Sagittal T1-weighted MRI reveals
many of the associated indings in Chiari II malformations, including lack of corpus callosum, large massa
intermedia (arrow), descent of the cerebellar tonsils, as well as descent of the brain stem. (B) Sagittal
T2-weighted MRI reveals low-lying conus and myelomeningocele.
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Hydromyelia
Hydromyelia, or the abnormal widening of the central canal
of the spinal cord due to the presence of CSF, is recognized
with increasing frequency in association with MMC. he true
incidence of hydromyelia in MMC patients may be close to
70%.44 Some have posited that the presence of hydromyelia
may be due to persistent hydrocephalus that transmits
increased CSF pressure down the central canal.56 Others have
hypothesized that the hydromyelia is due to a transmission of
a systolic pressure wave in the intracranial compartment to
the cerebellar tonsils, which, in turn, is transmitted to the
central canal.57,58 his is why treatment of the hydrocephalus
can be efective for treating the hydromyelia.
Whereas classic syringomyelia usually presents with dissociated sensory loss (presumably due to damage to the
decussating anterior white commissure), hydromyelia associated with spina biida can present with preserved sensation,
but progressive bladder dysfunction and quadriparesis. Scoliosis also might be related to hydromyelia, but it can also be
related to primary bone abnormalities, or spinal tethering.59

Spina Biida Occulta
Spina biida occulta represents the other major subcategory
of spinal dysraphism. As opposed to spina biida aperta, spina
biida occulta is a condition in which there is a congenital
defect in the dorsal elements of the spinal canal, but the overlying skin is let intact, and the diagnosis is oten not detected
at birth. his is a distinct condition that may be associated
with TCS and the risk for deterioration over time, which has
diferent implications for both prognosis and treatment.

Embryology
In contrast to MMC, spina biida occulta arises from defects
at a later point in embryologic development. At 27 days of
gestation, the neural tube has completely closed, inishing the
process of primary neurulation.60,61 his closure is the result
of complex interactions between numerous intercellular signaling factors. By deinition, this closure occurs successfully
in all spina biida occulta patients. he neural tube then separates from the overlying ectoderm in a process thought to be
highly dependent on cadherin expression.62,63 Following neural
tube closure, canalization occurs from days 27 to 48. During
this process, cells from the primitive streak distal to the caudal
neuropore form a caudal cell mass, which, in turn, form vacuoles that go on to become the conus medullaris, cauda equina,
and ilum terminale.64 hese eventually fuse with the distal
neuropore, forming the distal spinal cord.
he formation of the bony and muscular distal spinal elements occurs simultaneously. By the end of primary neurulation, paired mesoderm-derived somites have given rise to
paired sclerotomes, lanking either side of the notochord
ventral to the neural tube.65 hese sclerotomes migrate medially, meeting one another in the midline to eventually form
the basis of the bony vertebral column. Sclerotomal cells then
subsequently migrate dorsally to envelop the neural tube,
forming the dorsal vertebral arch structures. he overlying
back musculature and deep dermal tissues are simultaneously
derived from the remaining somite cells let over ater the
sclerotomal cells have separated.
In spina biida occulta, any number of these subsequent
embryologic steps may be disrupted, leading to occult dysraphism. For example, failure of proper separation of elements
during neural canalization can lead to either a fatty or ibrofatty
ilum terminale. Similarly, failure in the migration or fusion
of dorsal sclerotomal cells may lead to malformation of the
bony and muscular elements of the dorsal spine. hough these
malformations may not become obvious or symptomatic until
much later in development, many can be clearly traced to
anomalies during early gestation.

Epidemiology
he true prevalence of occult spinal dysraphism is currently
unclear, as many mild anomalies, such as a ibrofatty ilum
terminale, have an uncertain natural history.66 As many of
these abnormalities are detected either incidentally or as part
of the workup of an overlying suspicious cutaneous sign, it is
unclear how many of these anomalies become symptomatic,
and, in turn, how many cases remain undiagnosed in the
pediatric and adult populations. As a corollary, the measured
incidence of occult spinal dysraphism has grown over time as
imaging technology has become more widely available and
awareness of screening for cutaneous manifestations has
increased.
Estimates for lipomyelomeningocele and lipomeningocele
have ranged from 0.3 to 1.6 per 10,000 live births with a higher
incidence in Hispanic populations and a lower incidence in
black populations.67,68 he estimated prevalence of isolated
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generally present with more mild symptoms, including lower
cranial nerve palsies, ataxia, and tussive headaches.
he indications for surgical intervention for CMII lesions
in myelomeningoceles are diicult, as many of these patients
will have the radiographic indings of Chiari II but not require
treatment. Generally, if patients present with these symptoms,
treatment of the hydrocephalus can be efective in treating
these Chiari symptoms, presumably by reducing the pressure
from above that is putting downward pressure on the brain.
However, some children do require Chiari decompression if
the hydrocephalus treatment was not efective in relieving the
symptoms.
he goal of surgery for Chiari malformations is to equilibrate CSF pressure dynamics between the intracranial and
intraspinal subarachnoid spaces. his involves a posterior
fossa decompression through a suboccipital craniotomy. Some
centers do only bony decompression, while others advocate
for at least a partial duraplasty, which involves thinning of the
dura. he third option involves opening the dura at the craniocervical junction. A meta-analysis suggests that patients who
undergo duraplasty have higher levels of symptom control
and syrinx resolution, but also higher rates of CSF-related
complications, such as CSF leaks or the development of a
pseudomeningocele.55
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ilum terminale abnormalities are signiicantly higher. Cadaveric studies have yielded a presence of 4% to 6% for ilum
terminale lipomas.69 Imaging prevalence studies have reported
a slightly lower incidence: 0.2% to 4.0%.70–72 Reports of the
incidence of congenital dermal sinus tracts are somewhat
more varied. Earlier studies, based on clinical examination of
children, report a signiicantly higher incidence (1–4%) compared with later studies that supplement clinical investigation
with imaging technology (~0.04%).73–76 his is not surprising,
as the vast majority of patients with suspicious cutaneous
stigmata, even in prescreened populations, will not have
underlying evidence of spinal dysraphism.77 Other congenital
malformations, such as spinal neurenteric cysts, diastematomyelia, and sacral agenesis, are rarer still, with data limited to
case reports or small case series.
Of note, as opposed to the case of MMC, there have not
been demonstrated associations of occult spinal dysraphism
with folic acid deiciency. his has been most carefully studied
in the speciic case of lipomyelomeningocele. Repeated eforts
have failed to ind any reduced incidence of lipomyelomeningocele with dietary folic acid supplementation.68,78 hese data
reinforce the idea that occult spinal dysraphism represents a
pathologic entity distinct from MMC, with roots in developmental errors that occur ater the complete neural tube closure.

Clinical Presentation
Occult spinal dysraphism should be suspected when there is
the presence of suspicious cutaneous stigmata, syndromic or
midline congenital malformations associated with spinal
dysraphism, or symptoms suggestive of lower spinal cord
pathology.
In terms of cutaneous stigmata, common suspicious lesions
include the presence of a midline or paraspinal mass, a capillary hemangioma (port wine stain), a distinct lumbrosacral
tut of hair, a polypoid lesion or caudal appendage, hyper- or
hypopigmented nodules or macules, an atretic meningocele, a
sacral dimple, a sinus tract, or a signiicantly deviated gluteal
clet.79,80 (Fig. 35.6). Due to the wide variety of possible manifestations, the incidence of some form of cutaneous stigmata

B

is high, but only a fraction of those children have radiologic
evidence of underlying spinal dysraphism on further investigation. here are reports that as many as 5% of all neonates
bear some form of cutaneous stigmata, the most common of
which is a sacral dimple, but only 7% of those bearing the
stigmata go on to have signs of dysraphism on radiologic
studies.81 Nevertheless, due to the serious potential consequences of leaving an underlying malformation unrecognized,
most children with suspicious cutaneous lesions should typically undergo further investigation.
Several congenital syndromes and associations are also
known to be associated with occult spinal malformations;
their presence typically warrants screening for spinal dysraphism. One of the more common is VACTERL, an association
of co-occurrences involving the following, which comprise the
acronym: vertebral anomalies, anal atresia, cardiac defects,
tracheoesophageal istula, esophageal atresia, renal and radial
anomalies, and possibly limb defects. hough not linked
through a common pathogenic pathway, these anomalies are
known to be associated with one another. Tethered cord is a
common occurrence in children with any type of anal and/or
sacral anomaly, due to the common embryology of the caudal
cell bud, VACTERL included. An estimated 8% to 45% of
children with anorectal malformations have associated pathologic spinal abnormalities.82–85 Other known syndromic associations include SACRAL syndrome (spinal dysraphism,
anogenital, cutaneous, renal, and urologic anomalies) and the
more recently coined PELVIS syndrome (perineal hemangioma, external genitalia malformations, lipomyelomeningocele,
vesicorenal abnormalities, imperforate anus, and skin tag).86,87
It should be noted that in all of these, there is a common
thread of association between anorectal abnormalities and
underlying spinal abnormalities.
Finally, if neither cutaneous manifestations nor nearby
congenital abnormalities are present, progressive symptoms
localized to the lower spinal cord and cauda equina should
also raise suspicion for possible occult dysraphism. hese
symptoms include progressive lower extremity weakness,
urinary incontinence and/or retention, bowel incontinence,
high-arched feet, leg asymmetry, and/or scoliosis. It is important to recognize that these deicits may be present at birth,
but more commonly present in a delayed fashion. As such, a
detailed history and physical are, as always, critical to making
a diagnosis. Lower extremity weakness may be particularly
challenging, as younger children may be limited in their ability
to give a clear history and/or participate in bedside examination. hus, other associated signs—such as progressive inward
toeing of the feet, refusal to walk or stand independently, or
increased long-tract signs on examination—should also raise
concern for underlying spinal cord issues. his suspicion
should be particularly heightened in children who achieve a
given developmental level and then experience unexplained
regression.

A

Investigation
FIG. 35.6 Cutaneous stigmata of occult spinal dysraphism. (A)
Hypertrichosis in a young woman, indicating underlying tethered cord.
(B) Lumbosacral hemangioma.

When an underlying occult spinal congenital malformation is
suspected, the next step in workup is typically radiologic
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FIG. 35.7 Ultrasound indings of occult dysraphism. (A) Midsagittal ultrasound shows dermal sinus tract
(arrow). (B) Midsagittal magnetic resonance image reveals dermal sinus tract in better resolution (arrow).

investigation. his can take the form of either a focused
ultrasonography or magnetic resonance imaging (MRI), each
with their distinct advantages and disadvantages.
Ultrasound studies are quick, cost efective, and generally
give a good impression of the underlying structural composition of underlying structures if done before the ossiication of
the bones excludes efective imaging. Structures are contrasted
based on their echogenicity; as such, bone, spinal luid, and
the spinal cord are well diferentiated from one another. In
addition, gross structural abnormalities, such as the presence
of an MMC, a low-lying conus, or large lipoma, can also be
examined, and even subtler details, such as a thickened ilum
terminale, can be identiied88 (Fig. 35.7). Moreover, this information can be obtained with some degree of motion tolerance,
avoiding the need to sedate a child to obtain the study. Finally,
cine views actually can show movement of the spinal cord,
which can be limited in tethering conditions.
Ultrasonography has its limitations, however. Obtaining an
adequate study can be dependent much more on technician
experience and skill than in other imaging modalities. Furthermore, shadow efects created by highly echogenic structures, such as bone, can obscure the view of underlying
structures; thus, these studies are only efective up to 3 to 4
months of age. Perhaps most important, tissues of similar
echogenic properties are oten poorly contrasted, leading to
inadequate resolution of sot tissue structures. As such, while
ultrasound is oten an excellent initial study to evaluate the

spine, and is useful for screening purposes, MRI studies may
be needed to make a inal diagnosis. In our practice, if the
clinical suspicion is low to moderate and a high-quality ultrasound performed by an experienced radiologist is normal, no
further workup is pursued.
MRI has the advantage of excellent sot tissue contrast,
therefore being able to easily discern fat, luid, ibrous, and
neuronal content from one another. As such, it serves as the
basis for the diagnosis of most forms of spinal dysraphism,
both as a means to better characterize the suspected anomaly,
and to help evaluate for any other associated lesions or changes
to normal anatomy.61 he main disadvantage of MRI in the
pediatric population is the need to remain near motionless
while images are being captured. For many children younger
than 6 to 7 years of age, this requires sedation, rarely even
general anesthesia, and all of the associated risks that these
bring. As such, while MRI is oten necessary for treatment
planning and to conirm the inal diagnosis in occult spinal
dysraphism, it should only be pursued once clinical suspicion
is high enough to justify the potential risks.
In addition to radiologic examination, other adjuvant
tests may be helpful to determine if TCS exists. Urodynamic
studies are a very objective way of determining any degree of
urologic impairment, and whether it is neurogenic in origin.
Patients whose primary complaint is urologic, such as enuresis
or failure to potty train, oten can have a broad diferential
diagnosis for their issues. A collection of urodynamic tests,
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including cystometry, urolowmetry, abdominal leak point
pressure, urethral pressure proile, stress testing, and postvoid residual volume determination, can oten help isolate the
extent and nature of urologic complaints. Patients with spina
biida have been known to exhibit detrusor hyperrelexia and
dyssynergia, detrusor hypocompliance, impaired bladder sensation, and absence of a bulbocavernosus relex.89,90 Moreover,
urodynamic studies can not only help in the diagnosis of a
patient’s urologic complaints, but are also valuable to track
any decrease in function over time or potential improvement
with surgical correction.90–95

Speciic Spina Biida Occulta
Lipomyelomeningocele
Lipomyelomeningocele is one of the most common forms of
occult spinal biida. As the name implies, a lipomyelomeningocele refers to the presence of a subcutaneous lumbrosacral
lipoma that is contiguous with the neural and meningeal
elements that have extended through a congenital defect in the
dorsal bony spinal elements. hese neural elements are oten
not well formed; instead, they form a neural placode, similar
to that found in spina biida aperta.96 his arises from premature disjunction of the neural and epithelial ectodermal layers.
When this step occurs before the neural tube is completely
closed, mesenchymal elements insert themselves into the
closing neural placode, eventually becoming a mass of fat that
prevents complete neural tube closure.97
As previously mentioned, lipomyelomeningocele is among
the most common of spina biida occulta lesions, although this
might be because it is easily diagnosed on physical examination and does not actually represent a higher prevelance.67,68
Unlike some other forms of occult deformities, the fatty mass
is typically visible at birth; thus, the diagnosis oten can be
made before neurologic sequelae arise.64
Since most children with the defect will go on to present
with gradually worsening neurologic deicits, surgical correction is advisable in most cases.98 Timing can be somewhat
controversial; however, some authors advocate correction early
in life before symptoms develop, while others recommend
delaying treatment until signs of deicit present. Since the risks
of surgery are not trivial, and not all children will progress
to have a neurologic deicit with this lesion, it is certainly
justiiable to delay surgery until deicits are apparent. Treatment involves the resection of the lipoma and release of any
tethered neural elements, with the ultimate goal of preventing
any traction on the spinal cord as the child grows. Since the
lipoma is intimately related to the neural placode, residual
fat almost always must be let in place in order to minimize
any deicits to the patient. Moreover, since there is a dural
defect as well, repair involves either primary dural closure or
a duraplasty, depending on the size of the defect (Fig. 35.8).
Due to the complex nature of the lesion and the need to leave
fatty elements on the neural placode, the rate of symptomatic
retethering is high, with as many as 20% of patients presenting
with retethering issues in a 10-year period.99

Filum Terminale Syndrome
Filum terminale syndrome refers to the scenario of progressive TCS in the setting of a thickened ilum terminale. he
pathogenesis is thought to arise from either excessive ibrous
tissue in the ilum or a ilum lipoma, causing reduced inelasticity. As the bony spine grows and elongates, this inelastic
ilum is thought to “tether” the spinal cord, causing chronic
traction, tension, and eventual ischemia-related oxidative
stress on the lower spinal cord.100 Classic radiologic evidence
involves the presence of an abnormally thick (>2 mm) or fatcontaining ilum and a low-lying conus medularis, frequently
deined as below the mid-vertebral level of L2.72,101 However,
it has become clear that the conus can be in a normal position
even in symptomatic patients. Treatment typically involves a
microsurgical exploration with sectioning of the ilum, and
oten the procedure can be done with minimal to no bony
removal (Fig. 35.9). It is important to stimulate the thickened
ilum to ensure that there are no important motor roots
involved. Timing for treatment is somewhat controversial,
with some authors arguing for early intervention while others
advocate observation until the development of symptoms.97,102
Risks of surgery are quite low.
Occult ilum terminale syndrome, deined as the presence
of symptoms of tethered cord in the setting of normal radiologic indings, has recently been a topic of ongoing interest.
Surgical intervention in patients without radiographic abnormalities is a notion that has been met with signiicant controversy, and requires very thoughtful consideration and careful
patient selection. However, case series–level data of tethered
cord release have reported an 87% rate of improvement in
urologic dysfunction in such patients.103 Patients who appear
to have more classic sequelae of TCS, such as presence of
multiple concurrent orthopedic, urologic, neurologic, and/or
cutaneous sequelae, as well as those with documented urodynamic dysfunction, tend to have higher success rates with
detethering.104,105

Sacral Agenesis and Caudal Regression
Congenital absence of any part of the sacrum is, by deinition,
indicative of sacral agenesis. When combined with other
congenital malformations of the caudal spine, lower limbs,
urogenital system, and anus/rectum, it is known as caudal
regression syndrome. In one particular subform, there is
complete agenesis of the lower half of the sacrum associated
with an anterior presacral mass and anorectal stenosis, in a
hereditary, autosomal dominant condition known as the Currarino syndrome (also known as Currarino triad).106,107 Sacral
agenesis has multifactorial origins, with known strong associations with maternal diabetes.108
When detected, treatment of sacral agenesis is oten conservative. Sacral anomalies oten require no treatment, and
surgical intervention is required only in cases of symptomatic
spinal tethering or when the presacral mass is symptomatic
(Fig. 35.10).109 It is important to recognize that when the distal
spine fails to form, oten the distal spinal cord fails to form.
herefore, the neurologic deicit is not from tethering, but
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FIG. 35.8 Lipomeningocele. (A) The patient was noted to have a large mass in the back with an associated
dimple at birth. (B) Sagittal fat-saturated T2-weighted magnetic resonance image showed evidence of low-lying
conus. (C) Axial images showed evidence of fat past the conus. (D) At 6 months of age, after the dura was
opened, a dorsal lipoma was found. A YAG laser was used to debulk the mass. Seven years later, the patient
presented with symptoms of tethered cord and had to be detethered.

actually from absence of normal neural elements that cannot
be ixed. Symptomatic dural stenosis can also be a feature in
rare cases, with decompressive duraplasty being a necessary
part of the repair.110

focal neurologic deicits, and/or pain.75,111,112 When encountered, surgical correction with intradural exploration and
obliteration of the sinus tract is advised. his should be performed rapidly, as the complication of infection can turn a
simple problem into a very complex one (Fig. 35.11).

Congenital Dermal Sinus
Congenital dermal sinuses are abnormal tracts that communicate the overlying skin and the underlying intraspinal contents. As discussed previously, these are thought to arise from
a focal failure of ectodermal separation.75 he majority arise
in the lumbrosacral region, though abnormal sinus tracts can
develop all along the dorsal neuraaxis.75 hough typically
diagnosed based on observation of the tract on examination
of the patient’s skin, these lesions can also present with intraspinal infections, intradural dermoid or epidermoid cysts,

Split Cord Anomalies
Congenital sagittal splitting of the spinal cord, known as split
spinal cord malformation (SSCM) as well as diastematomyelia,
are uncommon lesions with unclear embryologic origins. Two
diferent subtypes exist, with SSCM type I lesions characterized as two hemicords with separate dural and arachnoid
coverings separated by a bony cartilaginous septum, and
SSCM type II lesions deined as those with a single dural and
arachnoid sheath and ibrous septum dividing the two
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hemicords.113,114 (Fig. 35.12). hough the exact pathogenesis
has yet to be determined, it is hypothesized that the condition
arises from an accessory neurenteric canal that splits the
neural plate. his canal may allow for the connection of
endodermal and ectodermal elements, which can later be

populated by mesenchymal cells that go on to form the dividing septum.114,115
Data on the natural history and treatment of these lesions
are more limited, given their rarity. However, when encountered, prophylactic surgical treatment is generally considered,
given the observation that children who present at older ages
tend to have more signiicant deicits.116 Surgical correction
typically involves laminectomy, surgical removal of the intervening septum, and possibly reconstructive duraplasty,
depending on the type of split cord abnormality. he association with other tethering lesions is very high; eforts should
be made at the time of surgery to release concurrent tethering
elements, such as ibrous bands, paramedian dorsal roots,
and/or a thickened ilum terminale.117 Removal of the intervening septum before detethering is recommended if present
because of the hypothetical risk of neurologic injury to the
detethered cord if it recoils onto the septum.

Neurenteric Cyst

FIG. 35.9 Intraoperative indings in ilum terminale syndrome. In this
syndrome, a thickened ilum terminale is found (elevated by a nerve hook).
This is sectioned sharply after stimulating and ensuring that there are no
involved motor roots.

Neurenteric cysts are abnormalities that arise from focal
persistence of parts of the neurenteric canal, which temporarily connects the amniotic sac and the yolk sac during the third
week of gestation. Persistence of this canal can split the
notochord and eventually lead to either abnormal attachments
between ectodermal and endodermal elements, or a persistent

B

A
FIG. 35.10 Currarino syndrome in a 3-year-old female with chromosome 7 deletion with global
developmental delay and microcephaly. She was found to have a sacral dimple. (A) T2-weighted sagittal
magnetic resonance image showed a complex spinal dysraphism with a low conus ending in the sacral region
attached to an intradural lipomatous mass, which was connected ventrally to a large presacral mass suggestive
of a sacrococcygeal teratoma. The patient had chronic constipation. She was able to stand but not ambulate.
Urodynamic studies were unremarkable. The patient underwent detethering of the conus and resection of the
intradural fatty mass, which was found to contain hair and sebaceous material. (B) This mass was resected and
disconnected from the ventral presacral mass. This mass was removed en bloc.

A

B

D

C
FIG. 35.11 Dermal sinus tract
in a 4-month-old female with a
pigmented lesion in the lumbar
area associated with a small
central pit. (A) T2-weighted
sagittal magnetic resonance
image (MRI) revealed a tract
from the skin to the conus. (B)
Axial MRI revealed this tract, as
did (C) intraoperative ultrasound
(arrows). (D) Intraoperatively, it
was found that tract was
attached to the conus and was
sharply detached. (E) Completely
excised tract.

E
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FIG. 35.12 Split cord syndrome in an 11-year-old girl with progressive scoliosis. She had severe distal lower
extremity weakness, more marked on the left side than the right, with atrophy of both calves, more dramatic
on the left, and weakness of both feet, more dramatic on the left. The patient also had a probable dermal
sinus tract near the tip of the coccyx associated with a hair that entered the dermal sinus tract. (A) T2-weighted
sagittal magnetic resonance imaging (MRI) revealed low conus, and (B) T2-weighted axial MRI revealed the
presence of two dural tubes separated by a thick intervening bone. This separation appeared to extend into
the thoracic spine. (C) Intraoperatively, a thick bony septum was found to separate the two dural tubes. (D) This
was drilled of. The dura was closed primarily in the cephalad and rostral directions, but an allograft had to be
placed where the bone was most prominent.
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More work on uncovering genetic and environmental
factors for the development of these defects will hopefully lead
to measures to decrease their incidence. Prenatal surgery
might ofer hope as an alternate treatment option for spina
biida aperta, though it is clear that there are increased risks
to the mother and more long-term follow-up is needed. ETV
is reducing the need for shunts to treat hydrocephalus in these
individuals, which is an exciting new development. Most
important, as more of these children enter adulthood, for a
disease that previously had a signiicantly reduced life expectancy, adult practitioners need to be more familiar with the
condition.
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necessary to ensure that the best care is delivered.

1. Zerah M, Kulkarni AV. Spinal cord malformations. Handb
Clin Neurol. 2013;112:975-991.
2. French B. Midline fusion defects and defects in formation. In:
Youmans J, ed. Neurological Surgery. 3rd ed. Philadelphia: WB
Saunders; 1990:1081-1235.
3. Barson AJ. he vertebral level of termination of the spinal
cord during normal and abnormal development. J Anat.
1970;106(Pt 3):489-497.
4. Rickham PP. Nicolaas Tulp and spina biida. Clin Pediatr
(Phila). 1963;2:40-42.
5. Afonso ND, Catala M. [Neurosurgical embryology. Part 7:
development of the spinal cord, the spine and the posterior
fossa]. Neurochirurgie. 2003;49(5):503-510.
6. McLone DG, Knepper PA. he cause of Chiari II
malformation: a uniied theory. Pediatr Neurosci.
1989;15(1):1-12.
7. Prevalence of neural tube defects in 20 regions of
Europe and the impact of prenatal diagnosis, 1980-1986.
EUROCAT Working Group. J Epidemiol Community Health.
1991;45(1):52-58.
8. Canield MA, Annegers JF, Brender JD, Cooper SP, Greenberg
F. Hispanic origin and neural tube defects in Houston/
Harris County, Texas. II. Risk factors. Am J Epidemiol.
1996;143(1):12-24.
9. Canield MA, Annegers JF, Brender JD, Cooper SP, Greenberg
F. Hispanic origin and neural tube defects in Houston/Harris
County, Texas. I. Descriptive epidemiology. Am J Epidemiol.
1996;143(1):1-11.
10. Rosano A, Smithells D, Cacciani L, et al. Time trends in
neural tube defects prevalence in relation to preventive
strategies: an international study. J Epidemiol Community
Health. 1999;53(10):630-635.
11. Laurence KM, James N, Miller MH, Tennant GB,
Campbell H. Double-blind randomised controlled
trial of folate treatment before conception to prevent
recurrence of neural-tube defects. Br Med J (Clin Res Ed).
1981;282(6275):1509-1511.
12. Pitkin RM. Folate and neural tube defects. Am J Clin Nutr.
2007;85(1):285S-288S.
13. Czeizel AE, Dudas I. Prevention of the irst occurrence
of neural-tube defects by periconceptional vitamin
supplementation. N Engl J Med. 1992;327(26):
1832-1835.
14. Babcook CJ. Ultrasound evaluation of prenatal and neonatal
spina biida. Neurosurg Clin N Am. 1995;6(2):203-218.
15. Ghi T, Pilu G, Falco P, et al. Prenatal diagnosis of open
and closed spina biida. Ultrasound Obstet Gynecol.
2006;28(7):899-903.

Chapter 35 Congenital Anomalies of the Spinal Cord

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

primary treatment of hydrocephalus for infants with
myelomeningocele: long-term results of a prospective
intent-to-treat study in 115 East African infants. J Neurosurg
Pediatr. 2008;2(5):310-316.
Stone SS, Warf BC. Combined endoscopic third
ventriculostomy and choroid plexus cauterization as primary
treatment for infant hydrocephalus: a prospective North
American series. J Neurosurg Pediatr. 2014;14(5):439-446.
Zandian A, Hafner M, Johnson J, et al. Endoscopic third
ventriculostomy with/without choroid plexus cauterization for
hydrocephalus due to hemorrhage, infection, Dandy-Walker
malformation, and neural tube defect: a meta-analysis. Childs
Nerv Syst. 2014;30(4):571-578.
Perez da Rosa S, Millward CP, Chiappa V, et al. Endoscopic
third ventriculostomy in children with myelomeningocele: a
case series. Pediatr Neurosurg. 2015;50(3):113-118.
Ellsworth PI, Merguerian PA, Klein RB, Rozycki AA.
Evaluation and risk factors of latex allergy in spina biida
patients: is it preventable? J Urol. 1993;150(2 Pt 2):691-693.
Boettcher M, Goettler S, Eschenburg G, et al. Prenatal latex
sensitization in patients with spina biida: a pilot study. J
Neurosurg Pediatr. 2014;13(3):291-294.
Bouras T, Sgouros S. Complications of endoscopic third
ventriculostomy. World Neurosurg. 2013;79(suppl 2):S22
e9-S22 e12.
Javadpour M, May P, Mallucci C. Sudden death secondary
to delayed closure of endoscopic third ventriculostomy. Br J
Neurosurg. 2003;17(3):266-269.
Mataro M, Poca MA, Sahuquillo J, et al. Cognitive changes
ater cerebrospinal luid shunting in young adults with
spina biida and assumed arrested hydrocephalus. J Neurol
Neurosurg Psychiatry. 2000;68(5):615-621.
Marano PJ, Stone SS, Mugamba J, et al. Reopening of an
obstructed third ventriculostomy: long-term success and
factors afecting outcome in 215 infants. J Neurosurg Pediatr.
2015;15(4):399-405.
Talamonti G, D’Aliberti G, Collice M. Myelomeningocele:
long-term neurosurgical treatment and follow-up in 202
patients. J Neurosurg. 2007;107(suppl 5):368-386.
Phuong LK, Schoeberl KA, Rafel C. Natural history
of tethered cord in patients with meningomyelocele.
Neurosurgery. 2002;50(5):989-993.
George TM, Fagan LH. Adult tethered cord syndrome
in patients with postrepair myelomeningocele: an
evidence-based outcome study. J Neurosurg. 2005;102(suppl
2):150-156.
Pouratian N, Elias WJ, Jane JA Jr, Phillips LH 2nd, Jane
JA Sr. Electrophysiologically guided untethering of
secondary tethered spinal cord syndrome. Neurosurg Focus.
2010;29(1):E3.
Reigel DH, Tchernoukha K, Bazmi B, Kortyna R, Rotenstein
D. Change in spinal curvature following release of tethered
spinal cord associated with spina biida. Pediatr Neurosurg.
1994;20(1):30-42.
Heinz ER, Rosenbaum AE, Scarf TB, Reigel DH, Drayer BP.
Tethered spinal cord following meningomyelocele repair.
Radiology. 1979;131(1):153-160.
Abd-El-Barr MM, Strong CI, Grof MW. Chiari
malformations: diagnosis, treatments and failures. J Neurosurg
Sci. 2014;58(4):215-221.
Citton V, Toldo I, Balao L, et al. Chiari 2 without spinal
dysraphism: does it blow a hole in the pathogenesis? J Child
Neurol. 2012;27(4):536-539.

S E C T I O N

16. Sival DA, Begeer JH, Staal-Schreinemachers AL, et al.
Perinatal motor behaviour and neurological outcome in spina
biida aperta. Early Hum Dev. 1997;50(1):27-37.
17. Meuli M, Meuli-Simmen C, Yingling CD, et al. Creation of
myelomeningocele in utero: a model of functional damage
from spinal cord exposure in fetal sheep. J Pediatr Surg.
1995;30(7):1028-1032.
18. Adzick NS, hom EA, Spong CY, et al. A randomized trial of
prenatal versus postnatal repair of myelomeningocele. N Engl
J Med. 2011;364(11):993-1004.
19. Koszutski T, Kawalski H, Kudela G, et al. Babies with
myelomeningocele in Poland: parents’ attitudes on fetal
surgery versus termination of pregnancy. Childs Nerv Syst.
2009;25(2):207-210.
20. Sharrard WJ. he segmental innervation of the lower limb
muscles in man. Ann R Coll Surg Engl. 1964;35:106-122.
21. Samagh SP, Cheng I, Elzik M, Kondrashov DG, Rinsky
LA. Kyphectomy in the treatment of patients with
myelomeningocele. Spine J. 2011;11(3):e5-e11.
22. Kaplan SC, Eksi MS, Bayri Y, Toktas ZO, Konya D.
Kyphectomy and pedicular screw ixation with posterior-only
approach in pediatric patients with myelomeningocele.
Pediatr Neurosurg. 2015;50(3):133-144.
23. Bauman JASD, Welch WC, Sutton LN. Congenital anomalies
of the spinal cord. In: Herkowitz HNGS, Eismont FJ, Bell
GR, Balderston RA, eds. Rothman-Simeone: he Spine.
Philadelphia: Elsevier; 2011.
24. Lien SC, Maher CO, Garton HJ, et al. Local and regional lap
closure in myelomeningocele repair: a 15-year review. Childs
Nerv Syst. 2010;26(8):1091-1095.
25. Patel KB, Taghinia AH, Proctor MR, Warf BC, Greene AK.
Extradural myelomeningocele reconstruction using local
turnover fascial laps and midline linear skin closure. J Plast
Reconstr Aesthet Surg. 2012;65(11):1569-1572.
26. Sutton LN, Adzick NS, Bilaniuk LT, et al. Improvement
in hindbrain herniation demonstrated by serial fetal
magnetic resonance imaging following fetal surgery for
myelomeningocele. JAMA. 1999;282(19):1826-1831.
27. Bennett KA, Carroll MA, Shannon CN, et al. Reducing
perinatal complications and preterm delivery for patients
undergoing in utero closure of fetal myelomeningocele:
further modiications to the multidisciplinary surgical
technique. J Neurosurg Pediatr. 2014;14(1):108-114.
28. Pedreira DA, Zanon N, Nishikuni K, et al. Endoscopic surgery
for the antenatal treatment of myelomeningocele: the CECAM
trial. Am J Obstet Gynecol. 2016;214(1):111.e1-111.e11.
29. Tulipan N, Wellons JC 3rd, hom EA, et al. Prenatal surgery
for myelomeningocele and the need for cerebrospinal luid
shunt placement. J Neurosurg Pediatr. 2015;16(6):613-620.
30. Miller PD, Pollack IF, Pang D, Albright AL. Comparison
of simultaneous versus delayed ventriculoperitoneal shunt
insertion in children undergoing myelomeningocele repair. J
Child Neurol. 1996;11(5):370-372.
31. Clemmensen D, Rasmussen MM, Mosdal C. A retrospective
study of infections ater primary VP shunt placement in
the newborn with myelomeningocele without prophylactic
antibiotics. Childs Nerv Syst. 2010;26(11):1517-1521.
32. Mixter WJ. Ventriculoscopy and puncture of loor of third
ventricle. Boston Med Surg J. 1923;188:277-278.
33. Abd-El-Barr MM, Cohen AR. he origin and evolution of
neuroendoscopy. Childs Nerv Syst. 2013;29(5):727-737.
34. Warf BC, Campbell JW. Combined endoscopic third
ventriculostomy and choroid plexus cauterization as

657

IV

658

PEDIATRICS

52. Fischer EG, Welch K, Shillito J Jr. Syringomyelia following
lumboureteral shunting for communicating hydrocephalus.
Report of three cases. J Neurosurg. 1977;47(1):96-100.
53. Bell WO, Charney EB, Bruce DA, Sutton LN, Schut L.
Symptomatic Arnold-Chiari malformation: review of
experience with 22 cases. J Neurosurg. 1987;66(6):812-816.
54. Patel DM, Rocque BG, Hopson B, et al. Sleep-disordered
breathing in patients with myelomeningocele. J Neurosurg
Pediatr. 2015;16(1):30-35.
55. Rocque BG, George TM, Kestle J, Iskandar BJ. Treatment
practices for Chiari malformation type I with syringomyelia:
results of a survey of the American Society of Pediatric
Neurosurgeons. J Neurosurg Pediatr. 2011;8(5):430-437.
56. Hall PV, Campbell RL, Kalsbeck JE. Meningomyelocele
and progressive hydromyelia. Progressive paresis in
myelodysplasia. J Neurosurg. 1975;43(4):457-463.
57. Heiss JD, Snyder K, Peterson MM, et al. Pathophysiology
of primary spinal syringomyelia. J Neurosurg Spine.
2012;17(5):367-380.
58. Oldield EH, Muraszko K, Shawker TH, Patronas NJ.
Pathophysiology of syringomyelia associated with Chiari
I malformation of the cerebellar tonsils. Implications for
diagnosis and treatment. J Neurosurg. 1994;80(1):3-15.
59. Dias MS. Neurosurgical causes of scoliosis in patients with
myelomeningocele: an evidence-based literature review.
J Neurosurg. 2005;103(suppl 1):24-35.
60. Anderson FM. Occult spinal dysraphism: a series of 73 cases.
Pediatrics. 1975;55(6):826-835.
61. Lew SM, Kothbauer KF. Tethered cord syndrome: an updated
review. Pediatr Neurosurg. 2007;43(3):236-248.
62. Detrick RJ, Dickey D, Kintner CR. he efects of N-cadherin
misexpression on morphogenesis in Xenopus embryos.
Neuron. 1990;4(4):493-506.
63. Fujimori T, Miyatani S, Takeichi M. Ectopic expression
of N-cadherin perturbs histogenesis in Xenopus embryos.
Development. 1990;110(1):97-104.
64. Hertzler DA 2nd, DePowell JJ, Stevenson CB, Mangano
FT. Tethered cord syndrome: a review of the literature
from embryology to adult presentation. Neurosurg Focus.
2010;29(1):E1.
65. Fleming A, Keynes RJ, Tannahill D. he role of the notochord
in vertebral column formation. J Anat. 2001;199(Pt
1-2):177-180.
66. Drake JM. Occult tethered cord syndrome: not an indication
for surgery. J Neurosurg. 2006;104(suppl 5):305-308.
67. Agopian AJ, Canield MA, Olney RS, et al. Spina biida
subtypes and sub-phenotypes by maternal race/ethnicity in
the National Birth Defects Prevention Study. Am J Med Genet
A. 2012;158A(1):109-115.
68. McNeely PD, Howes WJ. Inefectiveness of dietary folic acid
supplementation on the incidence of lipomyelomeningocele:
pathogenetic implications. J Neurosurg. 2004;100(2 suppl
Pediatrics):98-100.
69. Emery JL, Lendon RG. Lipomas of the cauda equina and
other fatty tumours related to neurospinal dysraphism. Dev
Med Child Neurol Suppl. 1969;20:62-70.
70. Al-Omari MH, Eloqayli HM, Qudseih HM, Al-Shinag MK.
Isolated lipoma of ilum terminale in adults: MRI indings
and clinical correlation. J Med Imaging Radiat Oncol.
2011;55(3):286-290.
71. Brown E, Matthes JC, Bazan C 3rd, Jinkins JR. Prevalence
of incidental intraspinal lipoma of the lumbosacral spine as
determined by MRI. Spine. 1994;19(7):833-836.

72. Uchino A, Mori T, Ohno M. hickened fatty ilum terminale:
MR imaging. Neuroradiology. 1991;33(4):331-333.
73. Myrianthopoulos NC, Chung CS. Congenital malformations
in singletons: epidemiologic survey. Report from the
Collaborative Perinatal project. Birth Defects Orig Artic Ser.
1974;10(11):1-58.
74. Powell KR, Cherry JD, Hougen TJ, Blinderman EE, Dunn
MC. A prospective search for congenital dermal abnormalities
of the craniospinal axis. J Pediatr. 1975;87(5):744-750.
75. Ackerman LL, Menezes AH. Spinal congenital dermal sinuses:
a 30-year experience. Pediatrics. 2003;112(3 Pt 1):641-647.
76. Kaufman BA. Neural tube defects. Pediatr Clin North Am.
2004;51(2):389-419.
77. Henriques JG, Pianetti G, Henriques KS, Costa P, Gusmao S.
Minor skin lesions as markers of occult spinal dysraphisms:
prospective study. Surg Neurol. 2005;63(suppl 1):S8-S12.
78. De Wals P, Van Allen MI, Lowry RB, et al. Impact of
folic acid food fortiication on the birth prevalence of
lipomyelomeningocele in Canada. Birth defects Res A.
2008;82(2):106-109.
79. Kumar Sarin Y. Cutaneous stigmata of occult spinal
dysraphism. J Neonatal Surg. 2013;2(1):15.
80. Davis DA, Cohen PR, George RE. Cutaneous stigmata of
occult spinal dysraphism. J Am Acad Dermatol. 1994;31(5 Pt
2):892-896.
81. Kriss VM, Desai NS. Occult spinal dysraphism in neonates:
assessment of high-risk cutaneous stigmata on sonography.
AJR Am J Roentgenol. 1998;171(6):1687-1692.
82. Muthukumar N, Subramaniam B, Gnanaseelan T,
Rathinam R, hiruthavadoss A. Tethered cord syndrome
in children with anorectal malformations. J Neurosurg.
2000;92(4):626-630.
83. Heij HA, Nievelstein RA, de Zwart I, et al. Abnormal anatomy
of the lumbosacral region imaged by magnetic resonance
in children with anorectal malformations. Arch Dis Child.
1996;74(5):441-444.
84. Davidof AM, hompson CV, Grimm JM, et al. Occult spinal
dysraphism in patients with anal agenesis. J Pediatr Surg.
1991;26(8):1001-1005.
85. Long FR, Hunter JV, Mahboubi S, Kalmus A, Templeton
JM Jr. Tethered cord and associated vertebral anomalies
in children and infants with imperforate anus: evaluation
with MR imaging and plain radiography. Radiology.
1996;200(2):377-382.
86. Stockman A, Boralevi F, Taieb A, Leaute-Labreze C. SACRAL
syndrome: spinal dysraphism, anogenital, cutaneous, renal
and urologic anomalies, associated with an angioma of
lumbosacral localization. Dermatology. 2007;214(1):
40-45.
87. Girard C, Bigorre M, Guillot B, Bessis D. PELVIS Syndrome.
Arch Dermatol. 2006;142(7):884-888.
88. Scheible W, James HE, Leopold GR, Hilton SV. Occult
spinal dysraphism in infants: screening with high-resolution
real-time ultrasound. Radiology. 1983;146(3):743-746.
89. Sakakibara R, Hattori T, Uchiyama T, Kamura K, Yamanishi
T. Uroneurological assessment of spina biida cystica and
occulta. Neurourol Urodyn. 2003;22(4):328-334.
90. Fone PD, Vapnek JM, Litwiller SE, et al. Urodynamic indings
in the tethered spinal cord syndrome: does surgical release
improve bladder function? J Urol. 1997;157(2):604-609.
91. Kondo A, Kato K, Kanai S, Sakakibara T. Bladder dysfunction
secondary to tethered cord syndrome in adults: is it curable?
J Urol. 1986;135(2):313-316.

Chapter 35 Congenital Anomalies of the Spinal Cord

107. Lynch SA, Wang Y, Strachan T, Burn J, Lindsay S. Autosomal
dominant sacral agenesis: Currarino syndrome. J Med Genet.
2000;37(8):561-566.
108. Passarge E, Lenz W. Syndrome of caudal regression in infants
of diabetic mothers: observations of further cases. Pediatrics.
1966;37(4):672-675.
109. Muthukumar N. Surgical treatment of nonprogressive
neurological deicits in children with sacral agenesis.
Neurosurgery. 1996;38(6):1133-1137.
110. Pang D. Sacral agenesis and caudal spinal cord malformations.
Neurosurgery. 1993;32(5):755-778.
111. Elton S, Oakes WJ. Dermal sinus tracts of the spine.
Neurosurg Focus. 2001;10(1):e4.
112. Morandi X, Mercier P, Fournier HD, Brassier G. Dermal
sinus and intramedullary spinal cord abscess. Report of
two cases and review of the literature. Childs Nerv Syst.
1999;15(4):202-206.
113. Jankowitz BT, Albright AL. Cutaneous manifestations of
split cord malformations. Report of three cases. J Neurosurg.
2007;107(suppl 3):240-243.
114. Pang D, Dias MS. Ahab-Barmada M. Split cord malformation:
Part I: A uniied theory of embryogenesis for double spinal
cord malformations. Neurosurgery. 1992;31(3):451-480.
115. Rilliet B, Schowing J, Berney J. Pathogenesis of
diastematomyelia: can a surgical model in the chick embryo
give some clues about the human malformation? Childs Nerv
Syst. 1992;8(6):310-316.
116. Ersahin Y. Split cord malformation types I and II: a personal
series of 131 patients. Childs Nerv Syst. 2013;29(9):1515-1526.
117. Proctor MR, Bauer SB, Scott RM. he efect of surgery for
split spinal cord malformation on neurologic and urologic
function. Pediatr Neurosurg. 2000;32(1):13-19.
118. Brooks BS, Duvall ER, el Gammal T, et al. Neuroimaging
features of neurenteric cysts: analysis of nine cases and review
of the literature. AJNR Am J Neuroradiol. 1993;14(3):735-746.
119. Mann KS, Khosla VK, Gulati DR, Malik AK. Spinal
neurenteric cyst. Association with vertebral anomalies,
diastematomyelia, dorsal istula, and lipoma. Surg Neurol.
1984;21(4):358-362.
120. Lippman CR, Arginteanu M, Purohit D, Naidich TP, Camins
MB. Intramedullary neurenteric cysts of the spine. Case
report and review of the literature. J Neurosurg. 2001;94(suppl
2):305-309.

S E C T I O N

92. Hellstrom WJ, Edwards MS, Kogan BA. Urological aspects of
the tethered cord syndrome. J Urol. 1986;135(2):317-320.
93. De Gennaro M, Lais A, Fariello G, et al. Early diagnosis
and treatment of spinal dysraphism to prevent urinary
incontinence. Eur Urol. 1991;20(2):140-145.
94. Zoller G, Schoner W, Ringert RH. Pre- and postoperative
urodynamic indings in children with tethered spinal cord
syndrome. Eur Urol. 1991;19(2):139-141.
95. Meyrat BJ, Tercier S, Lutz N, et al. Introduction of a
urodynamic score to detect pre- and postoperative
neurological deicits in children with a primary tethered cord.
Childs Nerv Syst. 2003;19(10-11):716-721.
96. Tortori-Donati P, Rossi A, Biancheri R, Cama A. Magnetic
resonance imaging of spinal dysraphism. Top Magn Reson
Imaging. 2001;12(6):375-409.
97. Warder DE. Tethered cord syndrome and occult spinal
dysraphism. Neurosurg Focus. 2001;10(1):e1.
98. Kanev PM, Bierbrauer KS. Relections on the natural
history of lipomyelomeningocele. Pediatr Neurosurg.
1995;22(3):137-140.
99. Samuels R, McGirt MJ, Attenello FJ, et al. Incidence of
symptomatic retethering ater surgical management of
pediatric tethered cord syndrome with or without duraplasty.
Childs Nerv Syst. 2009;25(9):1085-1089.
100. Yamada S, Won DJ, Pezeshkpour G, et al. Pathophysiology
of tethered cord syndrome and similar complex disorders.
Neurosurg Focus. 2007;23(2):E6.
101. Raghavan N, Barkovich AJ, Edwards M, Norman D. MR
imaging in the tethered spinal cord syndrome. AJR Am J
Roentgenol. 1989;152(4):843-852.
102. Cornette L, Verpoorten C, Lagae L, et al. Tethered cord
syndrome in occult spinal dysraphism: timing and outcome of
surgical release. Neurology. 1998;50(6):1761-1765.
103. Selden NR. Occult tethered cord syndrome: the case for
surgery. J Neurosurg. 2006;104(suppl 5):302-304.
104. Selcuki M, Coskun K. Management of tight ilum terminale
syndrome with special emphasis on normal level conus
medullaris (NLCM). Surg Neurol. 1998;50(4):318-322,
discussion 22.
105. Fabiano AJ, Khan MF, Rozzelle CJ, Li V. Preoperative
predictors for improvement ater surgical untethering in
occult tight ilum terminale syndrome. Pediatr Neurosurg.
2009;45(4):256-261.
106. Currarino G, Coln D, Votteler T. Triad of anorectal,
sacral, and presacral anomalies. AJR Am J Roentgenol.
1981;137(2):395-398.

659

IV

This page intentionally left blank

V

S E C T I O N

CERVICAL DEGENERATIVE DISORDERS

This page intentionally left blank

Bruce V. Darden II
Christopher O'Boynick
Jose Manuel Casamitjana

he sheer number of skeletal dysplasias and metabolic
diseases associated with spinal disorders makes the topic
quite daunting. his number is constantly growing and the
boundaries are being redeined as modern medicine works to
understand these complex entities. he limited literature on
these topics does little to cover their wide gamut of pathologies. Notwithstanding the rarity of their presentation, it is vital
that practitioners have a grasp on some of the key features of
these diseases to accurately diagnose and select an appropriate treatment plan. Examination of these individuals with an
awareness of the more commonplace cervical abnormalities
is the safest option.

Skeletal Dysplasias and Metabolic Diseases
Skeletal dysplasias are typically identiied at birth secondary
to physical indings, family history, and imaging studies. he
archetypal physical indings are body length and body proportions. Workup is indicated for any infant born to average-sized
parents with a height below the ith percentile and is also
warranted if the child should ever move below the ith percentile as he or she grows. hese dysplasias typically come in
one of two forms. he irst is short limbs with a relatively
normal trunk; the other is a short trunk with relatively normal
limbs. It is important, but beyond the scope of this chapter, to
identify the site of limb shortening. his can be in the proximal
or distal aspect of the limb. Radiographs can be helpful to
identify the afected region, whether it be the metaphysis or
the epiphysis.
Mucopolysaccharidoses (MPS) are a group of several syndromes resulting from an abnormal metabolism of mucopolysaccharides. Many of these conditions are associated with
short stature, thoracolumbar kyphosis, and cervical spine
abnormalities. Diagnosis typically requires serum and urine
markers. Accuracy of diagnosis is paramount, as there is signiicant variability in prognosis and treatment options between
the syndromes.

Patient Evaluation
As with any pediatric condition, examination can be diicult,
but it is paramount to a successful diagnosis. A meticulous
history from the parent—including activity level, milestones,
and bowel and bladder dysfunction—is very important. Children alicted with these conditions rarely complain of pain.
A complete neurologic examination must be performed.
Serial evaluations can be helpful to gauge progression of any
condition. Distracting conditions related to the underlying
disease, such as lower extremity deformities, can make examination more diicult and must be taken into account.

Imaging
Plain radiographs of the cervical spine are recommended as
part of any evaluation. hese should include sitting or standing anteroposterior and lateral views. Radiographs allow
evaluation of the osseous structures of the cervical spine.
Some of these conditions result in delayed ossiication of the
cervical elements and limit the usefulness of radiographs.
Table 36.1 outlines imaging techniques and the abnormalities
best visualized with each technique.
Flexion-extension lateral ilms focused on the occipitocervical junction are very useful for diagnosing instability (Fig.
36.1). Communication with the patient, family, and radiology
staf about the goals of this procedure is necessary to obtain
quality images. hese images allow a measurement of key
parameters related to upper cervical instability and upper
cervical stenosis. It is important to know the normal values
of cervical radiographic parameters when assessing patients
with cervical deformities. hese measurements include the
anterior atlantodens interval (AADI) and the space available
for the cord (SAC). he AADI measures the distance from
the dens to the posterior border of the anterior arch of the
atlas, and should be less than 5 mm in a normal child during
lexion.1 he SAC is a measurement of the distance from the
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FIG. 36.1 (A) Extension and (B) lexion ilms focused on the occipitocervical junction can be very helpful in
diagnosing instability. These images of a child with spondyloepiphyseal dysplasia congenita demonstrate
instability in extension with the front of C1 riding over the hypoplastic odontoid. ADI, atlantodens interval; SAC,
space available for the cord.

TABLE 36.1

Imaging Modalities

TABLE 36.2

Upper Cervical Spine Radiographic Parameters

Imaging Modality

Abnormalities Best Visualized

Radiographic Parameters

Normal Values

Radiographs

Odontoid hypoplasia
Os odontoideum
Basilar invagination
Fixed translational deformity
Stenosis
Upper cervical instability
Platyspondyly

Anterior atlantodens interval

Adult normal: <3.5 mm in lexion
Child normal: <4.5 mm in lexion
Abnormal: >5 mm

Space available for the cord at C2

Infant: 13 mm
3–6 y: 18 mm
7–10 y: 19 mm
11–14 y: 19.4 mm

Computed tomography

Magnetic resonance imaging

Odontoid hypoplasia
Os odontoideum
Basilar invagination
Fixed translational deformity
Stenosis
Upper cervical instability
Platyspondyly
Fine detail of bony anatomy
Preoperative planning
Stenosis (dynamic and ixed)
Cord compression
Intrinsic cord abnormalities
Cerebrospinal luid low dynamics
Cerebral blood low dynamics

dens to the anterior edge of the posterior ring of the atlas;
the range of normal values can be found in Table 36.2.2 An
increasing AADI or a decreasing SAC can be indicative of
instability and/or stenosis.
Computed tomography (CT) allows a more detailed examination of the bony anatomy, and is particularly useful in
assessing the upper cervical spine. he quality of the images
and the ability to create three-dimensional reconstructions
based on CT data can be helpful tools for preoperative planning (Fig. 36.2). CT scans expose the pediatric patient to a

signiicant amount of radiation, however, and thus should be
used sparingly and only when absolutely necessary.
Magnetic resonance imaging (MRI) is another very useful
tool for evaluating the cervical spine in patients with cervical
deformity. MR images take more time to acquire than CT
images and oten require sedation to obtain satisfactory
images. MRI is a very sensitive tool for detecting stenosis, cord
compression, cord signal changes, and other cord abnormalities (Fig. 36.3). With the advent of low-sensitive MRI techniques and magnetic resonance angiography (MRA) protocols,
a complete picture of cerebrospinal luid (CSF) dynamics and
cerebral blood low can also be assessed.
As with lateral C-spine radiographs, lexion-extension MRI
can be performed to identify dynamic cord compression
versus a ixed stenosis. Positioning is critical in these patients.
A forced lexion position in a sedated child with undiagnosed
atlantoaxial instability can have dire consequences. he child
should be placed on a bolster, allowing the neck to fall into a
neutral or extended position. he lexion position should be
avoided until conirmation of a patent spinal canal.
Ultrasound has a limited role early in development and can
be used to evaluate the spine and spinal cord in patients up to
6 months of age.3,4
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FIG. 36.2 (A–B) Three dimensional reconstructions of the upper cervical spine can aid in visualization of the
complex deformities associated with these conditions and are helpful for preoperative planning. Computed
tomography allows visualization of an os odontoideum in a child with Morquio syndrome. (C–D) Magnetic
resonance imaging demonstrates the hypertrophied ventral soft tissue associated with Morquio syndrome that
leads to craniocervical stenosis.

Treatment
hese complex patients require a multidisciplinary approach.
hey are best served at high-volume centers with the training
and facilities necessary to accommodate them. his would
include a pediatric anesthesia team practiced in the intubation, positioning, and anesthetic requirements unique to these
patients and procedures. Postoperatively, they will require care
in the pediatric intensive care unit (ICU) and will need a
treatment team familiar with the features of these conditions.
Children with skeletal dysplasias and metabolic syndromes
typically fall into one of four categories when it comes to
management. hese include observation, observation with
restrictions, relative indications for surgery, and absolute
indications for surgery. he following section highlights the
general principles of treatment. Speciic treatment options are
discussed later in the chapter as they apply to each condition.
Patients with skeletal dysplasia without evidence of neurocompromise or instability can be followed serially with
observation. At a minimum, neurologic examination and
cervical radiographs should be completed at each visit. Any
change in neurologic examination would warrant an MRI.
A subset of patients will have radiographic evidence of
mild, nonprogressive instability. hese patients are best

managed with a restriction from high-risk activities that
would put their upper cervical spine at risk. Sports such as
football, diving, and gymnastics should be included on this
list. Communication about the risk associated with their
condition is necessary when limiting activities.
A normal neurologic examination with radiographic evidence of signiicant stable kyphosis, with an AADI of 5 to
8 mm, or decreased SAC on MRI demonstrates relative indications for surgical intervention.
Absolute indications are reserved for patients with neurologic compromise, cord lesions, AADI greater than 8 mm,
progressive kyphosis, and/or a dynamic instability resulting in
severe reduction of the SAC.
he surgical procedure of choice is dependent on the underlying disease and surgical lesion. Treatment options include
decompression, fusion, and decompression with fusion.
Decompression should be reserved for patients with stenosis
but without instability in a neutral or lordotic cervical spine.
he concern with decompression alone is postlaminectomy
kyphosis. Fusion alone is performed in patients demonstrating
a dynamic instability that results in neurologic compromise
without a ixed stenosis.5–7 Decompression and fusion should
be used to treat stenosis and instability and should also be
used in those conditions associated with a postlaminectomy
kyphosis.8,9 Ventral procedures, including corpectomies and
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FIG. 36.3 (A–B) Flexion and extension radiographs demonstrating hypermobility at the C1–C2 joint. (C)
Magnetic resonance imaging revealing signal changes within the cord secondary to compression. (D)
Radiograph of the upper cervical spine after a noninstrumented occiput to C2 fusion.

strut grating, should be reserved for conditions that result in
a progressive kyphosis.10
Speciic techniques of arthrodesis are beyond the scope of
this chapter and have been previously described by multiple
authors.6,11,12 Close adherence to their described techniques
should result in favorable outcomes. hese procedures can
be performed with or without internal ixation; the dysplastic
anatomy is oten the deciding factor regarding its implementation.13,14 Preoperative CT scans with reconstructions and
intraoperative navigation systems are excellent tools to aid in
successfully instrumenting a deformed spine.15

In the setting of these procedures, diligent communication
about the indications, anticipated outcomes, and possible
complications is very important.
Postoperative immobilization is usually achieved by a halo
or a brace. his will depend on the age and size of the child
being treated. At a minimum, the halo should be MRI compatible. Pediatric patients require six to eight pins and have a
lower torque allowance due to cranial size, skull thickness, and
incomplete ossiication. Regardless of the device, immobilization is maintained until radiographic evidence of solid fusion
mass is identiied.
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Postoperative complications can be divided into early and
delayed categories. Early complications include respiratory
diiculty, wound drainage, and neurologic injury. Delayed
complications include pseudarthrosis, infection, juxtafusional
breakdown, and complications related to halo traction.
Respiratory diiculty is oten multifactorial. hese patients
oten have underlying lung and/or chest wall abnormalities
that prevent normal lung function. Halo cast application and
prolonged intubation superimposed on these preexisting
conditions can lead to complications. Supportive ventilation
techniques can be employed. As with all surgical patients,
aggressive pulmonary toilet and rapid mobilization still
remain the best options to prevent these complications.
Durotomy rates are increased in some forms of skeletal
dysplasia. Shunting and duraplasty techniques at the time of
index procedure can help to reduce this complication. CSF
leaks can lead to wound compromise and breakdown.12,16
Neurologic injury typically results from a direct trauma to
the spinal cord. In patients with preoperative neurologic
compromise, the cord is already in a traumatized state and
may be prone to added insult. In achondroplasia, it is recommended that no instruments be placed into the spinal canal
secondary to the already reduced canal size. Neurologic injury
can occur with or without instrumentation being placed in the
spinal canal.12,17 Somatosensory and motor evoked potentials
should be considered in all cases to help reduce positional and
instrument-related neurologic injury.18
Successful fusion has been linked to the use of autograt
bone, meticulous surgical technique, and the use of internal
ixation.5,6,11,12 Numerous studies have outlined increased
pseudarthrosis rates when allograt bone was utilized.19,20
C1–C2 fusion rates were doubled with use of the transarticular
screw technique over the sublaminar wiring technique in a
study by Farey et al.15

Skeletal Dysplasias
Achondroplasia
Achondroplasia is by far the most common skeletal dysplasia
routinely evaluated in the spine surgeon’s oice. his genetic
defect of ibroblast growth factor receptor 3 function results
in highly speciic characteristics that make it recognizable at
birth. hese indings include rhizomelic extremities along
with frontal bossing and nasal bridge depression. Head-tobody ratio can also be larger in patients with achondroplasia.
Infants with this condition typically present with hypotonia in
the trunk and extremities.
Stenosis of the craniocervical joint and upper cervical spine
is present in nearly 60% of individuals.21 However, all patients
with achondroplasia have some component of foramen magnum
stenosis. CT-based measurements have demonstrated a foramen
magnum size three deviations below the mean in more than
90% of patients.16 It is smaller than normal in all age-matched
controls and has no association with head circumference. 22

his compression has two etiologies. he irst is direct impingement of the spinal cord on the posterior rim of the foramen;
the second is due to an invagination process of the foramen
into the ring of C1.23 Hecht et al.22 reports that nearly one-third
of these patients demonstrate symptoms of spinal cord compression, including sleep apnea, hypotonia, and quadriparesis. hese
factors all contribute to an increased risk of death in the irst
year of life.24 Infants afected with this condition require careful
neurologic examination, sleep laboratory studies, CT, and MRI
evaluations during infancy. In addition to these tests, somatosensory evoked potentials have demonstrated excellent eicacy
in diagnosing cervical myelopathy.25,26
Despite the plethora of diagnostic modalities, there still
remains no consensus on patient selection or timing for
operative intervention. Wang et al.23 did correlate measurements of the foramen magnum with those who required
decompression. he cross-sectional area of 239 mm2 was
found to be half that of normal controls.23 Nelson et al.25 found
that cervicomedullary decompression was successful in reducing sleep apnea and improving sleep study results in afected
patients. he abnormal CSF dynamics associated with achondroplasia result in a high rate of CSF leaks postoperatively and
oten beneit from the use of external ventricular drainage
systems at the time of decompression.16,27 Cervicomedullary
decompression has been used successfully to treat a number
of symptoms secondary to upper cervical stenosis; some
authors go as far as to suggest that asymptomatic individuals
with signal changes within the cord should also be treated.28,29
Wassman et al.30 prefer nonoperative management with continued sleep apnea monitoring while awaiting the natural
enlargement of the foramen as the child matures.
Cervical stenosis in the subaxial cervical spine can also
occur in patients with achondroplasia. While congenitally
stenotic, subaxial cervical stenosis typically does not present
until adulthood and is the result of the typical degenerative
processes associated with normal individuals.26,31 If symptoms
of pain and/or weakness are present and are recalcitrant to
nonoperative modalities, cervical decompression is the treatment of choice.32,33 his can be done with laminectomy or
laminoplasty per surgeon preference, along with selective
foraminotomies, as indicated by imaging. Fusion is typically
not necessary.
Cervical instability is relatively common in most skeletal
dysplasias but is very rare in achondroplasia.34,35

Pseudoachondroplasia
Pseudoachondroplasia is a short-limbed form of dwarism
resulting from a defect in the cartilage oligomeric matrix
protein. his results in a similar disruption to body proportions akin to that of achondroplasia, but that is where the
similarities end.
Pseudoachondroplasia is associated with a generalized ligamentous laxity that results in atlantoaxial instability that
increases with age.36 It can also result from an os odontoideum
and to a lesser extent odontoid hyperplasia or any combination of these factors.5,36 Regardless of the cause, patients with
this condition require lateral lexion and extension radiographs
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FIG. 36.4 (A) Sagittal and (B) axial magnetic resonance images of a patient with pseudoachondroplasia
demonstrating marked stenosis at C1–C2. Note that the subaxial cervical spine demonstrates a normal spinal
canal diameter without congenital stenosis.

prior to undergoing any procedure requiring intubation. Any
instability that results in neurologic symptoms requires surgical ixation.
While achondroplasia results in severe congenital spinal
stenosis, pseudoachondroplasia patients have a normal spinal
canal diameter and relatively normal-sized bony anatomy;
thus they can tolerate standard instrumentation (Fig. 36.4).

of instability. Fixation can be performed with or without halo
application (Fig. 36.5). It is recommended that evoked potentials be monitored during the initial positioning as well as
during the procedure. Ain et al.44 demonstrated a better than
90% fusion rate with a similar rate of neurologic improvement
in patients with atlantoaxial instability in the setting of skeletal
dysplasia.

Spondyloepiphyseal Dysplasia

Kniest Dysplasia

Spondyloepiphyseal dysplasia comes in two forms. he tarda
type has a minimal efect on the cervical spine and is not
discussed here. he congenital type is strongly associated
with atlantoaxial instability secondary to ligamentous laxity,
odontoid hypoplasia, or os odontoideum.5,37–39 his condition
results from a defect in type II collagen. Diagnosis is based on
imaging indings of delayed ossiication centers in the setting
of a shortened trunk.40
Atlantoaxial instability presents in up to 50% of children
with this condition.41,42 Diagnosis can be made as early as in the
irst year of life and is usually associated with delayed motor
milestones. his instability can occur in lexion or extension.
Radiographic diagnosis can be diicult due to the delayed
ossiication of the posterior elements in this condition as well
as the generalized lexibility of the juvenile cervical spine.
Flexion-extension sagittal MRI is useful in this situation to
quantify the amount of motion at this segment and to identify
any stenosis or signal change within the cord. A patient with
a normal MRI and less than 5 mm of translation on lateral
C-spine ilms can be treated conservatively. If more than 5 mm
of translation is visible on radiographs or there is evidence of
spinal cord compression or cord signal change, then fusion
without decompression is indicated. Decompression is reserved
for patients with severe stenosis and myelopathy.43
he decision on the number of fusion levels is up to the
discretion of the treating surgeon and may depend on the
amount of ossiication posteriorly in addition to the direction

Kniest dysplasia is another condition resulting from a
defect in type II collagen production. From a cervical spine
standpoint, this condition is very similar to spondyloepiphyseal dysplasia and results in atlantoaxial and occipitoatlantal
instability.44–47 Again, serial radiographs and sagittal lexionextension MRIs can be used to determine any need for stabilization. he indications for surgical ixation are similar to
those for spondyloepiphyseal dysplasia.

Metaphyseal Chondrodysplasia
he McKusick type, or cartilage-hair dysplasia, results in ligamentous laxity and atlantoaxial instability.48,49 his condition
has multiple physical abnormalities and is oten associated
with immunodeiciency.48,49

Metatropic Dysplasia
his condition arises from an uncoupling of endochondral
and perichondral growth and results in short stature and
dumbbell-shaped long bones.50 Similar to most of the
other dysplasias, atlantoaxial subluxation is a concern secondary to odontoid hypoplasia.51 his condition has been
associated with rotatory subluxation following failed fusion
as well as C2–C3 instability due to anatomic abnormalities
of the C2 lateral mass.6 Leet et al.52 has associated this condition with cervical spinal stenosis and identiied patients
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FIG. 36.5 (A) Radiograph of occipitoaxial wiring of an 18-month-old child with instability secondary to
spondyloepiphyseal dysplasia. (B) Halo bracing can be used preoperatively, intraoperatively, and postoperatively
to aid in reduction and to maintain stability when attempting fusion.

A

B

FIG. 36.6 (A) Preoperative and (B) postoperative images of a child with chondrodysplasia punctata treated
with C1 laminectomy with occipitocervical fusion for cord compression. Postoperative magnetic resonance
image shows a patent craniocervical junction without cord signal changes.

who may need decompression along with atlantoaxial
fusion procedures.

requiring radiographic and MRI evaluation.54–57 Due to the
dysplastic nature of the vertebral bodies and their association
with kyphosis, a 360-degree fusion is recommended.58

Chondrodysplasia Punctata
his condition is characterized by short limbs, ichthyosis, and
lat facial features. It has been associated with cervical cord
compression from atlantoaxial instability (Fig. 36.6) as well as
congenital cervical stenosis.53 hese patients can have subaxial
kyphosis along with subluxation in the cervical spine,

Diastrophic Dysplasia
Diastrophic dysplasia arises from a defect in diastrophic
dysplasia sulfate transportase. his condition has several key
features associated with its diagnosis, including “hitchhikers
thumb,” “caulilower ear,” micromelia, and short stature.
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with anterior cord compression. Kyphotic progression without
neurologic compromise can be treated with posterior fusion
alone. his posterior tethering allows for a gradual correction of
the kyphosis as the anterior column continues to grow. In those
instances in which neurocompromise is suspected, a 360-degree
fusion should be considered. Decompression must occur anteriorly and kyphosis correction must be done carefully. Caution
must also be used posteriorly during the exposure secondary to
the high incidence of spina biida.
hese patients also develop cervical spondylosis as early as
the second decade of life, which requires long-term follow-up.61

Camptomelic Dysplasia

FIG. 36.7 Anteroposterior radiograph of the cervical spine demonstrating
multilevel spina biida common to diastrophic dysplasia.

Camptomelic dysplasia arises from a defect on the SOX9 gene.
Similar to diastrophic dysplasia, this condition results in cervical kyphosis, with an incidence of about 40%.66–68 Treatment
options are similar to those mentioned previously. However,
the deformity and neurologic compromise in these patients
oten do not respond as favorably to fusion as they do in
diastrophic dysplasia.66–68

Larsen Syndrome
his is a rare genetic condition of variable inheritance resulting from a mutation in the ilamin B gene. his disrupts the
normal skeletal development. Patients with Larsen syndrome
oten develop a progressive cervical kyphosis and should be
managed similarly to patients with diastrophic dysplasia.69

22q11.2 Deletion Syndrome
his microdeletion has been linked to numerous syndromes,
including velocardiofacial syndrome, DiGeorge syndrome,
and conotruncal face anomaly syndrome. his syndrome is
associated with multilevel hypermobility in addition to several
bony abnormalities of the upper and subaxial cervical spine.
All of these abnormalities can lead to signiicant instability
and cervical stenosis.69 Surgical treatment is speciic to each
individual and dependent on the deformities present.
FIG. 36.8 Progressive cervical kyphosis typically requires 360-degree fusion
procedures, as illustrated in this radiograph of a child with diastrophic
dysplasia.

hese patients all demonstrate spina biida of the cervical
spine (Fig. 36.7).59,60 Upper cervical instability and upper cervical stenosis is not as common in diastrophic dysplasia as it is in
some of the previously mentioned conditions, but it has been
reported.61,62 Perhaps the hallmark cervical abnormality associated with this condition is midcervical kyphosis (Fig. 36.8).63,64
his may result from a combination of vertebral body wedging,
ligamentous laxity, and the aforementioned cervical spina
biida.10,60,65 his condition tends to resolve as the patients age.59,65
In some cases, the kyphosis does not resolve and fusion becomes
necessary. Kyphosis of greater than 60 degrees at initial evaluation has been linked to progression and can ultimately result in
dire consequences.59,65 Postmortem examinations of the spinal
cord demonstrate changes in the anterior columns consistent

Mucopolysaccharidoses
Hurler Syndrome: Mucopolysaccharidosis Type 1
his condition is associated with atlantoaxial instability and is
typically a result of odontoid dysplasia.70,71 Myelopathy can
develop in these patients secondary to abnormal sot tissue
formation on the tip of the dens. With the advent of bone
marrow transplantation and enzyme replacement, there have
been documented cases of resorption of this mass and resolution of symptoms.72,73 hese masses resolved slowly over the
course of nearly 9 years.73

Hunter Syndrome: Mucopolysaccharidosis Type 2
Hunter syndrome is a lysosomal storage disease secondary to
a defect in iduronate-2-sulfatase. he mucopolysaccharide is
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Morquio Syndrome: Mucopolysaccharidosis Type 4
Morquio syndrome comes in two varieties depending on the
genetic defect and the resultant mucopolysaccharide that
ultimately accumulates. his condition is perhaps the most
severe of the metabolic syndromes as it relates to the craniocervical junction. Odontoid hypoplasia results in atlantoaxial
instability, while ventral extradural sot tissues continue to
hypertrophy and ultimately narrow the craniocervical
junction.76–78 his instability in the setting of severe stenosis
has been linked to progressive myelopathy, quadriplegia, and
sudden death.79 he amount of hypertrophied tissue appears

A

C

to correlate more with neurologic symptoms than does the
odontoid dysplasia or direction of subluxation. As previously
mentioned, workup typically includes lexion-extension
radiographs and a lexion-extension MRI (Fig. 36.9). Criteria
for fusion are similar to those mentioned for skeletal dysplasia,
and fusion is recommended secondary to the high incidence
of neurologic injury and poor recovery of myelopathic
patients.17,79 he hypertrophic craniocervical tissues tend to
resolve ater fusion, but direct anterior decompression can be
performed transorally for signiicant compression (Fig.
36.10).80,81

Summary
he topic of cervical spine abnormalities associated with
skeletal dysplasias and metabolic disease can be daunting.

B

D

FIG. 36.9 (A–D) Plain radiographs of a child with Morquio syndrome. (B) The open-mouth view demonstrates
hypoplasia of the odontoid. (C) Flexion and (D) extension views reveal a lexion instability with greater than
5 mm of motion. This is most easily visualized based on the relationship of the posterior ring of C1 to that of
C2.
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deposited posterior to the dens and can result in spinal stenosis.74 Cervicomedullary decompression, along with laminectomy down to the subaxial cervical spine, is the recommended
treatment for this condition.75
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FIG. 36.10 Postoperative images of a child with Morquio syndrome following occiput to C2 fusion for a lexion
instability.

TABLE 36.3

Skeletal Dysplasias and Cervical Spine Disorders

Skeletal Dysplasia

Cervical Pathology

Cause

Achondroplasia

Craniocervical stenosis

Foramen magnum stenosis
Basilar invagination
Developmental

Subaxial stenosis
Pseudoachondroplasia

Atlantoaxial instability

Spondyloepiphyseal dysplasia

Atlantoaxial instability

Odontoid hypoplasia
Os odontoideum
Ligamentous laxity

Spondylometaphyseal dysplasia

Atlantoaxial instability

Odontoid hypoplasia
Ligamentous laxity

Kniest dysplasia

Atlantoaxial or occipitoatlantal instability

Ligamentous laxity

Subaxial cervical stenosis

Ligamentous laxity
Os odontoideum
Developmental

Metaphyseal chondrodysplasia

Atlantoaxial instability

Ligamentous laxity

Metatropic dysplasia

Atlantoaxial instability

Odontoid hypoplasia
C2 lateral mass defect

Chondrodysplasia punctata

Atlantoaxial instability
Subaxial stenosis
Vertebral body hypoplasia

Os odontoideum

Diastrophic dysplasia

Progressive cervical kyphosis

Vertebral body hypoplasia
Cervical spina biida
Hypotonia
Odontoid dysmorphism

Atlantoaxial instability
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Skeletal Dysplasias and Cervical Spine Disorders—Cont’d
Cervical Pathology

Cause

Camptomelic dysplasia

Kyphosis

Vertebral body malformation
Spondylolisthesis
Hypotonia

Hurler syndrome

Atlantoaxial instability
Stenosis

Odontoid dysplasia
Abnormal soft tissue about the dens

Hunter syndrome

Cervical stenosis

Thickening of the dura posterior to the dens

Morquio syndrome

Atlantoaxial instability
Stenosis

Odontoid hypoplasia
Ventral soft tissue hypertrophy

Larsen syndrome

Progressive cervical kyphosis

Vertebral body deformity

22q11.2 deletion syndrome

Cervical instability
Congenital stenosis

Dysmorphic dens
Incomplete C1 ring
C2–C3 autofusion
Decreased vertebral body width

Modiied from Mackenzie WG, Shah SA, Takemitsu M. The cervical spine and skeletal dysplasia. In: Benzel EC, et al, eds. The Cervical Spine, ed 5. Philadelphia: Lippincott Williams &
Wilkins; 2012:408–428.

While advances are made every day in diagnosis and medical
management, surgical treatment of these patients evolving
pathology remains the only option. Early recognition and
accurate diagnosis of the underlying condition is vital. Table
36.3 serves as a quick reference guide for the syndromes discussed and their associated abnormalities.82 A knowledge of
the typical manifestations associated with each syndrome and
an understanding of their workup will help to quickly and
safely treat these patients.
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Cervical disc disease refers to a cascade of degenerative
changes that results in spondylosis, which is the most common
disorder in the aging adult cervical spine.1 Spondylosis is oten
clinically benign and is ubiquitous within the population.2,3
Radiographic evidence of cervical spondylosis is purported to
be present in 25% of adults younger than 40 years of age, 50%
of adults older than 40 years, and 85% of adults older than 60
years.3,4 By age 65 years, 95% of individuals have radiographic
indings suggestive of cervical spondylosis.1
he etiology of cervical spondylosis and stenosis can be
classiied into static and dynamic factors.5,6 Static factors
include congenital spinal stenosis, herniation of disc material,
osteophytosis, and ligamentous hypertrophy and infolding
(Fig. 37.1).7 Conversely, the dynamic factors are characterized
by motion aberrations (translation and angulation) that act on
the spinal column during movement.5 he combined efect of
both the static and dynamic factors can decrease the sagittal
diameter of the spinal canal and potentiate central and neuroforaminal compression.8,9
A multitude of biochemical and biomechanical abnormalities are associated with disc desiccation. Alterations—
including a relative increase in the ratio of keratin sulfate
to chondroitin sulfate, dehydration, and the loss of protein
and mucopolysaccharides—have been described.10,11 hese
changes decrease the viscoelasticity of the intervertebral disc,
thereby promoting ibrosis and loss of disc height. he disc
height loss occurs at a relatively greater magnitude in the
ventral portion of the disc and results in a diminution of the
normal cervical lordosis.12 his facilitates the elongation of
the ventral moment arm and causes ventral vertebral body
compression and, eventually, kyphosis of the cervical spine.12
In addition, the loss of disc height will cause hypertrophy
and infolding of the ligamentum lavum and the facet joint
capsule, further diminishing the dimensions of the spinal
canal and the neuroforamina.
he greater loading forces that act on the ventral aspect of
the cervical spine owing to disc height loss are transmitted to
the uncovertebral and facet joints. In addition to promoting
joint hypertrophy, the greater loads facilitate osteophyte formation at these joints and at the bare edges of the vertebral
bodies. Furthermore, the shear biomechanical forces will

separate Sharpey ibers and the peripheral ibers of the anulus
ibrosus from the edges of the vertebral body, which can
enable the nucleus pulposus to protrude or herniate into the
spinal canal or the neuroforamen.5 Additionally, the posterior
longitudinal ligament will proceed to buckle when subjected
to the greater loading forces. he C5–C6 interspace is the most
commonly involved level, followed by the C6–C7 level and
then the C4–C5 level.4
he conglomerate efect of cervical spondylosis can manifest as three distinct clinical syndromes: axial neck pain, cervical radiculopathy, and cervical spondylotic myelopathy. Axial
neck pain denotes pain along the cervical spinal column and
is related to facet arthrosis and the paraspinal musculoligamentous structures.13 Cervical radiculopathy designates dermatomal indings in the arm that are characterized by sensory
and/or motor disturbances owing to nerve root compression.
Last, cervical spondylotic myelopathy is typically insidious
and is associated with the hallmark long-tract signs. his
chapter will elucidate the pathophysiology, natural history,
and clinical indings associated with axial neck pain, cervical
radiculopathy, and cervical spondylotic myelopathy.

Axial Neck Pain
Pathophysiology
Axial neck pain is deined as pain emanating from the region
of the neck bounded superiorly by the superior nuchal line,
laterally by the neck margins, and inferiorly by an imaginary
transverse line through the T1 spinous process.14,15 Anterior
neck pain stems from strain of the sternocleidomastoid, the
strap muscles, and their attachments. Posterior neck pain is
thought to result from poor posture, faulty ergonomics, or
muscle fatigue.16 Frequently, subaxial neck pain can be associated with a postural adaptation relating to pain at the shoulder,
craniovertebral junction, or at the temporomandibular joint.16
he pathophysiology of axial neck pain remains elusive and
is subject to considerable scrutiny. However, numerous theories have been suggested. Disc desiccation is associated with
inlammation, changes in disc innervation, and biomechanical hypermobility.17,18 he plexus of the sinuvertebral nerve
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FIG. 37.1 Structural elements that can contribute to cervical spinal stenosis. (A, C) Central stenosis and (B, D)
foraminal stenosis are shown. (Modiied from Zebala LP, Buchowski JM, Daftary AR, O'Brien JR, Carrino JA, Khanna
AJ. The cervical spine. In: Khanna AJ, ed. MRI Essentials for the Spine Specialist. New York: Thieme; 2014:111–154.)

innervates the dorsal portion of the cervical disc while the
plexus of the cervical sympathetic trunk innervates the ventral
portion.19 With disc inlammation, biochemical mediators—
including prostaglandin E2, bradykinin, histamine, serotonin,
and potassium—can sensitize the nociceptors present in these
nerves.17 In addition, elevated tissue levels of tumor necrosis
factor-α (TNF-α) have downstream efects that can also
sensitize nociceptors and stimulate cytokine production by
promoting the formation of the nerve growth factor/TrkA
receptor complex.17,20 Recent studies have demonstrated the
expression of the TrkA receptor in the mast cells of degenerative intervertebral discs and in chondrocytes.20,21 hese
inlammatory mediators can also facilitate the degradation of
the disc matrix, which can enhance hypermobility. Notably,
the interleukin-1 (IL-1) and TNF-α–induced cascades—such
as the mitogen-activated protein kinase, nuclear factor kappa
B (NF-κB), and prostaglandin signal transduction pathways—
have been implicated.22 hese inlammatory changes and
biomechanical hypermobility are thought to contribute to the
development of discogenic axial neck pain.
Some evidence suggests that the degeneration of the posterior facets can also contribute to axial neck pain. he facet
joints from C3–C4 to C8–T1 receive innervation from the
medial branches of the cervical dorsal rami above and below
each joint, whereas the third occipital nerve innervates the

C2–C3 facet joints.16,19 he biomechanical hypermobility and
greater loading forces that result from cervical spondylosis can
increase motion about the posterior facets and generate pain.23
Several studies have demonstrated that controlled diagnostic
blocks of the cervical facet joints can relieve axial neck
pain.14,23-28 However, these studies are marred by mixed results.
Degenerative arthritis of the suboccipital spine can manifest as headache and can radiate caudally or to the back of the
ear. In addition, suboccipital headaches can result from the
irritation of the greater occipital nerve, which stems from
the posterior rami of C2, C3, and C4.16,29 Furthermore, the
sinuvertebral nerves from C2–C3 can also contribute to
suboccipital headache and neck pain, as they innervate the
atlantoaxial ligament, tectorial membrane, and the dura mater
of the upper cervical cord and posterior cranial fossa.16,19

Epidemiology and Natural History
Axial neck pain does not seem to carry a gender predisposition and is thought to be more prevalent in individuals with
a history of injury, headaches, low back pain, or multiple
medical comorbidities.30 Some evidence suggests that nearly
66% of adults have experienced neck pain during their lifetime, 5% of whom are disabled by it.31 Axial neck pain is oten
associated with injury to the cervical musculoligamentous
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Clinical Syndromes of Axial Neck Pain
Patients with axial neck pain from cervical degenerative disc
disease will oten report symptoms that have persisted for
longer than 12 weeks. he pain is typically along the posterior
neck and trapezius muscles with occasional radiation toward
the head or into the periscapular region.16 Localized pain
suggests muscle sprain or a sot tissue injury.
Axial neck pain is worsened with lexion, which increases
the loading forces on the discs. In addition, axial compression
may also exacerbate the pain.33,38 Prior to designating cervical spondylosis as the causative factor, signs and symptoms
suggestive of a neoplastic or infectious process must be
evaluated, including inquiry into nighttime pain, weight loss,
or fevers and chills. Oten, axial neck pain is encountered
concomitantly with radicular or myelopathic symptoms,
which warrants a full neurologic examination. Severe neck
pain may overshadow radicular symptoms in the arm.38 As
such, provocative maneuvers that provide compression on
the nerve roots, including the Spurling and L'Hermitte signs,
should be elicited.
he determination of the point of maximal discomfort can
also be of diagnostic value. Anterior neck pain stemming from
muscular strain of the sternocleidomastoid or the strap muscles
can be elicited by rotation of the neck to the contralateral side.
Posterior neck pain that worsens with head extension and
rotation is suggestive of discogenic pain. In addition, limited
head rotation to one side is associated with dysfunction of the
ipsilateral atlantoaxial articulation.16 Pain with axial loading of
the neck can be suggestive of facet-mediated pain.
Oten, patients with shoulder and rotator cuf disease may
present with neck pain. In addition, the patient may develop
postural adaptations in the neck that result in overuse of the
normal tissue, which may exacerbate the neck pain. Rotator
cuf disease can be evaluated with the Neer and Hawkins

tests for impingement as well as with abduction testing. he
resolution of symptoms following a joint injection into the
subacromial space may also aid in the diagnosis of rotator
cuf pathology.38
Care must be taken to determine if C4 radiculopathy is
the source of neck pain, as the C4 dermatome includes the
proximal trapezial and posterior scapular regions.13,38 Unilateral neck or scapular pain should raise suspicion of C4 radiculopathy.38 To further investigate for potential radiculopathy,
the patient should be asked about paresthesias within the C4
dermatome.38
In addition to organic musculoskeletal processes in the
neck and shoulder, pathologic referred pain from the viscera
can also elicit neck pain. Furthermore, inlammatory arthritis
must be assessed with particular inquiry regarding morning
stifness, rigidity, or polyarticular symptoms.

Cervical Radiculopathy
Pathophysiology
Cervical radiculopathy is characterized by pain, loss of
strength and/or sensation, or diminished relexes in the upper
extremity that follows a predictable dermatomal pattern.
Radicular indings result from compression of the cervical
nerve roots at a location between their origins from the spinal
canal to their egress from the neural foramen.16 Cervical
spondylosis—characterized by the loss of disc height and disc
herniation, infolding of the facet joint capsule and the ligamentum lavum, and osteophytosis—results in foraminal
stenosis. In addition, osteophytes may compress the vascular
supply to the nerve root, thereby causing spasm of the radicular arteries.16 Furthermore, venous outlow may also be compromised, resulting in edema of the nerve roots.39
An inlammatory component is believed to be associated
with radicular pain generated from nerve root compression.40
Initially, neural compression results in edema that can eventually lead to ibrosis. his may lower the pain threshold of the
nerve root.40 Furthermore, the inlammation is perpetuated
by the neuropeptides and other chemical mediators released
by the compressed sensory nerve and by the desiccated disc
material.41 Some evidence suggests an increased concentration
of neurogenic chemical mediators of pain, including substance
P, in the dorsal root ganglion ater 1 to 4 weeks of symptom
onset.41
Biomechanical hypermobility may also contribute to
dynamic compression of the nerve roots, thereby resulting
in radicular symptoms when the patient moves the neck.
Flexion of the cervical spine lengthens the neural foramen up
to 31%, while extension shortens the foramina up to 22%.42
Ipsilateral rotation narrows the foramen, while contralateral
rotation widens it. With extension, the ligamentum lavum can
become redundant and will taper the foraminal space. Flexion
or extension can translate or angulate the vertebrae and can
stretch the nerve root, resulting in radicular symptoms.16 his
dynamic compression can explain why some afected patients
may not have radicular symptoms with the neck in a neutral
static position.
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complex and typically resolves within 6 weeks of onset with
conservative treatment alone. However, chronic neck pain
persists in 10% to 34% of adults.32–34 Furthermore, of those
with chronic neck pain, 50% will also report suboccipital
headaches.
Few studies have characterized the natural history of axial
neck pain. In general, nonoperative treatment is oten the
mainstay in the majority of patients with axial neck pain.
Judicious utilization of analgesics, antiinlammatories, and
physical therapy is warranted and has been demonstrated to
relieve neck pain in 70% to 80% of cases.35 DePalma et al.
reported that 29% of patients had complete relief of neck
symptoms, while 49% demonstrated improvement following
3 months of conservative treatment.36 Similarly, Rothman
and Rashbaum reported on the 5-year outcomes of patients
with “predominantly” axial neck pain who were treated
conservatively.37 he authors demonstrated that 23% of
patients remained disabled. In addition, there was no diference in outcomes between the operative and nonoperative
cohorts at the 5-year follow-up period. As such, nonoperative
management is advocated for nonneurogenic axial neck
pain.37
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he importance of nerve root tensioning is demonstrated by
the relief of radicular indings with shoulder abduction, which
is characterized by resting the hand on top of the head.16,43
Some evidence suggests that shoulder abduction will decrease
nerve root tension and can also lit the dorsal root ganglion
cephalad, which distances it from the compressive lesion.43 In
addition, venous blood low is also facilitated with shoulder
abduction with the decompression of the epidural veins.

Epidemiology and Natural History
Incidence of cervical radiculopathy peaks in the sixth decade
of life and has a point prevalence of 3.5 per 1000 persons.44,45
Radiculopathy can be acute, subacute, or chronic.45 Patients
younger than 55 years of age oten present with radiculopathy
secondary to herniated disc material; older individuals oten
have osteophytosis causing the neuroforaminal stenosis.46
he natural history of radiculopathy has not been clearly
elucidated, as treatment is typically provided to the patient.
Favorable outcomes are oten reported with nonoperative
management. Radhakrishnan et al. demonstrated that 90% of
patients with cervical radiculopathy remained asymptomatic
or minimally afected at 5.9 years of follow-up.44 As with axial
neck pain, nonoperative management is primarily advocated.
Nearly half of the patients with cervical radiculopathy report
symptom resolution within 6 weeks of onset with nonoperative treatment.46

Clinical Syndromes of Cervical Radiculopathy
Radicular symptoms follow a predictable dermatomal distribution in the upper extremity. In addition to sensory and
motor dysfunction, patients may report tingling and burning
sensations across the afected dermatome.16 It must be noted,
however, that due to potential redundancies in neural innervation, clinical indings may overlap dermatomes. As such, a
careful physical examination must be performed to delineate
compressed nerve roots and to identify any potential neural
redundancies.
Arm and neck pain that is associated with cervical radiculopathy is frequently unilateral. Patients may present with a
head positional preference to the contralateral side of the arm
pain.16 he pain is exacerbated with extension and lateral
rotation of the head to the side of the pain, termed the Spurling maneuver. his technique minimizes the dimensions of
the foraminal space and speciically stresses the foraminal
structures, including the nerve root and the vasculature. he
Spurling maneuver enables the physician to distinguish cervical radiculopathy from other causes of neck and arm pain,
including peripheral nerve compression.16
C3 radiculopathy results from pathology at the C2–C3
neuroforamina. C2–C3 has the largest foramen and contains
the smallest cervical nerve root.47 As such, C3 radiculopathy
is relatively uncommon. Clinical symptoms that are associated
with C3 nerve root compression include headache and sensory
disturbance over the upper neck and occiput. No clear
myotome has been identiied for the C3 nerve root. As such,

patients with C3 radiculopathy present similar to those with
axial neck pain.16,46
he C4 nerve roots exit through the C3–C4 neuroforamina.
Similar to C3 radiculopathy, pure C4 nerve root compression
is unusual.46 However, it must be noted that C4 radiculopathy
can cause axial neck and shoulder pain.48 It is associated with
sensory disturbances in the lower neck extending to the trapezius region and to the anterior chest. In addition, because
the C3–C5 nerve roots innervate the diaphragm via the
phrenic nerve, patients with C4 radiculopathy may manifest
paradoxical respiration, as evidenced with luoroscopic evaluation.49,50 he “snif test” is performed under luoroscopy and
is characterized by rapid, repeated inspiration, which results
in unilateral diaphragmatic paralysis in patients with C4
radiculopathy.16,49,50
C5 radiculopathy stems from compression of the C5 nerve
root in the C4–C5 neuroforamen (Fig. 37.2).51 It is characterized by pain that radiates from the neck, over the shoulder,
and to the proximal lateral arm. Deltoid weakness oten manifests and patients have diiculties with shoulder abduction.
Oten, patients report weakness with hair brushing or during
dressing. In addition, the pectoralis, biceps, or the brachioradialis relex can be diminished. Sensory deicit is localized to
the lateral aspect of the arm, below the shoulder.52 C5 radiculopathy must be distinguished from primary shoulder joint
and rotator cuf dysfunction.16,46
C6 nerve root compression within the C5–C6 disc interspace will result in C6 radiculopathy, which is characterized
by pain radiating from the base of the neck to the lateral
aspect of the elbow and into the radial forearm and radial
two digits52 (Fig. 37.3).51 his C5–C6 level pathology is the
most common radiculopathy because the greatest amount
of cervical spondylotic degeneration occurs at this disc
interspace.53,54 he increase in degenerative disease is due to
greater angular mobility at this level, a higher mechanical
load, and a smaller baseline canal diameter. A majority of
lexion and extension of the subaxial spine occurs at segment
C5–C6 in the anatomically normal cervical spine, causing this
intervertebral level to be more subject to wear-and-tear forces.
Additionally, C5–C6 also carries a large mechanical load in
the normal cervical spine, also increasing risk of stenosis
and degeneration.55–57 Patients will present with weakness
of the biceps muscle along with the extensor carpi radialis,
which is solely innervated by the C6 nerve root. In addition,
C6 radiculopathy is associated with diminished biceps and
brachioradialis relexes. he sensory changes are similar to
that of carpel tunnel syndrome.16,46
C7 radiculopathy is associated with cervical spondylosis at
the C6–C7 disc interspace (Fig. 37.4).51 he C7 nerve root supplies the triceps muscle. Patients will present with weakness
with arm extension about the elbow joint. In addition, it is
associated with diminished triceps relex. Of note, C7 radiculopathy may occur concurrently with Horner syndrome owing
to sympathetic dysfunction, although some studies have suggested that this can be a variable inding.52,58 Sensory dysfunction can be isolated to the middle and index inger, while pain
can radiate from the interscapular area, through the midarm,
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and down the middle three ingers. In addition, chronic breast
pain has been reported with C7 radiculopathy.16,46,59
Last, C8 radiculopathy is characterized by pathologic
changes at the C7–C8 disc interspace (Fig. 37.5).51 he C8
nerve root innervates the intrinsic hand muscles and inger

lexors. he “benediction sign” is oten present in patients with
C8 radiculopathy and is characterized as weakness with extension of the fourth and ith digits. Similar to C7 radiculopathy,
sympathetic dysfunction may be present and can present with
Horner syndrome.52,58 Sensory changes can be localized to
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the medial aspect of the arm and forearm, and the ulnar two
ingers. he patient can present with weakness of the wrist
extensors, lexors, and intrinsics with the exception of the
extensor carpi radialis and lexor carpi radialis. C8 radiculopathy can be distinguished from ulnar nerve entrapment as
ulnar nerve pathology spares all of the short thenar muscles
except the adductor pollicis.16,45

Cervical Myelopathy
Pathophysiology
Myelopathy is deined as the presence of long-tract signs
secondary to mechanical compression of the aferent or eferent nerve tracts of the spinal cord.46,60 Compression of the
spinal cord is the result of both static (such as degenerative
stenosis and disc protrusion) and dynamic (such as instability
due to trauma) risk factors (Fig. 37.6).7
he normal anteroposterior diameter of the cervical spine is 17 to 18 mm in adults; the cervical cord itself
measures 10 mm in diameter from anterior to posterior.61–63
Congenital cervical stenosis is deined as a spinal canal that
measures less than 13 mm.61,62 While congenital stenosis

may not be clinically symptomatic by itself, it is associated
with a lower threshold for the magnitude of degenerative spondylotic changes that are required to compress the
spinal cord to cause myelopathy.16 In addition, the shape
of the spinal cord in degenerative settings has been correlated with the development of cervical myelopathy.63 If the
cross-sectional area of the cord is reduced by the critical
amount of 30% and the remaining transverse area is less
than 60 mm2, signs and symptoms of cervical cord compression can manifest.63 Furthermore, a lower anteroposterior
compression ratio of less than 0.4 correlates histologically
with severe cord injury.64–66 he Pavlov ratio, which is the
anteroposterior diameter of the spinal canal divided by the
anteroposterior diameter of the vertebral body at the same
location, indicates developmental cervical narrowing if the
value is less than 0.8.16,64,65
Dynamic factors are also correlated with the development
of cervical myelopathy. Hyperextension of the neck is associated with buckling of the ligamentum lavum ventrally into
the canal.16 In addition, during extension, a retrolisthesed
vertebral body can squeeze the cord between the inferoposterior edge of the vertebral body and the superior edge of the
lamina caudal to it. Similarly, anterolisthesis during lexion
can also compress the spinal cord.16 Breig et al. demonstrated
that the spinal cord thickens and shortens with extension,
which potentiates compression from the redundant ligamentum lavum or the lamina67 (Fig. 37.7). With lexion, the
pressure within the cord can increase if a compressive lesion
is pressing against the cord.16
Mechanical compression and ischemia can be concomitant
in the development of cervical myelopathy. Breig et al. demonstrated that low through the anterior spinal artery and the
radicular arteries can diminish when the vessels are tented
over a disc or vertebral body.67 In particular, the transverse
intramedullary arterioles are considered most vulnerable to
vascular compression and they perfuse the gray matter and
the adjacent lateral columns.68 However, the blood low
through the posterior spinal arteries remains unafected.16
Chronic cervical myelopathy is associated with demyelination and irreversible neurologic deicit likely due to ischemic
death (apoptosis) of the oligodendrocytes (Fig. 37.8).7 his cell
lineage is the most susceptible to ischemic injury.69,70

Natural History
Cervical myelopathy develops in a small proportion of patients
with spondylosis and is oten encountered beyond the ith
decade.71,72 Some evidence suggests that myelopathy is more
common in men and in those with labor-intense occupations.71,72
he development of cervical myelopathy is oten insidious in its
early stages. By the time a patient presents with overt clinical
signs and symptoms, surgical management is oten warranted.
Numerous studies have demonstrated that cervical myelopathy
is associated with a progressive deterioration of motor and
sensory function, with 95% of patients who report gradual
intervening periods of disease progression and stability.73
Some studies have demonstrated that the progression of
cervical myelopathy is highly variable, with many patients
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FIG. 37.6 Sagittal T2-weighted magnetic resonance image depicts C5–C6
disc herniation resulting in increased cord signal intensity (arrow) and
elevation of the posterior longitudinal ligament (arrowhead). (From Zebala
LP, Buchowski JM, Daftary AR, O'Brien JR, Carrino JA, Khanna AJ. The cervical
spine. In: Khanna AJ, ed. MRI Essentials for the Spine Specialist. New York:
Thieme; 2014:111–154.)
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A

B
FIG. 37.7 Sagittal T2-weighted magnetic resonance images in a patient with previous C4–C6 anterior cervical
discectomy and fusion with allograft and plate and prior multilevel laminectomy. (A) Flexion image
demonstrating no stenosis. (B) Extension image of C6–C7 stenosis due to ligamentum lavum impingement
(arrow) and continued disc bulge. (From Zebala LP, Buchowski JM, Daftary AR, O'Brien JR, Carrino JA, Khanna AJ.
The cervical spine. In: Khanna AJ, ed. MRI Essentials for the Spine Specialist. New York: Thieme; 2014:111–154.)

C

A

B
FIG. 37.8 Spinal cord atrophy as a result of persistent central canal stenosis. (A) Sagittal T2-weighted image
showing C4–C6 stenosis and C5 spinal cord atrophy with surrounding edema. (B) Sagittal T1-weighted image
demonstrates low cord signal intensity from C4–C5 to C6–C7. (C) Axial T2-weighted image at C4–C5 shows
spinal cord atrophy. (From Zebala LP, Buchowski JM, Daftary AR, O'Brien JR, Carrino JA, Khanna AJ. The cervical
spine. In: Khanna AJ, ed: MRI Essentials for the Spine Specialist. New York: Thieme, 2014: 111–154.)
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Clinical Syndromes of Cervical Myelopathy
he anatomic site of compression dictates the clinical indings
seen with cervical myelopathy. Sensory symptoms are related
to three distinct sites of compression on the cervical cord: (1)
the spinothalamic tract, which afects contralateral pain and
temperature; (2) posterior columns, which involves ipsilateral
position and vibration sense disturbances, leading to gait
disturbances; and (3) dorsal root compression, which facilitates dermatomal indings.16 At the level of the cervical lesions,
lower motor neuron indings predominate and are characterized by hyporelexia and weakness in the upper extremities.
Conversely, caudal to the level of the cervical cord lesion,
upper motor neuron signs are present, with hyperrelexia and
spasticity in the lower extremities.
Patients can oten present with diiculties with ine motor
movements in the hands, characterized by diiculty with
handwriting or typing.76 his becomes progressively worse
with gross motor dysfunction, characterized by gait abnormalities and falls. Gait may become spastic and patients may
report weakness and wasting of the lower extremities. Severe
chronic myelopathy can result in loss of proprioception,
broad-based gait, and, eventually, quadriplegia.16,77 Nurick
et al. proposed a disability grading system based on these gait
abnormalities75 (Table 37.1).
Various physical examination indings are associated with
cervical myelopathy. Oten, patients can present with hyperrelexia of the deep tendon relexes, changes in muscle tone or
clonus, and the presence of long-tract signs, including the
Babinski sign in the lower extremities and/or the Hofman
sign in the upper extremities.
In the upper extremity, the Hofman sign (stimulation of
the extensor tendon of the third digit with forcible lexion and
sudden release of the distal phalanx, which prompts the thumb

TABLE 37.1

Cervical Spondylosis Disability Grade

Grade

Signs

0

Signs or symptoms of root involvement without spinal
cord disease

1

Signs of spinal cord disease without gait diiculty

2

Slight diiculty in gait that does not prevent full-time
employment

3

Diiculty in walking that prevents full-time employment
or housework but does not require assistance

4

Able to walk only with assistance or with aid of a frame

5

Chairbound or bedridden

Modiied from Nurick S. The pathogenesis of the spinal cord disorder associated with
cervical spondylosis. Brain. 1972;95:87-100.

to lex and adduct along with concurrent lexion of the index
inger) is oten appreciated.46,78,79 In addition, the inverted
radial relex is elicited by stimulating the distal brachioradialis
tendon with gentle percussion, which yields hyperdynamic
inger lexion.80 he inverted radial relex is associated with
cord compression at C6.16 Furthermore, poor ability to grip
and release is oten indicative of myelopathy in the hand.81
Supericial relexes, including the abdominal or cremasteric
relexes, are also compromised with cervical myelopathy.
In the lower extremity, the Babinski sign is elicited by
rubbing the lateral aspect of the plantar surface of the foot
from the heel to the metatarsal pads with a blunt object, which
prompts the great toe to dorsilex and the other toes to fan out
if an upper motor neuron lesion is present.46 It should be noted
that numerous variations of the Babinski sign can be present
in the patient, including the Oppenheim sign (apply heavy
pressure with the thumb and index inger over the tibia and
stroke down to the ankle), Gordon sign (apply pressure on the
calf muscles), Schaefer sign (apply pressure on the calcaneal
tendon), Bing sign (stimulate the great toe with a pin prick),
Chaddock sign (stimulate the lateral foot with a blunt object),
and the Gonda and Allen signs (provide forceful downward
stretching of the distal phalanx of the second or fourth toe).46,82
Any of these variations can be present in the patient.
Sensory deicits must also be evaluated in patients with
cervical myelopathy. Crandall et al. reported on the various
clinical indings associated with aferent nerve tract compression in patients with myelopathy.53 Neck pain was present in
50% of patients, radicular pain in 38%, Lhermitte sign
(shocklike sensation that radiates down the spine following
lexion of the neck) in 27%, and sphincter tone changes in
44%.53 In addition to these indings, changes in pain, temperature, proprioception, and dermatomal sensation may be
present.
Signs and symptoms in the hands can oten characterize
the primary reason for why the patient seeks medical attention. Ono et al.81 demonstrated two signs that are speciic to
“myelopathy hand”: the inger-escapee sign (patient tries to
extend digits fully with the palm facing down and the ulnar
two or three digits drit into abduction and lexion ater 30
seconds) and the grip and release test (suboptimal performance in the ability to open and close the ist rapidly).16,81
Patients may also report difuse numbness in the hands, which
must be distinguished from carpal tunnel syndrome and
peripheral neuropathy. In addition, wasting of the intrinsic
hand muscles is oten present.16
Myelopathy can oten be accompanied by radicular indings
in some patients. Myeloradiculopathy is associated with spinal
stenosis with concurrent compression of the neuroforaminal
contents. his can be reproduced with the Spurling maneuver,
as described earlier.46,53 Myeloradiculopathy produces lower
motor neuron signs at the level of the cervical cord lesion and
upper motor neuron signs caudal to the level of compression.
In addition, Edwards et al. demonstrated that 13% of patients
with spondylotic myelopathy present with both cervical and
lumbar involvement.83 hese patients present with both upper
and lower motor neuron indings in the lower extremities,
which oten complicates the clinical picture.
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who report a relatively benign form of the disease.73–75 Epstein
et al. reported that 38% of patients remained stable and 26%
of patients deteriorated, with older patients most likely to
experience worsening of symptoms.74 However, the majority
of patients who present with neurologic dysfunction do not
have spontaneous improvement.73
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Summary
Cervical disc disease describes a series of degenerative changes
that can result in clinically signiicant radiculopathy and/or
myelopathy. Numerous static and dynamic biomechanical and
physiologic forces contribute to cervical spine degeneration. It
becomes incumbent upon the spine surgeon to recognize
clinical signs and symptoms consistent with clinically signiicant radiculopathy and/or myelopathy, as cervical spondylosis
is ubiquitous among the aging general population.
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Medical myelopathies encompass a wide spectrum of conditions ranging from nutritional deiciencies to intrinsic spinal
cord disorders and manifestations of systemic infections.
Spine surgeons should maintain these conditions in their differential diagnosis for patients with myelopathy. Depending
on the cause of the medical myelopathy, the spine surgeon
should either manage it directly or refer it to appropriate
providers.

Spinal Cord Anatomy
Longitudinal Orientation
he spinal cord starts at the foramen magnum and extends
through the entire length of the vertebral canal in the embryonic phase. he spinal cord grows slower than the vertebral
canal; in infancy, it extends to the L2 and L3, but may terminate
anywhere between L1 and the second sacral (S2) vertebra.1 In
adults, the tip of the spinal cord (conus medullaris) ends at
L1–L2.2 he dissimilarity in growth between the cord and its
canal leads to the lumbar nerve roots needing to descend
within the subarachnoid space to reach the corresponding
vertebral levels prior to exiting the spinal column, creating a
group of roots called the cauda equina. he spinal cord has
two enlargements (cervical and lumbar) at C3–T2 and L1–S3.3
here are 31 segments in the spinal cord (8 cervical, 12 thoracic, 5 lumbar, 5 sacral, and 1 coccygeal).

Transverse Orientation
he spinal cord consists of white and gray matter strategically organized for rapid communication between peripheral
structures and the brain. he structure has two identical semiovals separated by the deep ventral median issure anteriorly
and dorsal median sulcus posteriorly and joined only at the
midline.4
he gray matter is an H-shaped, mirror-imaged structure,
with each half subdivided into dorsal (containing sensory

neurons) and ventral (containing lower motor neurons) horns
and an intermediate column (containing autonomic neurons).
he white matter is subdivided into anterior, lateral, and
posterior columns containing either ascending or descending
tracts. hree major tracts will be reviewed here.

Ascending Lateral Spinothalamic Tracts
he ascending lateral spinothalamic tracts relay pain, temperature, and crude touch sensation. he pain is transmitted to
the dorsal root ganglia (DRG) neurons (irst-order primary
sensory neurons), which synapse ipsilaterally in the dorsal horn
of the gray matter with the second-order neurons. he axons
of the second-order neurons cross to the contralateral side via
the anterior commissure two levels higher than the associated
dermatome and ascend in the contralateral lateral column.

Ascending Dorsal Column–Medial Lemniscus Tracts
he ascending dorsal column–medial lemniscus tracts relay
vibratory sensation, proprioception, and ine-touch discrimination. hese sensory modalities are transmitted to the DRG
neurons, axons of which enter the posterior columns forming
fasciculi gracilis and cuneatus, remaining ipsilateral to the side
of entry without crossing until the level of medulla, where they
synapse with the second-order neurons. he axons of the
second-order neurons decussate in the lower medulla and
ascend as medial lemnisci to the level of the thalamus.5 his
pathway serves the basis for somatosensory-evoked potentials
recording during intraoperative monitoring.

Descending Lateral Corticospinal (Pyramidal) Tracts
he ibers from the primary motor cortex descend via pyramidal tracts to synapse on the lower motor neurons of the
anterior horns. he vast majority of these ibers decussate at
the level of medulla (top of C1 level) prior to entering the
lateral columns of the contralateral side.6 his pathway serves
689
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as the basis for transcranial motor-evoked potentials recording during intraoperative monitoring.

Vascular Diseases of the Spinal Cord
Infarctions of the Spinal Cord
Arterial Spinal Cord Infarctions
Isolated spinal cord infarction is much less frequent than
cerebral infarction, accounting for only 1% of all strokes.7
Based on the pathogenesis, there are two main types of spinal
cord ischemia: (1) mechanical disruption of the blood supply,
resulting in anterior or posterior spinal artery infarcts, and (2)
infarcts occurring ater prolonged global hypotension or
hypoperfusion, resulting in central and transverse infarcts.8,9
Compromise of the spinal vascular supply results in a constellation of deicits speciic to that vessel’s territory.
Since the anterior spinal artery supplies the anterior twothirds of the cord, its occlusion leads to abrupt laccid paralysis
(quadriplegia or paraplegia, depending on the level of ischemia)
due to involvement of the bilateral descending corticospinal
tracts, loss of supericial pain, and loss of temperature discrimination (bilateral ascending spinothalamic tracts) below
the level of the vascular compromise, with preservation of
vibration and position sense carried by the unafected ascending posterior columns supplied by the posterior arteries. In
addition, there is autonomic dysfunction with loss of sphincter
control, bladder atonia, and paralytic ileus. Spasticity eventually ensues, with exaggerated deep tendon relexes, positive
Babinski responses, and ankle clonus.9
he occlusion of one of the posterior spinal arteries results
in the infarction of the ipsilateral posterior third of the hemicord as well as alteration in specialized and complex discriminative sensory functions.10
In the context of surgical procedures, the most frequent
mechanism of infarction is manipulation of the aorta or its
branches. Nonsurgical etiologies include severe hypotension
or hypovolemia from signiicant blood loss, aortic thrombosis,
embolization, and aortic dissection, all resulting in global
spinal hypoperfusion.11
Distinct from cerebral infarction, most (>80%) spinal
infarcts are painful. Causes of ischemic spinal cord injury are
listed in Box 38.1.
Spinal venous infarctions are rare, typically involving the
thoracic cord and causing paraparesis and sensory disturbance
of the lower extremities. Venous infarctions are subdivided
into hemorrhagic or ischemic. Hemorrhagic and embolic
venous infarctions have sudden onset and rapid progression
and are painful. he clinical onset of a nonhemorrhagic infarction is protracted, with gradual evolution of the symptoms.13

Evaluation of Suspected Stroke of the Spinal Cord
Imaging
Computed tomography has little application to the diagnosis
of spinal ischemia. It lacks the sensitivity, especially in the

cervical region, to be adequate for reliable exclusion of
ischemia, but may identify compressive causes of myelopathy
(epidural hematoma, tumors). Spinal angiography (arteriography) is indicated occasionally, usually for diagnosis and
treatment of a spinal arteriovenous malformation. Spinal
magnetic resonance imaging (MRI) is a diagnostic test of
choice for diagnosis of infarction.14
Treatment is guided by the underlying etiology. here are
limited reports on use of recombinant tissue plasminogen
activator in patients with spinal cord ischemia.15 he goal is to
improve spinal cord perfusion with permissive hypertension
and maintenance of euvolemia, which may be supplemented
by lumbar cerebrospinal luid (CSF) draining to reduce intrathecal pressure and augment perfusion. Corticosteroids have
no role in the treatment of spinal cord infarction unless
noninfectious inlammation is established.14
he prognosis for functional recovery is guarded. Few
patients improve; rarely (<10%), patients achieve a remarkable
recovery of function, particularly of motor control and ability
to walk. he short-term mortality rate is 20% to 25% over the
irst month following onset of symptoms. Overall life expectancy is diminished because of vascular, infectious, and other
medical complications.

Spinal Cord Vascular Lesions
he vascular lesions are subdivided into neoplastic vascular
lesions (hemangioblastoma, cavernous malformation), aneurysms, arteriovenous istulas, and arteriovenous malformations (AVMs) (Box 38.2).16
BOX 38.1

Causes of Ischemic Spinal Cord Injury

Nonsurgical Vascular Pathology
Ischemic infarction due to arterial atherosclerosis/embolism
Ischemic infarction due to aortic dissection or thrombosis
Ischemic infarction due to ibrocartilaginous embolism12
Venous infarctions
Arteriovascular malformation (vascular steal)
Vasculitis
Decompression sickness
Vascular constriction (triptans, illicit substances)
Surgery Related
Hypoperfusion due to:
• Hypotension/cardiac arrest
• Hypovolemia (blood or volume loss)
• Clamping of the radicular feeding artery
• Clamping of the aorta

BOX 38.2

Classiication of Vascular Malformations

Arteriovenous Malformations
Extradural-intradural
Intradural
• Intramedullary
• Conus
Arteriovenous Fistulas
Intradural
Extradural
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Cavernomas are slow-growing, raspberry-shaped vascular
malformations that become symptomatic in the case of
bleeding or from direct cord compression. Symptoms depend
on lesion location. Diagnosis is made with a characteristic
spinal MRI appearance with evidence of blood degradation
products at diferent stages. he lesions are well demarcated,
with mixed signal intensity and popcorn appearance. he
core is surrounded by a rim of low intensity that corresponds
to hemosiderin. Hemosiderin-sensitive sequences (gradient
echo or susceptibility-weighted imaging) are beneicial in the
diagnosis of cavernous hemangiomas. Treatment of symptomatic patients requires surgical resection.17

Hemangioblastomas
hese vascular lesions of the spinal cord can be sporadic or
familial, as in case of von Hippel–Lindau syndrome. MRI is
needed for diagnosis, and treatment entails surgical resection
if the lesion is symptomatic.

Arteriovenous Malformations and
Arteriovenous Fistulas
Spinal dural arteriovenous istulas are the most common type
of spinal cord vascular malformation.18 hese lesions are
deined by abnormal connections between a radicular feeding
artery and the coronal venous plexus of the spine without an
intervening capillary bed. he actual istula site is at the dural
sleeve of the nerve root. he arterial blood low is shunted
directly into the venous plexus, leading to venous congestion,
venous hypertension, and potential venous infarctions.18
Clinical presentation is characterized by the insidious progression of weakness and sensory deicits in the lower extremities.
MRI indings include presence of cord edema and dilated and
tortuous perimedullary dural vessels. he gold standard for
diagnosis is a catheter spinal angiography. Treatment is surgical disconnection or endovascular occlusion.15
Intramedullary (or glomus) AVMs are characterized by the
presence of tightly compacted groups of arterial and venous
vessels (nidus) inside the spinal cord. he AVM is supplied
by multiple feeding arteries from the spinal arteries. his
is a high-low system shunting blood from the vital tissue
and is oten associated with aneurysms. he most common
presentation is related to a hemorrhage, direct compression,
or ischemia. Diagnosis is made by spinal MRI by demonstrating intramedullary low voids and subsequent spinal catheter
angiography.15

Inlammatory Spinal Cord Disorders
Transverse Myelitis
Transverse myelitis (TM) is an immune-mediated, inlammatory acute or subacute spinal cord disorder that causes a
combination of motor, sensory, pain, and autonomicsphincteric dysfunction that evolves over hours to days, but

sometimes up to a few weeks. TM can be primary or idiopathic,
or, more oten, secondary to other systemic or neurologic
disorders.19 Although TM may result in complete disruption
of all tracts across the spinal cord cross-section, more commonly there is variability in the severity of functional impairment. hus, patients may present with variable degrees of
sensory loss, weakness, neck or back pain, and bladder and
bowel dysfunction. he pattern of weakness is usually level
dependent, with quadriparesis with cervical cord TM and
paraparesis with thoracolumbar TM; however, cervical cord
disease oten spares the upper extremities. Acutely, limbs may
have laccid weakness, with loss of deep tendon relexes,
although the presence of extensor plantar responses, urinary
and bowel retention, and a protopathic (pain and temperature)
sensory level localizes to the spinal cord. Some patients can
present with a purely dorsal column syndrome, with loss of
vibration and proprioception, resulting in a sensory ataxia.
Patients with hemicord involvement may present with dissociated motor and sensory symptoms, ipsilateral weakness and
loss of vibration and proprioception, and contralateral loss of
ability to feel pain and temperature. his constellation of
symptoms and signs is characteristic of Brown-Séquard syndrome, invariably localizing to the spinal cord. Pathology is
usually 2 to 3 segments above the clinical sensory level but
may be higher.20
he etiology of idiopathic TM is not established. It can
occur following a nonspeciic virus or vaccination.19 TM secondary to a systemic or neurologic disorder is important to
identify, as treatment of the underlying condition decreases
the risk of relapse. Systemic diseases associated with TM
include systemic lupus erythematosus (SLE), Sjögren syndrome, Behçet disease (BD), and sarcoidosis.1,4 Both multiple
sclerosis (MS) and neuromyelitis optica (NMO) very commonly present with TM and need to be considered in the
diferential diagnosis. hese conditions are discussed later in
this chapter.
MRI of the spine is the diagnostic test of choice in evaluating
TM, oten demonstrating a contrast-enhancing and expansile
intrinsic cord lesion of variable length (Fig. 38.1).2 It is important to note that clinical features of TM cannot be diferentiated from spinal cord compression, necessitating emergent
imaging to allow for expeditious surgery if necessary. Other
diagnostic testing includes complete blood count, serum
chemistries, rheumatologic screening (antinuclear antibody,
anti-Ro/La antibodies), and serum angiotensin-converting
enzyme. Lumbar puncture and brain MRI are helpful in the
diagnosis of MS. Serum aquaporin-4 antibody is both highly
speciic and sensitive for NMO.21
he irst line of treatment for idiopathic TM is pulse
intravenous (IV) steroids, most oten with methylprednisolone 1000 mg daily for 3 to 7 days, followed by a prednisone
taper. Plasma exchange (5 to 6 treatments every other day) for
steroid-refractory TM has demonstrated eicacy in patients
with idiopathic TM, MS, and NMO, resulting in complete
or near-complete recovery in the majority of patients.19,22
Patients with TM secondary to another disorder will require
long-term treatment for their underlying condition to prevent
recurrence.
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FIG. 38.1 (A) Sagittal T2-weighted magnetic resonance image (MRI) of a patient with neuromyelitis optica
(NMO) demonstrating a longitudinally extensive transverse myelitis (arrow), increased signal change, and spinal
cord expansion from C7 to T2. (B) Sagittal MRI with contrast enhancement of subacute longitudinally extensive
transverse myelitis (arrow) in a patient with NMO.

Multiple Sclerosis
MS is a chronic immune-mediated disease of the central
nervous system (CNS) that is a leading cause of neurologic
disability in young adults. It is pathologically characterized by
inlammation, demyelination (in both white and gray matter),
and axonal degeneration. Although the etiology of MS is
unknown, it is widely thought to be initiated by an aberrant
immunologic response to an environmental agent in genetically predisposed individuals. While an infectious cause is
suspected, no single virus or bacteria has been isolated. MS
predominantly afects women by a 2 : 1 ratio and is more
common in white individuals of Northern European descent
and in those living in increasing latitudes away from the
Equator. However, the disease tends to be more aggressive in
those with African American ethnicity.
MS is classically described as a white matter disease disseminated in time and space. In 85% of patients, the disease
presents with relapses and remissions (RRMS), with attacks of
neurologic symptoms that resolve completely or nearly completely over weeks to months, followed by periods of clinical
stability. Within 10 years, 50% of patients with RRMS will
enter a secondary progressive phase (SPMS), with slowly
accumulating disability, in large part due to myelopathy.23,24
Approximately 15% of patients with MS present with progressive neurologic dysfunction at disease onset, usually due to
myelopathy, classiied as primary progressive MS (PPMS). A
subset of patients with both SPMS and PPMS continue to have
both clinical relapses and inlammatory radiologic disease and
are categorized as having progressive MS with activity.
MS relapses are deined as new or worsening symptoms
lasting at least 24 hours, not associated with a systemic illness,
and separated by at least 30 days.25 MS lares are associated
with neurologic disability, functional impairment, and psychosocial disruption, all of which afect quality of life.26 With
increasing disease duration, patients tend to have less recovery
from exacerbations, leading to accrual of disability. Clinical

features of MS are varied and depend on regions of involvement. Most patients present with optic neuritis, brain stem–
cerebellar syndrome, hemispheric disease, or spinal cord
impairment.
Spinal cord disease in MS usually presents with upper
motor deicits (facial-sparing hemiparesis, quadriparesis,
paraparesis, with hyperrelexia, Babinski sign, and spasticity,
due to corticospinal tract dysfunction); paresthesias and
numbness of the limbs and trunk (oten with a sensory level
to pinprick due to spinothalamic involvement and/or proprioceptive and vibratory deicit, and Romberg sign due to posterior column dysfunction); Lhermitte phenomenon, a
paroxysmal electrical sensation radiating from the neck down
the midline spine and into all four limbs, triggered by neck
lexion; and bladder and bowel dysfunction, including urinary
urgency, urinary retention, urinary and fecal incontinence,
and constipation. Optic neuritis is typically unilateral, with
rapidly progressive monocular visual loss and pain with eye
movement over several days, with an aferent pupillary defect
on exam. Funduscopy is usually normal, since there is only
retrobulbar optic nerve inlammation. Brain stem–cerebellar
symptoms include diplopia with internuclear ophthalmoplegia
or sixth nerve palsy, dysarthria, vertigo, facial numbness,
unilateral trigeminal neuralgia or facial palsy, and truncal or
limb ataxia. Hemispheric manifestations include contralateral
hemiparesis, hemisensory loss, and cognitive impairment. In
addition, many patients with MS complain of late-day fatigue,
paroxysmal tonic limb spasms, and dysesthetic limb and trunk
pain.
PPMS and SPMS most oten present as an insidiously
worsening myelopathy. Patients oten complain of asymmetric
leg weakness, eventually with involvement of the contralateral
leg, and, later, the upper extremities. his is accompanied by
neurogenic bladder and bowel, epicritic sensory loss, and limb
spasticity. Less frequently, patients may develop progressive
spastic hemiparesis or pancerebellar ataxia. Finally, cognitive

Chapter 38 Medical Myelopathies

FIG. 38.2 Sagittal T2-weighted magnetic resonance image of a patient
with multiple sclerosis and short-segment cervical myelitis at C4–C5 (arrow).

in space (DIS) as 2 or more lesions in at least 2 of the periventricular, juxtacortical, infratentorial, or spinal cord regions.
MRI dissemination in time can be established with either the
presence of both asymptomatic gadolinium-enhancing and
-nonenhancing lesions on a single scan or by the development
of new T2/FLAIR or new gadolinium-enhancing lesions on
sequential studies performed ater the index study.25
MRI is also useful in patients with PPMS whose history
reveals a progressive neurologic impairment, usually referable
to the spinal cord, that has evolved for at least 1 year. MRI
criteria for DIS in PPMS relies on demonstration of two or
more spinal cord lesions and at least one lesion in one of the
aforementioned periventricular, juxtacortical, or infratentorial zones.25
CSF is oten useful in conirming the diagnosis of MS when
the clinical history and MRI indings are either nondiagnostic
or atypical. he presence of CSF oligoclonal bands and/or
elevated immunoglobulin (Ig) G index on isoelectric focusing
is seen in more than 95% of patients with MS. Mild to moderate CSF lymphocytosis (≤50/µL) and protein elevation
(≤100 mg/dL) may also be seen.
Because of the sensitivity of MRI, visual, brain stem auditory, and somatosensory evoked potentials are less commonly
used in the diagnosis of MS. Of these, delayed latency of visual
evoked responses are the most useful in establishing DIS in
selected patients.
Diferential diagnosis of MS is broad and includes systemic
inlammatory disorders (sarcoidosis, vasculitis, connective
tissue disease), CNS infection (Lyme disease, neurosyphilis,
HIV related), neoplasm (CNS lymphoma, gliomatosis cerebri),
nutritional deiciencies (B12, copper), and structural/compressive
disorders (Chiari malformation, cervical spondylotic myelopathy). hese diseases can usually be excluded by the clinical
history, laboratory indings, and appropriate imaging.
Acute MS relapses are usually treated with short courses of
steroids, most frequently with a 3- to 5-day course of highdose IV methylprednisolone, followed by tapering prednisone
for 2 weeks. Patients with severe neurologic deicits that are
refractory to steroids may achieve enhanced recovery with
plasma exchange.
he treatment of MS has been revolutionized with the development of disease-modifying therapies (DMT) in the early 1990s.
here are now 11 Food and Drug Administration–approved
injectable, parenteral, and oral agents for RRMS, including four
formulations of interferon beta-1a or -1b, glatiramer acetate,
mitoxantrone, natalizumab, ingolimod, terilunomide, dimethyl
fumarate, and alemtuzumab. However, the use of mitoxantrone
has diminished due to complications of leukemia and cardiomyopathy.27 Each of these DMTs have demonstrated eicacies
in reducing annualized relapse rate and the development of new
and contrast-enhancing lesions on brain MRI; the latter is an
important component in monitoring patients on treatment.28
Although there is no established therapy for PPMS, both
rituximab and ocrelizumab, monoclonal antibodies that target
CD20 B lymphocytes, have demonstrated eicacy in patients
with PPMS with activity.28–30 here are no approved medications
for SPMS, although DMTs for RRMS are commonly used in
patients with SPMS who have ongoing relapses.27 he choice
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dysfunction can afect from 40% to 70% of patients with MS,
in both the relapsing and progressive stages of the disease,
with impairment of short-term memory, attention and concentration, executive function, verbal luency, and visuospatial
processing, not uncommonly leading to a subcortical dementia. More rarely, PPMS may present as an isolated dementia.
he diagnosis of MS relies primarily on the clinical history
and examination, with demonstration of events and neurologic signs disseminated in time and space.25 he McDonald
criteria for MS can be fulilled without ancillary support on
the basis of an appropriate history and neurologic exam, with
the caveat that MS is the best explanation of the disorder.
However, in the majority of individuals diagnostic testing is
critical.
MRI is the most sensitive tool for both MS diagnosis and
disease monitoring. he former is centered on demonstrating
lesions that are both temporally and spatially disseminated. MS
lesions are classically seen in the periventricular, juxtacortical
(including the corpus callosum), and infratentorial regions and
in the spinal cord. Brain lesions are typically ovoid in shape
and conigured perpendicularly to the ventricles. However,
MS can also present with large, tumefactive hemispheric
lesions, mimicking a mass. Spinal cord lesions are typically
short segmented (one to two vertebral spaces) with a dorsal
predilection. Both active and old lesions are hyperintense on
T2 and luid attenuation inversion recovery (FLAIR) sequences;
gliotic lesions that correspond with axonal loss are hypointense
on T1 sequences (Fig. 38.2). Active, inlammatory lesions are
gadolinium enhancing, oten with an open-ring coniguration
in the brain. he McDonald criteria deine MRI dissemination
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of therapy in a particular patient depends in large part on the
severity of inlammatory disease activity, based both clinically
and radiologically, with more potent but riskier agents (e.g.,
natalizumab, ingolimod, alemtuzumab) reserved for patients
with aggressive disease.31 Last, symptomatic treatment directed
at MS-associated spasticity, neurogenic bladder and bowel,
pain, fatigue, and mood dysfunction is an important facet of
patient care.31

Neuromyelitis Optica
NMO is an autoimmune, relapsing disease of the CNS that is
also characterized pathologically by inlammation and demyelination. NMO was historically portrayed as a monophasic
illness related to MS that caused simultaneous optic neuritis
and transverse myelitis, sparing the brain. However, with relatively recent advances in neuroimmunology, NMO is now
known to be an autoantibody-mediated disorder that is usually
distinguishable from MS, with uniquely characteristic involvement of not only the optic nerves and spinal cord, but also the
cerebral hemispheres and brain stem. Unlike MS, relapses in
NMO oten cause severe neurologic disability that requires
prompt evaluation and treatment. NMO afects women at a
rate of 8 : 1, a higher ratio than MS. Its incidence in African
Americans is also greater than that seen in MS.32
Optic nerve involvement in NMO may be unilateral or
bilateral, resulting in severe visual loss, not infrequently associated with a long-segment optic neuritis on MRI. Spinal cord
attacks are associated with severe quadriparesis or paraparesis,
with associated spinothalamic and dorsal column deicits
below the level of the lesion as well as urinary or bowel retention. MRI typically reveals a longitudinally extensive central
intramedullary hyperintense lesion, spanning three or more
vertebral levels, resulting in spinal cord expansion. Other less
common manifestations of NMO include refractory hiccoughs
or vomiting due to medullary disease, hypersomnolence
and syndrome of inappropriate antidiuretic hormone with
hypothalamic lesions, and encephalopathy with multifocal
tumefactive subcortical inlammatory disease.32
Serum antibody to aquaporin-4 (also known as NMO-Ab),
a CNS water channel that is expressed on foot processes on
CNS astrocytes, is now established as pathogenic in NMO.
he serum antibody is found in up to 85% of patients with
a cell-based assay.33 he presence of this antibody in patients
presenting with syndromes associated with NMO is highly
predictive of future relapse.22,32
NMO relapses are treated with high-dose IV steroids followed by a prolonged steroid taper, although plasma exchange
is also frequently necessary to achieve satisfactory recovery.
Long-term therapy with immunosuppressive agents is mandatory to prevent exacerbations. Although prednisone alone can
be used, most clinicians use steroid-sparing agents, including azathioprine, mycophenolate, and rituximab, to reduce
complications of chronic corticosteroids.21 Novel monoclonal
antibodies directed against downstream mechanisms of
antibody-mediated, inlammatory cytotoxicity, including
eculizumab and tocilizumab, are also under study for use in
NMO.34,35

Myelopathy Due to Connective Tissue
Conditions and Diseases
Rheumatoid Arthritis
here have been medical advancements over the last 20 years
in the pharmacologic treatments for autoimmune diseases
such as rheumatoid arthritis (RA). hese treatments include
the development of the biologic class of disease-modifying
antirheumatic drugs (DMARDs), tissue necrosis factor-α
(TNF-α) inhibitors, and traditional DMARDs such as methotrexate.36 Due to the increased eicacy of these treatments, the
true prevalence of cervical spine abnormalities in RA and
other inlammatory arthropathies is not known.
RA most commonly afects the occiput–C1 articulation,
a saddle joint, and the C1–C2 joint, a pivot joint. hese are
true synovial joints that RA and other inlammatory arthritides have a predilection to, including 65% of cases involving
C1–C2 instability and 20% involving basilar invagination.37–39
Radiographic indings include vertebral body and spinous
process bony erosion and cystic changes, C2 pseudotumor
and pannus formation, discitis, as well as ligamentous inlammation, laxity, and calciication.38,39 RA can be a cause of
spinal cord compression due to this degenerative cascade and
resultant instability. Subaxial spine degeneration, especially
ater previous upper cervical spine fusion, should be followed
clinically with dynamic radiographs and an MRI scan if
upper motor neuron signs are present.37,40,41 Further fusion
and decompression surgery may be indicated depending on
the patient’s degree of cervical instability and spinal cord
compression.

Systemic Lupus Erythematosus and
Antiphospholipid Antibody Syndrome
SLE is a chronic and relapsing autoimmune connective tissue
disease that afects multiple organ systems. SLE afects the
skin, joints, kidneys, lungs, heart, blood, as well as the nervous
system, primarily by activating the immune system with formation of immune complexes.42 he CNS also can be afected
by SLE. Patients can present with a headache or mild confusion all the way to seizure or frank myelopathy with or without
optic neuritis.43 here were 19 neuropsychiatric syndromes
associated with SLE described by the American College of
Rheumatology Research Committee in 1999.44
Patients with SLE myelopathy oten have CSF abnormalities, including increased protein, pleocytosis, and decreased
glucose. he term “longitudinal myelitis” has been given to the
characteristic increased MRI signal seen on T2-weighted
sequences over several continuous segments.45
Antiphospholipid antibody syndrome is characterized
by a hypercoagulability and is associated with antiphospholipid antibodies. It is thought to be a possible variant of SLE.
hese antibodies include lupus anticoagulant, anticardiolipin,
and antibodies against β2-glycoprotein 1. As in SLE, there are
wide ranges of neurologic disorders that can be associated
with this condition, including myelopathy.
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Sjögren Disease
Sjögren disease is characterized by dry eyes (xerophthalmia),
dry mouth (xerostomia), and a noninlammatory arthritis.47
he disease is about 10 times more common in women than
in men and can also have neurologic manifestations, including
myelopathy, transverse myelitis, optic neuropathy, and necrotizing myelitis.47–49 Treatment includes corticosteroids and, in
some cases, plasma exchange.47,49,50

Infectious Myelopathies
Several infections can lead to myelopathy in patients due to a
variety of disease processes. Most commonly, a direct invasion
of neural cells causing edema and permanent neurologic
tissue scarring is the mechanism. here is a predilection for
these processes to occur in the immunocompromised patients;
however, it can occur in those in good health as well. A thorough history, physical examination, radiologic studies, and
possibly invasive testing (e.g., CSF analysis) are necessary to
make the diagnosis.

Viral Myelitis
Behçet Disease
BD is a chronic inlammatory disorder of the blood vessels
that can also involve inlammation of the parenchymal CNS
(neuro-Behçet). he exact cause of this disease is unknown
but thought to be autoimmune related.51,52 Symptoms
can include inlammation with sores or thrombosis in the
mouth, eyes, skin, joints, digestive system, brain, and genital
regions.
Neuro-Behçet afects approximately 5% to 49% of patients
with this disease and can cause symptoms from confusion,
psychosis, and mild weakness to complete paralysis.51–56 Treatment includes high-dose IV steroids and/or TNF-α inhibitors
such as inliximab and etanercept; adalimumab has shown
variable results.54,56

Neurosarcoidosis
Sarcoidosis is a noncaseating granulomatous disease involving multiple organ systems and tissues. Its cause is believed
to be autoimmune in nature, but the exact pathogenesis is
not known.57,58 he disease most commonly presents with
bilateral hilar lymphadenopathy (>90%), pulmonary iniltrates, skin and eye lesions, and arthralgias. Granulomatous
iniltrates can appear in any tissue, including the spine, and
can cause arachnoiditis, cauda equina syndrome, intradural or extradural granulomas, and intramedullary spinal
masses.
A small percentage of patients (5–10%) can develop CNS
involvement, and a deinitive diagnosis is diicult to obtain.
he mean age of onset of neurologic symptoms is typically in
the fourth decade of life.59 Deinitive diagnosis requires a
biopsy that will demonstrate noncaseating epithelioid granulomas, and a biopsy sample of the spinal cord is not desirable.
Biopsy of lung tissue is a less morbid procedure. MRI scan of
the neural axis can be normal in some cases, but contrastenhanced MRI may show a difuse increased signal in parenchymal cord tissue or masses.59–62
Little is known about the natural history of patients with
CNS involvement in sarcoidosis. Recovery over months or
years occurs in 60% to 80% of patients with pulmonary
disease, however. Treatment is similar to other autoimmune
and connective tissue causes of myelopathy, and includes
aggressive IV steroids, DMARDs, and TNF-α inhibitors.

Human Immunodeiciency Virus Infection
Human immunodeiciency virus (HIV) is the cause of acquired
immunodeiciency syndrome (AIDS) in an estimated 30
million people worldwide.63 HIV infection has been associated
with immunodeiciency, neoplasia, and neurologic disease.64
High rates of neurologic complications (up to 40–50%) have
been reported.65–67
In patients with AIDS, vacuolar myelopathy (VM) is the
most common spinal cord disease, found in up to 30% of
patients prior to the antiretroviral therapy.68 his most common
form of myelopathy in HIV infection was irst described by
Petito and colleagues,69 observing spinal cord degeneration.
Autopsy revealed a high rate of spinal cord disease that was
clinically not as prevalent and likely underrecognized.
Symptoms of VM can overlap with other myelopathies
associated with HIV-1 infection; however, the pathologic
appearance is distinct. here is a loss of myelin and spongy
degeneration found on histologic examination, and the lateral
and posterior columns are more afected. he microvacuolization of the white matter of the spinal cord resembles that of
subacute combined degeneration. he vacuolization appears
to result from intramyelin swelling, with axons being preserved, for the large part. Microglial nodules may be detected
in the spinal cord gray matter.69
Symptoms of VM include a slowly progressive lower
extremity weakness, lack of balance with gait instability and
ataxia, dorsal column sensory changes in vibration and position, urinary frequency, urinary urgency, and erectile dysfunction. Spastic paraparesis is present, with weakness being
greater than spasticity; prominent hyperrelexia and extensor
plantar responses of the lower extremities are also usually
present.
MRI indings in patients with AIDS-associated myelopathy
can occur in up to 86% of patients. he most common inding
is spinal cord atrophy followed by difuse intrinsic cord signal
abnormality.70 Enhancement with gadolinium is not common.
If the MRI of the spinal cord is lacking any indings, CSF can
be examined for infection of other pathogens or for the presence of HIV.
Vacuolar myelopathy is a diagnosis of exclusion, as other
opportunistic infections and conditions in HIV can be the
cause of myelopathy in AIDS patients.
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herapies for these conditions include high-dose IV steroids for acute symptoms, IV immunoglobulin, cyclophosphamide, and plasmapheresis.43,46
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Human T-Cell Lymphotropic Virus Type 1
he human T-cell lymphotropic virus type 1 (HTLV-1) was
the irst oncogenic human retrovirus to be discovered in
1980.71 It has since been implicated as the cause of cancer
(adult T-cell leukemia/lymphoma) and several other spectrum
inlammatory diseases.72,73 It is believed to infect around 10 to
20 million people worldwide, and the clinical course is usually
progressive without remission.71–75 Infection can occur through
a variety of methods, including mother to child, sexual activities, through the sharing of needles and syringes, and by the
transfusion of infected blood products in countries that do not
screen for HTLV-1 infection.73,75,76
he myelopathy that can develop in those infected with
HTLV-1 is referred to as tropical spastic paraparesis or HTLV-1
associated myelopathy (TSP/HAM). It is characterized by
chronic involvement of the pyramidal tracts, mainly at the
thoracic level, causing lower extremity spasticity and weakness, urinary disturbances, pain, paresthesias, and sensory
disturbances.71,76,77 In a recent longitudinal cohort study by
Tanajura and colleagues,78 the development of neurologic
signs and symptoms of HTLV-1 infection occurred in
up to 30% of patients. he most common subjective indings were hand and feet numbness, nocturia, and urinary
urgency. Lower extremity hyperrelexia and weakness with
a positive Babinski sign were the most common objective
indings.78
Infection of HTLV-1 shares a similar route of transmission
as HIV, and dual infection is common.79 he incidence of
myelopathy among patients coinfected with both HIV and
HTLV-1 is likely higher, especially in areas where HTLV-1
infection is endemic.80 Treatment outcomes for TSP/HAM are
disappointing; thus it remains as symptomatic therapy only.

Herpesviruses
Varicella-zoster virus (VZV) is a human neurotropic doublestranded DNA alpha-herpesvirus. VZV is the cause of chickenpox (varicella); ater active infection, it remains latent for
decades in the dorsal root and autonomic ganglia of the
autonomic nervous system. As individuals age or become
immunocompromised, a decrease in the VZV-speciic cellmediated immunity can occur, resulting in VZV reactivation,
causing severely painful and blistering dermatomal eruptions
called shingles (herpes zoster).81–84
Myelopathy associated with VZV can present as soon as
days or weeks ater acute varicella, and can present without
the typical vesicular eruption and rash associated with herpes
zoster.82,85 Symptoms include a monophasic spastic paraparesis, with or without sensory features, and with or without
sphincter problems.81,82,85 he myelopathy can be insidious,
progressive, and sometimes even fatal in immunocompromised patients, such as those with AIDS.85 MRI can reveal
serpiginous enhancing lesions and, in cases of VZV vasculopathy, can cause spinal cord infarcts seen on difusionweighted MRI.85,86
Diagnosis of VZV myelopathy can be conirmed with
CSF analysis for virology. In myelopathy patients, the CSF

usually contains a mild mononuclear pleocytosis with normal
or slightly elevated protein. he CSF should be analyzed
for DNA by polymerase chain reaction and for anti-VZV
IgG and IgM.81 Treatment for VZV myelopathy includes
urgent IV acyclovir (10–15 mg/kg three times daily for 14
days) and possibly steroids, especially in those with VZV
vasculopathy.82,87,88

Myelopathies Resulting From Bacterial
Diseases
Syphilis
Sexually transmitted infections (STIs) take a huge toll on
patients and society, both medically and economically. here
are 20 million new STIs estimated to occur yearly in the
United States, with direct and indirect medical costs estimated
to exceed $16 billion.89 Syphilis is an STI that accounts for 20%
of these infections and occurs due to an infection by the
bacterium Treponema pallidum.89 In 2013, primary and secondary syphilis infection in the United States was estimated
to occur in 5.3 cases per 100,000, more than double the lowestever rate of 2.1 in the year 2000.90 he highest rates were found
in men who have sex with men, with men accounting for more
than 90% of syphilis cases in 2013.89–91
he primary stage of syphilis infection is marked by a single
sore, or chancre, that occurs at the site where the bacterium
entered the body. he chancre is irm, round, small, and painless. he time between infection and the irst symptom can
range from 10 to 90 days, and the chancre lasts 3 to 6 weeks
before healing without treatment.91 If no antibiotic treatment
is sought, the infection progresses to the secondary stage.
he secondary stage of syphilis infection is characterized by
a skin rash or rashes, typically nonpruritic in nature, and
rough red to reddish brown spots located on the palms and
the bottoms of the feet. Without antibiotic treatment, individuals will progress to tertiary or latent syphilis ater the
primary and secondary symptoms disappear. Tertiary syphilis
can occur 10 to 20 years ater the infection was acquired and
afects up to 15% of those that were not treated at the primary
or secondary stages.91
Invasion of the CNS by the Treponema pallidum bacterium
usually occurs within 1 year of the primary infection. Headache and meningismus symptoms can be seen during the
secondary syphilis stage, with up to 2% of patients having
acute meningitis. Patients that are not treated with penicillin
can develop neurosyphilis.

Tabes Dorsalis and Syphilitic Meningomyelitis
he spinal cord can be heavily afected by syphilis. Prior to the
discovery of antibiotics, syphilis was believed to be the most
common cause of spinal cord disease.67,92 Tabes dorsalis is the
prototypic spinal cord disease associated with syphilis and can
be divided into three phases: the preataxic phase, the ataxic
phase, and the terminal or paralytic phase. Currently, tabes
dorsalis is thought to account for only 5% of neurosyphilis
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cases, but it is still a diagnostic and treatment dilemma in the
developing world.93,94 Testing for neurosyphilis includes algorithms for those with and those without HIV infection and
may not catch all cases of chronic syphilis.95,96 Tests include
CSF VDRL (Venereal Disease Research Laboratory), CSF
FTA-ABS (luorescent treponemal antibody absorbed), CSF
TPPA (Treponema pallidum particle agglutination assay),
CSF T pallidum PCR (polymerase chain reaction), and CSF
INNO-LIA (line blot immunoassay).96
Pathology of the spinal cord reveals overall atrophy in the
posterior columns and spinal roots, with dorsal column
demyelination of the fasciculus gracilis, root entry zone, and
Lissauer tract. here is also thickening of the medium and
small blood vessel walls. MRI indings include spinal cord
atrophy and intramedullary hyperintensities, similar to indings seen in subacute combined degeneration; however, they
can be normal in some cases.94,97
he preataxic phase, or period of “lightning pain,” is the
irst phase occurring 10 to 15 years ater primary infection
and can last as long as 3 years. he majority of patients present
with severe and lancinating pain. Other indings include a loss
of muscle stretch relexes, sensory losses, Romberg sign, and
Argyll Robertson pupils (intact visual acuity but decreased
pupillary light relex and irregular pupils). Pain sensation is
disturbed, with a delay in pain perception of approximately 15
seconds and an atersensation lasting 30 seconds. Supericial
pain sensation may be normal, but deep pain sensation is
typically abnormal. Loss of deep pain sensation is reported
with the application of pressure to the ulnar nerve (Biernacki
sign), the Achilles tendon (Abadie sign), and the testicle
(Pitres sign). Neuropathic pain is diicult to treat but can
be attempted with gabapentin or other neuromodulatory
agents.98
he ataxic phase is characterized by severe ataxia in the
legs and has a variable duration of 2 to 10 years. Patients
continue to lose deep pain sensation as well as proprioception
and vibratory sense, which leads to a slapping and uncoordinated gait. hese neurologic losses can lead to neuropathic
joints and arthritic changes in the ankles, knees, hips, and
spine.99–102
he inal phase is known as the terminal or paralytic phase.
he average duration of this inal phase is between 2 and 10
years and is characterized by cachexia and paralysis, with
severe constipation and urinary incontinence being prominent
as well. Fatality is typically related to urosepsis or sepsis from
decubitus ulcers.
Syphilitic meningomyelitis is seen most commonly in male
patients between 25 and 40 years old and within 6 years of
primary infection.103,104 A slow and gradual leg weakness is
noted and has similar symptoms as those with myelopathy due
to cervical spondylosis. Muscle stretch relexes are exaggerated with positive Babinski signs but muscle bulk is preserved.
Autonomic dysfunction with urinary frequency, hesitancy,
and impotence are common. On pathologic exam, the meninges are thickened and inlamed, with symmetrical involvement
of the lateral columns. Granulomatous invasion with inlammation and vascular changes are noted in the medium and
small vessels.
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FIG. 38.3 Sagittal T2-weighted magnetic resonance image demonstrating
a kyphotic deformity at the thoracolumbar junction arising from
granulomatous disease (Pott disease).

Tuberculosis
Tuberculosis (TB) is caused by Mycobacterium tuberculosis
and is a common source of neurologic complications in lessdeveloped parts of the world. Skeletal manifestation of tuberculosis most commonly afects the spinal column in nearly
50% of cases.105 Myelopathy occurring from spinal tuberculosis
(Pott disease) is typically a compressive myelopathy due to a
collapsing anterior spinal column from spinal instability as
well as compression on the spinal cord from granulation tissue
(Fig. 38.3).
Neurologic symptoms are present in more than 90% of
patients with spinal TB and include sensory deicits, pain,
paraplegia, and incontinence.106 horacic spine involvement is
most common (57%), followed by the cervical spine (29%).106
he mainstay of treatment is medical, with long-term antibiotic therapy for at least 1 year, although 6 months may be
adequate in some clinical situations.107,108 Surgery has been
noted to improve both pain and neurologic function in
patients with progressive neurologic symptoms, but its usefulness is still debated.109,110 Long-term sequelae and adverse
outcomes can still be noted in those treated surgically, including chronic pain, deformity, and permanent neurologic
injury.105,106,109,110

Spinal Epidural Abscesses
Spinal epidural abscesses (SEAs) are potentially devastating
infections that can have a high mortality rate (Fig. 38.4). here
are few high-quality studies to guide treatment of this potentially devastating condition.111–113 Despite advances in early
detection, diagnosis, and treatment, mortality rates can still
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FIG. 38.4 (A) Sagittal T2-weighted short tau inversion recovery magnetic resonance image (MRI) of a patient
with cervicothoracic epidural abscess compressing the spinal cord (arrow). (B) Axial T2-weighted MRI of the
thoracic spine from the same patient demonstrating right-sided epidural spinal cord compression with cord
deviation to the left (arrow).

approach 20%, and failure of medical treatment alone is as
high as 75% to 99%.111,113–115
he incidence of SEAs is thought to be approximately 1.8
per 100,000 persons per year, with Staphylococcus aureus as
the most common organism.116 Several risk factors have been
associated with SEAs, including HIV infection, IV drug use,
diabetes mellitus, obesity, prior spinal surgery, advanced age,
alcoholism, and liver disease.108,111–115,117,118 Upper cervical
epidural abscess, although rare, is associated with high rates
of mortality and permanent neurologic deicits.119
In a recent database study by Schoenfeld et al., advanced
age and liver disease were found to increase in-hospital mortality signiicantly; diabetes and chronic lung disease were the
most frequently encountered comorbidity.118 In the same
study, hospital charges averaged nearly $160,000, with a range
of $4000 to $3.3 million in charges. In addition to recalcitrant
back pain, neurologic symptoms are present in a large portion
of this population, with permanent paralysis as a known
complication.
Practitioners should have a high index of suspicion for
infection in patients presenting with back pain, subjective
fevers, and weakness.120 Other indings can include an
increased white blood cell count, elevated C-reactive protein,
and elevated erythrocyte sedimentation rate. Patients with
multiple medical comorbidities and chronic immunosuppression may not have as prominent features compared with
immunocompetent patients.
Noncontiguous SEAs have been reported by Ju et al., with
risks being a delay in diagnosis (>7 days), a concomitant area
of infection outside of the spine, and an erythrocyte sedimentation rate of greater than 95 mm/h.112 Vertebral osteomyelitis
is a common associated inding seen in approximately 86% of
SEA cases.108 In a recent retrospective review of electronic
medical records in 355 patients over an 18-year period, Kim

et al. determined patient characteristics that were prone to
medical treatment failure. Factors associated with medical
treatment failure included infection caused by methicillinresistant Staphylococcus aureus (MRSA), patients older than
65 years, those with diabetes, and patients with major neurologic deicits.115 Current treatment recommendations remain
controversial, but there is a push for early surgical debridement
in addition to long-term antibiotic treatment.

Nutritional Myelopathies
Vitamin B12 Deiciency
Vitamin B12 (cobalamin) deiciency is the most common
nutritional cause of myelopathy.121 Vitamin B12 is absorbed in
the gastrointestinal tract via the intrinsic factor. Gastric parietal cells make intrinsic factor. Autoimmune-associated loss
of parietal cells leads to lack of production of intrinsic factor.
his is called pernicious anemia, and is the most common
cause of vitamin B12 deiciency.121 Myelopathy occurs in the
setting of vitamin B12 deiciency because it is responsible for
the myelination and maintenance of the CNS. Other causes of
vitamin B12 deiciency include a history of gastric bypass
surgery, a strict vegan diet, and nitrous oxide abuse.122,123 Since
vitamin B12 is found in meat and dairy, a vegan diet leads to
inadequate intake. Nitrous oxide is a recreational inhaled drug
that causes depletion of vitamin B12.
Clinically, patients will present with myelopathic signs and
paresthesias of the upper and/or lower extremities. MRI of the
spine in the setting of vitamin B12 deiciency will have a
pathognomonic sign called the “inverted V sign” (Fig. 38.5).124
Lab work to determine serum vitamin B12 levels is the irst
step in evaluating for vitamin B12 deiciency.121 If a low serum
level is reported, additional testing of serum methylmalonic
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FIG. 38.5 (A) Sagittal and axial T2-weighted magnetic resonance imaging (MRI) of the cervical spine in patient
with vitamin B12 deiciency. Note the “inverted V sign” on the axial MRI (arrow). (B) Sagittal and axial
T2-weighted MRIs taken 6 months after the initiation of vitamin B12 injections demonstrating resolution of the
nverted V sign.

acid and total homocysteine should be performed. In the presence of vitamin B12 deiciency, the serum level of these two
proteins is highly elevated. If there are no dietary or other risk
factors for vitamin B12 deiciency, then testing for pernicious
anemia is recommended. Anti-intrinsic factor antibody and/
or antiparietal cell antibody can be tested; a positive result is
usually diagnostic of pernicious anemia.
Treatment of vitamin B12 deiciency consists of vitamin
B12 injections (cyanocobalamin). Injections may consist of
1000 µg several times a week for up to 2 weeks, followed by
monthly injections and clinical evaluation for resolution of
symptoms alongside laboratory testing.121 here are also
options for oral vitamin B12 treatment. If the inverted V sign
was present on spinal MRI on repeat imaging following

vitamin B12 treatment, the sign will no longer be present.
Pernicious anemia oten requires lifelong treatment.

Copper Deiciency
Copper deiciency is a less common form of myelopathy and
clinically presents in a manner similar to vitamin B12 deiciency.125,126 Copper is important in the function of key enzymes,
and deiciency can afect the CNS. Risk factors for inadequate
gastrointestinal copper absorption and subsequent deiciency
include gastric bypass surgery, increased zinc intake, and
malabsorption syndromes. Diagnosis is via serum copper and
ceruloplasmin levels and treatment is with supplementation
of oral copper and elimination of risk factors if possible.
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Introduction
Axial neck pain is a signiicant and highly prevalent cause of
disability. Cross-sectional, population-based surveys have
demonstrated that acute and chronic neck pain permeates the
population at large.1–3 In population registries from Norway,
and later corroborated in Finland,3 Bovim and colleagues1
showed an overall prevalence of neck pain of 34.4%, with
13.8% of these individuals reporting chronic neck pain of
greater than 6 months’ duration. In their evaluation of 1131
patients, Cote and colleagues2 found that 54% of subjects had
experienced signiicant neck pain, 5% of which was reported
as highly disabling. In the acute setting, the majority of neck
pain can be thought of as resulting from sot tissue sprains and
muscle strain. Chronic pain, on the other hand, is more likely
to be caused by a degenerative etiology.
Degeneration, or spondylosis, of the cervical spine is a
descriptor applied to a wide range of cervical disorders. Pain
etiology can be discogenic, radiculopathic, and myelopathic in
nature, all of which usually originate with degenerative changes
of the cervical disc space. Degeneration of the healthy disc can
lead to subsequent bulge or herniation, leading to impingement
of the neural structures adjacent to the disc. In addition to
neuropathic pain, disc degeneration can lead to loss of the
normal cervical alignment and collapse into kyphosis due to
loss of disc height. his degenerative cascade can also lead
to instability of the cervical motion segments and compensatory osteophytosis, providing another vehicle for compressive
potential. Posterior neural impingement can also occur through
hypertrophy of the facet joints and ligamenta lava.
hese conditions can happen independently or together
and may lead to axial neck pain, causing patients to seek
medical attention for relief of neck pain, arm pain, weakness,
or numbness. Many of these problems are self-limited; for this
reason, the vast majority of patients are successfully treated
nonoperatively, using a combination of established methods.
Surgery is typically reserved for patients with myelopathy or
severe, progressive weakness. his chapter will discuss the
various nonoperative modalities focusing on the degenerative
causes, particularly axial neck pain and cervical radiculopathy.

We will not address the impact of myelopathy due to the
surgical nature of this disorder.

General Treatment Approach
Once the diagnosis is made, a discussion must take place
between the physician and patient regarding the direction of
treatment. Initial treatment decisions are based upon the
disease course. Fortunately, the natural history of nonmyelopathic spondylotic cervical disorders is statistically favorable.
In their long-term study of 205 patients with axial neck pain,
Gore et al. showed 79% improved with nonoperative care.4 In
this study, only one-third of patients reported persistent
moderate to severe pain, with initial symptom severity and
speciic injury being the only predictors of refractory disease.
With regard to radiculopathy, results of conservative management are similar. In their 1965 study, DePalma and Subin5
found that 75% to 90% of patients will have symptomatic
improvement of radicular pain with nonoperative therapy.
hese data are corroborated in the classic study by Lees and
Turner,6 who found the natural history of cervical radiculopathy to be generally favorable, with only 25% of patients having
persistent or worsening symptoms and no patients with
radiculopathy progressing to myelopathy. It is important to
note the distinction in treating cervical myelopathy, which is
generally considered a surgical disorder because of the progressive nature of disease.7 Surgery has been shown to improve
prognosis in myelopathy, with better functional and neurologic
outcomes versus nonoperative care.8
In the clinical setting, it is diicult to predict which patients
sufering from axial neck pain or radiculopathy are likely to
improve and which are likely to fail nonoperative measures.
Because of this and because research has shown that an overwhelming proportion of patients are likely to improve with
conservative management alone, nonoperative treatment is
the initial approach of choice for patients with axial neck pain
or radiculopathy. Surgery is reserved for patients with neurologic deicits, progressive dysfunction, or failure to improve
ater an appropriate course of nonoperative treatment. he
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deinition of what constitutes an appropriate course of nonoperative treatment (in terms of duration and actual regimen)
has not been standardized, however.
he rationale for initially avoiding surgery is clear, but it is
more diicult to identify if nonoperative measures can actually improve the natural history. No controlled trials have
compared the various nonoperative regimens (e.g., physical
therapy modalities, traction, medications, manipulation, and
immobilization) versus the natural history (i.e., no treatment
at all). Several studies have looked at various treatment regimens and algorithms but are limited by lack of suicient
control groups to deinitively compare outcomes to natural
history. As a baseline, the nonoperative progression consisting
of immobilization, ice, rest, nonsteroidal antiinlammatory
drugs (NSAIDs), traction, postural education and strengthening, oral steroid tapers, acupuncture, and transcutaneous
electrical nerve stimulation can be used. his regimen was
analyzed by Lees and Turner6 and resulted in 77% of patients
having good to excellent results. Based on comparison with
previously published surgical series, the authors suggested
that their nonoperative outcomes were comparable to surgical
outcomes and superior to the natural history of cervical
radiculopathy. his interpretation is limited, however, by the
absence of true controls in the surgical or natural history
categories, as previously mentioned.
here are also no studies adequately assessing outcomes of
surgical versus nonsurgical treatment. Saal et al. studied a
group of patients divided into surgical and nonsurgical arms
and concluded there were more favorable outcomes in the
nonsurgical group.9 However, valid conclusions are diicult to
make from this study due to more disease severity at initial
presentation in the surgical group. his study and others4–6,9,10
have shown correlation between higher disease severity at
initial presentation and failure of nonsurgical treatment; these
patients may be better suited to operative intervention. here
remains an unknown dividing line between patients who
could beneit from conservative management and those who
should be ofered immediate surgery at the outset to avoid
delays in delivering the ultimately needed treatment.
Regardless of whether surgical or nonsurgical treatment is
selected, there are certain modiiable risks of which every
patient should be made aware. Smoking is a well-documented
risk factor for neck pain11–13 and has been shown to advance
degeneration of the intervertebral disc and connective tissues.
Occupations requiring excessive cervical motion and overhead
work may accelerate the process of disc degeneration, as can
vibration caused by heavy equipment.11,13–15 Lifestyle and
occupation changes may be a necessary irst step in the treatment process to prevent and alleviate symptoms.

Mechanical Treatment Modalities
From cited literature, the natural history of cervical spondylosis trends toward resolution. herefore, the immediate goals
of the physician are to control the patient’s pain, minimize the
disruption of the patient’s life and work, and educate the
patient about the problem and prognosis.

When tailoring treatment for each patient, the initial
approach should be directed at pain control and the restoration of movement. Pain is usually the irst complaint; patients
will frequently limit their activities or even immobilize themselves in order to prevent pain exacerbation. Immobility can
quickly lead to deconditioning, leading to further decreases in
activity, further deconditioning, and chronic pain. It is therefore crucial to encourage participation in physical therapy
to regain strength and retrain proper alignment. Table 39.1
summarizes available nonoperative treatments for cervical
degenerative disorders.

Immobilization
Activity can oten lead to pain exacerbation, causing a patient
to decrease participation. A short course of cervical spine
immobilization can be used initially to decrease local inlammation of painful joints and sot tissues around nerve roots.
Immobilization may also diminish muscle spasm, and the
warmth provided by wearing the collar may be therapeutic.16
While the use of collars has theoretical beneits, there is no
evidence to suggest their eicacy. heir use has neither limited
the duration or severity of radiculopathy17 nor decreased the
degree or duration of neck pain ater whiplash injury.18
Since their use has not been statistically delineated, we
believe that the use of collars should be reserved to the short
term, not to exceed 2 weeks. Prolonged immobilization should
be avoided to prevent deconditioning and atrophy of the
cervical musculature. Nighttime collar wear may be helpful by
maintaining proper cervical alignment during the entire night
and protecting the discs from abnormal loads associated with
poor posture while the patient is not in control.

Temperature Therapy
As mentioned, heat from a cervical collar has been shown to
provide subjective therapeutic beneits, but cold therapy can
also relieve discomfort due to pain and spasm. In the acute
period, inlammatory changes may be exacerbated by external
heat sources and should be avoided in favor of cryotherapy.
Ater the acute pain period has started to wane and motion
has started to return, heat may see added beneit. hese measures can generally be tried by the patient at home and do not
require the attention of a physician unless they are used
directly to facilitate an active rehabilitation program.

Passive Modalities
Massage, ultrasound, and iontophoresis all have failed to be of
proven long-term eicacy.19 Other passive modalities that
require no efort on the part of the patient may also be of
limited value because the patient is not an active participant
in his or her own recovery.

Traction
In the literature, traction has not proven to show any long-term
beneit.20–23 However, patient reports suggest it continues to be a
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Nonoperative Modalities for Treatment of Cervical Disc and Degenerative Disorders
Pros

Cons

Cervical collars

Immobilization may decrease
inlammation and muscle spasm.

Muscle atrophy from prolonged use.

Ice or heat

Ice may relieve acute pain and spasm;
heat beneicial when regaining motion.

Heat may exacerbate pain in acute period.

Traction

With neck in lexion, may relieve foraminal
compression.

Avoid in myelopathic patients; if neck extended, may worsen compression
of narrowed foramen.

NSAIDs

Safe, cost-efective method to decrease
inlammation.

Gastrointestinal side efects, cardiovascular risks with COX-2 inhibitors.

Narcotics

Rapid pain relief in acute period.

Constipation, sedation, depression, and potential for abuse.

Corticosteroids

May decrease radicular pain acutely.

Avascular necrosis, increased blood glucose, unproven long-term beneits.

Muscle relaxants

Acute relief of muscle spasms.

Sedation, fatigue, abuse potential, limits participation in rehabilitation.

Exercise and physical therapy

Well tolerated, aerobic conditioning.

No long-term pain beneits shown, forceful passive range of motion may
lead to further injury and increased pain.

Cervical manipulation

Some anecdotal reports of relief.

No objective evidence of improvement in pain; rare potential
complications, including myelopathy, spinal cord injury, vascular injury.

Cervical steroid injections

Antiinlammatory efect, interruption of
nociceptive input/sympathetic blockade,
mechanical disruption of adhesions.

Rare complications include dural puncture, meningitis, epidural abscess,
intraocular hemorrhage, epidural hematoma, adrenocortical suppression,
paralysis.

COX-2, cyclooxygenase-2; NSAIDs, nonsteroidal antiinlammatory drugs.

home therapy and is said to provide intermittent symptom relief
for patients with axial neck pain or radiculopathy. he presence
of myelopathy is a contraindication to traction, as it can put the
spinal cord under stretch and cause further damage. If traction
is to be employed at home, care should be taken to explain the
need for a lexion-type moment to expand the available space
for the nervous structures. Extension can increase the stenosis
in an already compromised neural foramen.

Pharmacotherapy
he following medications are among the most frequently
used drugs to combat cervical disc disease.24

Nonsteroidal Antiinlammatory Drugs
NSAIDs are the most common intervention prescribed for
nonmalignant chronic pain in the United States25 and they
should be considered irst-line pharmacotherapy for the
patient who presents with cervical spondylosis and radiculopathy. In a retrospective review of patients with neck pain
and other disorders from 2000 to 2014, Wong26 found evidence
to suggest that NSAID use is more efective than placebo,
despite inding no increased beneit in treating low back pain.
he mechanism of action aims to decrease prostaglandin
synthesis, thereby decreasing the inlammatory response. It
also has analgesic properties.
here are many drugs currently on the market that are
over the counter and possess safe side efect proiles, but
there are risks associated with long-term use, including
liver, cardiac, kidney, and gastrointestinal problems. he low
cost and relative efectiveness of these drugs make them
an ideal irst-line agent. Most over-the-counter NSAIDs
inhibit cyclooxygenase-1 (COX-1) and COX-2. here are

now a range of selective COX-2 inhibitors that avoid the
side efects associated with inhibiting the COX-1 enzyme,
including gastrointestinal problems and platelet dysfunction.
However, selective COX-2 inhibitors have not proven to
be any more efective than their nonselective relatives in
controlled trials of osteoarthritis.27–29 Selective inhibitors are
also associated with higher cost and potential cardiovascular
complications.30

Oral Corticosteroids
Much like NSAIDs, corticosteroids are utilized for their
antiinlammatory properties. Unlike NSAIDs, however,
corticosteroids possess no analgesic properties. Used systemically, corticosteroids are oten administered to patients with
acute neck or arm pain.24 Oral tapers are most commonly used
with good anecdotal results but little clinical data. heoretically, their antiinlammatory properties should decrease any
swelling surrounding impinged nerve roots, and may diminish radicular pain. It is thought they are more efective at
treating radicular arm pain than axial pain, but no long-term
beneit in altering the natural history has been shown. he
side efect proile can include immunocompromise, metabolic
derangement, and avascular necrosis of the femoral and
humeral head. Because of these rare but signiicant complications, corticosteroids should be used judiciously. hey may
be contraindicated in patients with severe diabetes because
of efects on blood glucose, and patients being administered
steroids need to be counseled appropriately.

Opioids
Opioid analgesics should be used with care in the patient
with axial neck pain. here is a role for their use in the acute
setting of pain exacerbation, but due to their addictive and
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tolerance-building properties they should not be used by
the spine surgeon to manage chronic neck pain. Opioids are
best reserved for the acute setting as breakthrough treatment
to supplement NSAIDs or in patients who cannot tolerate
NSAIDs. Once an acute exacerbation of pain is controlled,
weaning should immediately commence.
Opioid medications are one of the most studied drug
classes, and their side efects are well established. Constipation, sedation, depressant qualities, abuse potential, and the
tendency to develop tolerance all limit their efective use. As
patients develop more tolerance to their current opioid level,
the dosage will need to increase in order to continue efectiveness. Extended-release opioids provide a more even blood
level for longer periods, but the use of these medications
should be judicious. In practice, the spine surgeon should
work closely with a pain management specialist to manage
patients requiring such regimens. A multidisciplinary pain
program should also include a psychological evaluation and
emotional support, while seeking to decrease the patient’s pain
level and teaching the patient to deal with unresolved pain.

Neuropathic Pain
Amitriptyline is an antidepressant commonly used for patients
with cervical disc disease.24 Its beneit is multifactorial in that
it is able to treat depression, sleeplessness, and pain, all of
which can be associated with chronic neck pain. While the
mechanism is currently not fully understood, amitriptyline
has shown some analgesic beneit in a placebo-controlled trial
of lower back pain and lumbar radiculopathy.31 here is currently no replicative study in the cervical spine, but extrapolation may be possible.
Gabapentin is an anticonvulsant medication frequently
used to treat radicular pain. While the mechanism has not
been fully described, it is an analog of the γ-aminobutyric acid
(GABA) neurotransmitter and is currently Food and Drug
Administration (FDA) approved to treat neuropathic pain.
Robertson et al. found gabapentin to have greater eicacy in
pain reduction compared to placebo in patients with neuropathic pain due to sciatica.32 Reported side efects were
minimal and included dizziness, somnolence, chest pain, dry
mouth, constipation, headache, and peripheral edema.
Both gabapentin and amitriptyline have a time lag of
several weeks before they show therapeutic beneit. here are
clear uses elsewhere in the body, but limited research related
to the cervical spine to clearly identify their role in treatment.

Muscle Relaxants
Muscular spasm can be a signiicant component associated
with degenerative cervical disease, and antispasmodic medications are commonly prescribed. Similar to opioids, muscle
relaxants tend to cause sedation and fatigue, and they are
increasingly being recognized for their abuse potential. heir
depressive efect may be more pronounced when administered
simultaneously with opioids. Muscle relaxants should only be
used as short-term treatment because they may impair the
patient’s ability to participate in rehabilitation.

Exercise and Physical Therapy
Over the long-term course of disease, there is inadequate data
to show if physical therapy can alter the natural history of
cervical radiculopathy.33,34 Several short-term studies have
shown good results, however, when compared to surgical
groups. Enqquist et al.35 conducted a prospective randomized
trial looking at patients with cervical radiculopathy treated
with anterior cervical decompression and fusion with physiotherapy compared to physiotherapy alone. he surgical group
resulted in more rapid pain improvement in the irst postoperative year, but by the conclusion of the study at 2-year
follow-up, the diferences between groups decreased. Peolsson
et al.36 found similar results while evaluating physical function
ater 2-year follow up. he conclusion from these studies is
that a structured physiotherapy program should be tried on
all patients and those who fail should be counseled regarding
surgery.
In the acute pain period, patients may have diiculty
participating in aggressive therapy regimens. A graduated
program of physical therapy is commonly prescribed for these
patients, starting with initial passive modalities and progressing to active modalities in order to regain strength lost during
any immobilization. here has not been any proven beneit
from passive modalities in the long term,37 but they are well
tolerated short term when patients are too symptomatic to
participate in an active therapy regimen. Eventually, when the
acute pain resolves, a program of isometric exercises is started
allowing strengthening without potentially painful cervical
motion. his program can help regain strength lost due to
intentional or unintentional immobilization, and also teach
proper posture and biomechanics to prevent further harm.
Concern does exist that isometric contraction of the cervical
musculature can cause increased intervertebral disc loading
force, exacerbating pain, but oten the beneit outweighs this
theoretical disadvantage. In general, passive modalities pose
greater risk than active exercises and should be limited in their
use. At the extremes of motion, patients are not able to protect
themselves and forcible motion can result in worsening pain
and loss of motion.
Ater the initial passive and isometric phase, active range
of motion and resistance exercises are typically added as
tolerated by the patient. An expanded program addressing
weaknesses of the entire body, but focusing on the neck and
shoulder girdle,34 may be instituted to improve biomechanics and posture. For a patient with cervical disc disease,
special attention should be given to the scapular stabilization
muscles, including the trapezius, deltoids, latissimus dorsi,
and rhomboids. Aerobic conditioning may also be helpful in
relieving symptoms but is ideally limited to low-impact activities, such as walking, cycling, swimming, and use of elliptical
trainers.
Once the patient has gained familiarity with the exercises,
the program will shit from recovery to prevention in a longterm home exercise regimen. his will include simple exercises
that can be performed easily on a daily basis with inexpensive
equipment found at home.
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here are no quality data to suggest clinical efectiveness of
manipulative therapy on the cervical spine38 and its eicacy
for the treatment of cervical radiculopathy has not been
established.39–42 Further, although there are many theories,
the mechanisms of action for manipulation are poorly understood.43 here is some evidence that cervical manipulation can
provide some short-term relief from cervicogenic headaches
and neck pain39 but no data to suggest long-term efectiveness.
here are, however, several rare and potentially catastrophic
complications of cervical manipulation, including radiculopathy, myelopathy, spinal cord injury, and vascular injury.41 he
complication rate is admittedly small, at 5 to 10 per 10 million
manipulations.39 homas44 showed the risk of carotid artery
dissection and vertebral artery dissection with manipulative
therapy to be less than the risk in the general population.
Nevertheless, in the absence of objective evidence showing
any proven beneit and given the known risks (albeit low
probability), cervical manipulation is not routinely recommended for patients with cervical radiculopathy and should
be strongly avoided in patients with known myelopathy.
As with all therapeutic interventions, the patient should be
made aware of any potential complications associated with
intervention. If manipulation is employed, the clinician should
be able to identify patients at risk for injury and be able to
recognize any suspicious symptoms. Absolute contraindications for spinal manipulation include vertebral fracture or
dislocation, infection, malignancy, spondylolisthesis, myelopathy, vertebral hypermobility, Marfan and Ehlers-Danlos
syndromes, osteoporosis, spondyloarthropathies, severe diabetes mellitus, anticoagulation therapy, and objective signs of
spinal nerve root compromise.38 A radiographic screen for
cervical instability should be performed prior to manipulative
therapy.

Injections
According to current literature, steroid injections into the
cervical spine can be expected to yield 50% to 80% good to
excellent results in patients with cervical radiculopathy.
However, unlike the lumbar spine, there is a paucity of studies
to adequately evaluate the true eicacy of cervical injections.
With current research, it is unclear how to compare with
either the natural history of radiculopathy or surgical management. A possible reason for the lack of data for cervical injections is the increased risk of performing them relative to
lumbar injections. Nonetheless, the theoretical beneits are the
same, and since disease pathophysiology of disc degeneration
and radiculopathy is similar in the lumbar and cervical spine,
beneit should likewise be found in the cervical spine. he
efects of steroids are multifactorial: an antiinlammatory
efect, with inhibition of prostaglandin synthesis; interruption
of nociceptive input from somatic nerves; a direct membranestabilizing efect; blockade of neuropeptide synthesis; sympathetic blockade; the mechanical efect of the injectant breaking

up epidural adhesions; and blockade of C iber activity in the
dorsal root ganglion.

Epidural Injections
Injections of steroid into the epidural space are a mainstay of
management for lumbar degenerative disease. In the cervical
spine, however, there is little well-designed literature to adequately judge clinical efectiveness. In their prospective analysis of 42 patients, Stav et al.45 injected methylprednisolone into
either the epidural space or the posterior cervical musculature.
here was a statistically signiicant diference in outcomes at
1 week, with the epidural group reporting 76% good to excellent results using the visual analog scale versus 36% in the
musculature group. he diference in groups continued to the
1-year follow-up (68% good to excellent results for epidural
injections vs. 12% for muscle injections).
In a retrospective analysis, Cicala and colleagues46 found
56% to 80% good to excellent results at 6 months ater C7–T1
epidural steroid injections; but their patient population was
mostly a multitude of neck pain instead of radiculopathy. hey
also had no control group, making it virtually impossible to
ind a diference between the injection group and the natural
history of disease in these patients. A separate investigation by
Rowlingson and Kirschenbaum47 looked at 25 patients with a
clinical diagnosis of radiculopathy. heir analysis showed 64%
good to excellent results at 15 months ater C6–C7 or C7–T1
epidural steroid injections—but, again, without a control
group. Finally, Ferrante and colleagues48 reviewed 100 patient
charts in search of predictors of good outcomes with cervical
epidural steroid injection. Age greater than 50 years with
radicular pain had better outcomes at 13.5 months unless
radiculopathy was due to disc herniation.

Selective Nerve Root Blocks
A variant of epidural steroid injections, selective nerve root
blocks instead bathe a speciic nerve root in steroid injectant. hese injections can be considered more localized, as
they can direct a higher concentration of steroid solely at
the inciting nerve rather than the entire cord. From a safety
standpoint, they also decrease the risk of direct cord injury,
as they are targeting a root instead. Retrospectively, Slipman
and colleagues49 found 60% good to excellent results at 21
months ater injection. Vallee and colleagues50 found 50%
good to excellent results at 12 months in their prospective
evaluation.

Complications and Eicacy
Like surgery, cervical injection therapies are an invasive
measure and there are well-documented complications that
can result, including infection (1–2%), neurologic deterioration, intravascular injections (7.9–11.6%), cerebrospinal luid
istulas (0.4–6%), persistent positional headaches (28%),
arachnoiditis (6–16%), hydrocephalus, air embolism, urinary
retention, allergic reactions, stroke, blindness, hematomas,
seizures, and death.51
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here is insuicient literature to date to deinitively establish a long-term beneit of cervical injections when compared
to the natural history of disease. Successful treatment by
injections is oten deined by transient pain relief, but it is
diicult to diferentiate between treatment success and the
normal self-limited course of disease. Recent evidence has
suggested there may be little long-term diference between
injection of steroid versus saline.52,53 In addition, multiple
studies have followed patients over 1- to 2-year intervals ater
treatment with epidural methylprednisolone and determined
the treatment did not result in functional beneit or decrease
the need for eventual surgery.54,55 Epstein51 concluded in a
2013 review that although cervical injections may ofer transient pain relief in this patient population, the plethora of risks
outweighs the beneits. In practice, the risks of injection
should not be taken lightly; thus, a discussion of the risks and
beneits needs to take place with the patient.
If injection therapy is pursued, there are several strategies
to help minimize the incidence of complications. Utilizing an
interlaminar approach at C6–C7 or C7–T1 can be safer,
because the epidural space is typically larger there. Epidural
injections should also be avoided at the level of a large herniated disc, where the cord may be displaced more posteriorly
into the epidural space and preclude safe needle entry. If a
dural puncture does occur during the procedure, the injection
should be aborted because of a conduit that now connects the
spinal and epidural spaces. here is potential neurotoxicity
with certain injection preparations (e.g., Depo-Medrol formulation of methylprednisolone acetate, which contains ethylene
glycol, a substance associated with arachnoiditis). Finally,
injection can be performed with only light sedation so that the
patient can report pain and neuropathic symptoms during the
procedure. Selective root blocks are theoretically safer than
epidural injections, although both have relatively few reported
complications.

Diagnostic Injections
heoretically, if injection of local anesthetic with or without
steroid gets rid of a patient’s pain, this inding can conirm the
anatomic location of the patient’s symptoms. he targeted use
of selective root blocks should therefore provide conirmatory
diagnostic information for preoperative planning. Unfortunately, there is only limited evidence suggesting validity of this
notion. Sasso et al.56 found they could accurately identify
radiculopathy by performing selective nerve root injections.
hey looked at 101 patients in which MRI indings were
equivocal, multilevel, or do not agree with the patient’s symptoms and found that a negative diagnostic injection was
superior in predicting the absence of an ofending lesion.

of literature, there is still a relative paucity of data to begin
implementing these theoretical treatments into clinical
practice.
Many inlammatory cytokines and growth factors have
been shown to be relevant to the biology of intervertebral disc
degeneration, including interleukin (IL)1-β, IL-6, IL-8, transforming growth factor β, bone morphogenetic protein 7/
osteogenic protein 1, bone morphogenetic protein 2, prostaglandin E2, nitric oxide, platelet-derived growth factor, and
insulin growth factor 1. hese molecules will be the targets of
future research. By increasing the action of anabolic factors
and decreasing the action of catabolic factors, we can achieve
a net healing vector to the intervertebral disc space. How we
deliver the message will come in several forms.

Medications
Antiinlammatory medications are designed to decrease production or action of some of these molecules. Several NSAIDs
can inhibit the prostaglandin family, but research into the
speciic roles of these other proinlammatory molecules is in
its relative infancy and directed medications acting on growth
factors are yet to be trialed.

Direct Injection
Whether a single growth factor is injected or a combination
of many, the goal will be to change the balance of catabolism
to anabolism. Goni and collegues57 ran a pilot study comparing the epidural perineural injection of methylprednisolone
against autologous conditioned serum. Autologous conditioned serum is known to have high quantities of IL-1 receptor
antagonist, and since IL-1 is thought to play a part in pain
generation of radiculopathy, they hypothesized that injection
of a local antagonist might reduce the symptoms of cervical
radiculopathy. heir trial was small, with only 40 randomized
patients, but showed similar efectiveness to epidural perineural injection of steroid, while efecting longer symptom relief.
Platelet-rich plasma is another preparation containing many
growth factors in a high concentration ater it is spun down
from a patient’s blood. Currently, it is used to stimulate wound
healing, and is being evaluated in other areas of orthopaedics
as well to stimulate cell proliferation and prostaglandin and
collagen synthesis.58 A limitation to direct injection of growth
factors is the relatively short-term efectiveness of the drug.
Degradation and difusion can limit the therapeutic efect.
Also, given that the intervertebral disc is the largest avascular
tissue in the body, results of local injection may be short-lived
without a method of increased nutrient delivery.59

Gene Therapy

Biotechnology and Future Treatment
Strategies
Over the last 20 years, the largest area of progress has been
with regard to disc biology and potential targets of pharmaceutical therapy. But while we have seen a veritable explosion

As the disc tissue degenerates, growth factors may need to be
present for an extended exposure to net a positive efect.
Direct injection may last in the short term of weeks to months,
but deinitive change may need a constant replenishment of
growth factors to the desired tissue. In this application, gene
therapy can be used to transfer the genetic material to encode
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Cell-Based Therapies
Growth factors work at the level of the microenvironment,
stimulating their efect on individual cells. With signiicant
degeneration, the entire disc macroenvironment can be
altered. he tissue architecture is such that nutrient supply
is diminished, and a positive feedback loop exists whereby
degeneration leads to more degeneration. Cell-based therapies aim to resupply cells and extracellular matrix to the disc
space. At the time of this publication, there are several stem
cell–based studies currently ongoing.62,63 Cellular senescence
is thought to play a pivotal role in age-related degenerative
changes of the intervertebral disc.64,65 In the lumbar spine,
several studies looking at reimplantation of disc tissue
have been done, leading to excitement regarding the future
prospects of cellular therapy. Multipotent stem cells66–68 and
platelet-rich plasma69 are gaining research support in other
areas of orthopaedics, and now are an active area of research
for regenerating cellularity and engendering repair within the
degenerated nucleus pulposus. Human studies are still needed
to better clarify usefulness of treatments like these.

Summary
he natural history of cervical disc and degenerative disorders
is statistically a favorable one. For this reason, nonoperative
treatment is the initial recommendation for patients without
neurologic deicit. While there is no standardized algorithm by
which clinicians may progress, several modalities have shown
short-term beneit in reducing pain. However, due to a lack
of quality literature, none of the commonly used nonoperative
therapies has been proven to alter the long-term course of
disease. In a retrospective literature review of conservative
treatment of radiculopathy and myelopathy between 1953
and 2013, Alentado and colleagues70 found limited evidence
supporting an optimal period of nonsurgical management
prior to operative intervention. heir analysis of outcomes and
cost-efectiveness supported operative intervention between
4 and 8 weeks of symptom onset, but evidence-based conclusions could not be made, and further research must be done.
Similarly, there are no high-level studies comparing operative
to nonoperative treatment, but there are smaller studies that
have shown beneit to surgical intervention for radicular and
myelopathic symptoms within 3 months of symptom onset.
Alvin71 reviewed all published economic data through January
2014 evaluating cost-efectiveness of surgical interventions for
degenerative cervical diseases. here is currently no consensus
as to the cost-efectiveness of nonoperative versus operative
intervention for mild cervical myelopathy and radiculopathy;
further research is needed to elucidate the optimal treatment
algorithm. Until such studies are available, empirical and
anecdotal evidence must be used.

In the absence of proven beneit, treatments should be used
only if they are associated with a reasonably low level of risk.
A program of gradual, progressive nonoperative treatment
seems most reasonable, adding therapies in a stepwise fashion
as failure of symptoms to resolve dictates. Short-term bracing
and rest, NSAIDs, oral corticosteroid taper, short-term narcotics, physical therapy, and corticosteroid injections can be
used judiciously by the treating physician. In patients with
myelopathy, progressive or severe neurologic dysfunction, or
failure to improve despite time and nonoperative treatment,
surgical management should be discussed.
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Surgical Management of Axial Neck Pain
Raj Rao
Satyajit Marawar

Axial neck pain refers to posterior neck pain without radicular
symptoms in upper extremities. he patient’s description of
the neck pain can vary and is frequently poorly deined. he
pain may be dominant on one side or bilateral, and may be
associated with headaches or neck stifness. he pain is oten
associated with referral to the trapezius muscles, shoulder
blades, or interscapular region.
Most people experience neck pain at some point in their
lifetime. A 2010 study on the global burden of disease estimates that 332 million people are alicted with neck pain
worldwide. Among all musculoskeletal conditions, neck pain
is the second highest contributor to years lived with disability
(33.6 million years lived with disability), ranking only behind
low back pain, the leading cause of musculoskeletal disability
worldwide.1 he United States Bone and Joint Initiative task
force on neck pain reported a 12-month prevalence of neck
pain ranging as high as 30% to 50%, although the prevalence
of activity-limiting pain was between 1.7% and 11.5 %.2 Neck
pain also impacts the workforce, with 11% to 14% of workers
reporting neck pain that limited activity in the past year.3 A
study of work absenteeism in a cohort of claimants at the
Ontario Workplace Safety and Insurance Board showed that
an estimated 11.3% of claimants who lost time from work
listed neck pain as the reason.4 Prevalence of neck pain
increases with older age, peaking in middle years and declining in later years of life.3
Only a small proportion of subjects with neck pain are
disabled enough to seek medical attention, and only a fraction
of the population with chronic neck pain will ever see a
surgeon. he role of surgical fusion has traditionally been
limited in the treatment of patients with only axial neck pain.
At the same time, the number of surgical procedures done for
cervical degenerative pathology in general has been exponentially increasing in the last 2 decades. Marawar et al.5 analyzed
data collected in the National Hospital Discharge Survey from
1990 to 2004 and reported that from 2000 to 2004, a total of
451,166 anterior cervical discectomy and fusion (ACDF)
surgeries were performed in United States. he authors found
an overall 8-fold increase in the total number of ACDFs performed over the three 5-year time periods between 1990 and
2004. he greatest proportion (49%) of surgeries was in the

group of patients aged 46 to 64 years. Over the same time
period, utilization rates for ACDF dramatically increased
(28-fold) in the group of patients aged 65 years and older.
Interestingly, the number of ACDFs done in patients younger
than 45 years also rose signiicantly, from 27,278 from 1990 to
1994 to 151,407 from 2000 to 2004.5 he reasons behind this
enormous increase in the number of ACDFs performed are
likely multifactorial. Aging of the population, a greater access
to diagnostic imaging, patient demand for pain relief, and an
increased number of fellowship-trained spine surgeons may
all play a role.
he proportion of procedures that were carried out for
axial neck pain, as opposed to neurologic indings, is not clear
from the databases mentioned earlier. here are, however,
other outcome studies that shed some light on the prevalence
of surgery for the subgroup of patients with axial neck pain.
Palit et al. noted that 38 (22%) out of 175 ACDF procedures
done in their medical group from 1989 to 1994 were for
patients with nonradicular neck pain.6 Eck et al., while comparing outcome of ACDF in patients with and without radicular symptoms, reported that 41 (21%) of 202 patients who
underwent ACDF by two surgeons had axial neck pain alone.7
On the other hand, Lied et al. from Norway reported that 20
(5.1%) of 390 patients who underwent ACDF for cervical disc
degeneration had neck pain only without radicular or myelopathic symptoms.8 Reasonable conclusions from these datasets
are that (1) global variations exist in the utilization of surgery
to treat axial neck pain, and (2) with the large increases in the
overall number of ACDF procedures being done in the United
States, there is likely a proportional increase in the utilization
of surgery to treat patients with purely axial neck pain. It is
therefore critical to continually evaluate the available evidence
to deine the role of surgery in treating axial neck pain.

Etiology and Pathophysiology of Axial
Neck Pain
Smith and Robinson described “cervical disc syndrome” in
patients with cervical disc degeneration as a constellation of
symptoms that included chronic pain in the posterior part of
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the neck, shoulder, occiput, and arm; paresthesias in the arm;
limitation of movement of the neck; and roentgenographic
evidence of cervical disc degeneration.9 Although the clinical
approach to neck pain has focused on the degenerated cervical
disc as the primary pain generator, neck pain is most certainly
multifactorial in nature. he cervical motion segment is a
ive-joint complex comprised of a disc, and paired uncovertebral joints anteriorly, and paired facet joints posteriorly. Stabilizing sot tissue structures include the ligamentum nuchae,
which attaches to the spinous processes in the midline and
surrounding musculature, including the trapezius and deeper
paraspinal muscles (semispinalis capitis, splenius capitis,
longissimus and interspinalis). All of these structures could
potentially play a role in pain generation.
Disc degeneration is thought to begin with loss of proteoglycans and consequent desiccation of the disc nucleus. his
results in changes in the mechanical properties of the disc, with
increasing stresses on the outer anulus and the facet joint. his
can cause annular disruption, resulting in increased motion and
abnormal stresses at the facet and uncovertebral joints, even
under physiologic loading conditions. Eventually, the collective
result of these changes can cause central canal and foraminal
narrowing, with impingement of the neurologic structures.
Although the anatomic process of degeneration is reasonably well deined, the correlation of axial neck pain to the
degenerative process is poorly understood. he sinuvertebral
nerve, a branch of the dorsal ramus that supplies the posterior
anulus, can get irritated by an annular tear and lead to neck
pain.10 Chemonociceptors and altered stresses at the facet joint
capsule can contribute to neck pain. Myofascial trigger points
are also commonly found in patients with neck pain. Han et al.
reported that the incidence of myofascial pain syndrome with
associated trigger points varied between 30% and 85% in
people presenting to pain clinics with persistent pain in the
head, neck, shoulders, or low back.11
here is little evidence in the literature to support disc
degeneration as a primary etiology of neck pain. Multiple
studies have found cervical disc degeneration on MRI scans
in asymptomatic volunteers.12–17 Further, disc degeneration
seen on MRI in asymptomatic subjects is oten accompanied by other common degenerative indings, such as disc
bulging,12,16 annular tears, narrowing of the disc space, and
foraminal stenosis.12–14 he Bone and Joint Decade 2000–2010
Task Force on Neck Pain and its Associated Disorders in fact
concluded that there was no evidence to suggest that common
degenerative changes seen on imaging studies were strongly
correlated with neck pain symptoms.12–14
he role of prior sot tissue trauma in causation of neck
pain is even more controversial. Whiplash-associated disorders (WAD) is a term assigned to the symptom complex that
patients present with ater a rear-end mechanism vehicular
collision. Neck pain and headaches are the major symptoms.
A Quebec task force on whiplash injury reported that WAD
is almost always self-limited and rarely results in permanent
harm.18 On the other hand, Freeman and colleagues19 reviewed
the literature refuting the role of whiplash syndrome and determined: “here is no epidemiologic or scientiic basis in the
literature for the following statement: whiplash injuries do not

lead to chronic pain, rear impact collisions that do not result
in vehicle damage are unlikely to cause injury, and whiplash
trauma is biomechanically comparable to common movements
of daily living.” Macnab20 reported that 45% of the patients
with whiplash injuries had continued symptoms 2 years ater
a court settlement action. He suggested that, in his experience,
“10% to 20% are let with discomfort of suicient severity to
interfere with their ability to do work or enjoy themselves in
leisure hours.” Sterner et al.21 reported on a prospective study
of 356 patients with a whiplash trauma to the cervical spine.
Of the patients, 32% reported persisting disability at 1-year
follow-up. Pretraumatic neck pain, low educational level,
and female gender were found to be signiicantly associated
with poor prognosis. he Bone and Joint Decade 2000–2010
Task Force on Neck Pain and its Associated Disorders found
that eliminating insurance payments for pain and sufering
was associated with a lower incidence of whiplash-associated
disorder injury claims. hey did not ind any evidence in the
literature of a demonstrable ligamentous injury on MRI in
patients with whiplash-associated disorders.22

Natural History and Prognosis Factors for
Neck Pain
Knowledge of natural history provides perspective on the
patient’s history of pain, and sets patient expectations on the
course of their pain. It also helps study if the interventions
provided have altered the course of neck pain and associated
disability in a particular patient. Understanding the natural
history of neck pain can also identify modiiable and nonmodiiable risk factors that afect prognosis. his can help the
physician determine which individuals have a higher risk of
persistent or worsening disability.
Cote et al.23 reported on incidence and course of neck pain
by studying a cohort of 1100 randomly selected adults and
following up on them at 6 months and 1 year. hey found that
annual incidence of neck pain was 14.6%. On follow-up of
adults with neck pain, 36.6 % had complete resolution of neck
pain and another 32.7% reported improvement, while 37.3%
reported persistent neck pain and 9.9% reported worsening of
their symptoms. In general, in the population with neck pain,
most subjects did not have complete resolution of neck pain.
A quarter of the people who reported neck pain improvement
at interim follow-up complained of recurrence of pain on inal
follow-up. he authors found that women were more likely to
develop neck pain and have persistent pain on follow-up as
compared with men. In another cohort of 7669 adults from
the general population, neck pain was reported by 17.7%.24 At
1-year follow-up of people with neck pain at baseline, 48%
reported neck pain lasting for more than 1 day in the previous
month. Baseline characteristics that predicted persistent neck
pain were age between 45 and 59 years (odds ratio [OR], 3.4),
being of work at the time of the baseline survey (OR, 1.6),
comorbid low back pain (OR, 1.6), and cycling as a regular
activity (OR, 2.4).24 Vos et al.25 followed 187 patients who
presented with acute neck pain to a general practice for 1 year.
Of the 138 that provided follow-up data, 76% had fully or
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Clinical Evaluation of the Patient With
Neck Pain
Patients with long-standing neck pain have typically tried a
variety of conservative treatment modalities prior to being seen
by a surgeon. he chronicity and severity of their disability,
associated with failure of multiple prior treatment modalities,
leads to frustration and overall disenchantment with medical
modalities. It is important that a solid patient-physician
relationship is established, as this will play an important role
in surgical decision making. A thorough history and physical
examination is the irst step in that direction.
Axial neck pain is typically along the posterior musculature
of the cervical spine, occasionally radiating to the trapezius,
shoulder blade, or interscapular areas. Radiation of pain along
the trapezius, particularly if unilateral and accompanied by
tingling, may suggest C4 radiculopathy. Neck pain and suboccipital headaches radiating to the retroauricular region has
been noted in patients with high cervical (C3, C4) radiculopathy.28,29 Even when neck pain is dominant, care should be
taken to rule out neurologic symptoms or indings of cervical
radiculopathy and myelopathy.
Some patients with instability will report feeling occasional
“clunks” as they move their neck through a range of motion.
Worsening of neck pain with lexion or pain exacerbated by
whole body vibration during driving may indicate a discogenic
source of pain. In patients with axial neck pain, the physician
needs to be vigilant to detect any red lags that may suggest
serious underlying pathology (Table 40.1).30
Obtaining a social history can play an important role in
determining treatment options. Exaggeration of pain, history
of litigation, clinical depression, drug-seeking behavior, and

TABLE 40.1

Red Flags in the Patient With Axial Neck Pain

Red Flag

Potential Source of Pain

Minor trauma leading to fracture

Pathologic fracture from
osteoporosis or spinal metastasis

A history of malignancy with
unexplained weight loss and
constitutional symptoms

Spinal metastasis; pathologic
fracture

A history of ankylosing
spondylitis or inlammatory
bowel disease

Inlammatory arthropathy
afecting the spine, unsuspected
trauma, epidural hematoma

Fever in patients with
immunosuppressed status or
history of recent urinary tract,
dental, or skin infections

Osteomyelitis, discitis, epidural
abscess

lack of even temporary pain relief with any treatment modalities previously tried will have an adverse impact on prognosis
following surgery. Such patients should have a formal psychosocial evaluation and should be referred to a multidisciplinary
pain program.
he visual analog scale SF-36 and the Neck Disability Index
questionnaire can help understand the patient’s current perceived disability and are used to monitor changes in symptoms
and disability over time. Pain diagrams and patient expectations may impact the patient’s prognosis ater surgery.31 A
nonorganic pain diagram as opposed to one suggesting an
anatomic source of pain (Fig. 40.1), when associated with
drug-seeking behavior or litigation, can increase the risk of a
poor outcome ater surgical fusion.32 Together, these surveys
can help the surgeon and the patient choose appropriate and
efective treatment.
On physical examination, speciic areas of tenderness,
range of motion of the cervical spine, and any worsening of
radicular symptoms on provocation should be noted. he
Spurling test has been reported to have low to moderate sensitivity and high speciicity for detecting nerve root impingement.33,34 A detailed neurologic examination is necessary to
rule out radiculopathy or myelopathy.
In patients with purely axial neck pain, an exaggerated pain
response to light touch can be an indication of a nonorganic
basis of pain. Waddell described signs of nonorganic pain in the
lumbar spine,35 which can be similarly utilized in patients with
cervical symptoms.36 Nondermatomal numbness, cogwheel or
jerking motion on strength testing, and inconsistencies when
certain tests are repeated are signs of nonorganic origin of
pain. Although nonorganic signs may not be necessarily associated with secondary gain, they have been correlated with a
poor outcome ater surgical management.37 In these patients,
a multidisciplinary pain clinic referral should be sought.

Imaging Studies
Radiographs
In the absence of any red lags, plain radiographs are obtained
for the patient who continues to have axial neck pain despite
6 weeks of conservative treatment. Anteroposterior, lateral,
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partially recovered, although 47% reported some persistent
symptoms. Almost half the patients who were on sick leave at
baseline returned to work in 7 days. Interestingly, they found
that the highest association with recovery was the advice of
the general practitioner “to wait and see” (OR, 6.7), while a
referral to physical therapy or to a medical specialist showed
the highest association (OR, 2.8) with a prolonged sick leave.
In a study from Sweden, Pernold et al.26 reported on a
follow-up of 439 patients seeking care for neck and shoulder
disorders. he highest improvements in pain and disability,
both in men and in women, were seen ater 3 months. Ater
that, improvements were minor. At 5 years, 22% of the men
and 15% of the women from the initial group had no neck pain,
while 75% of the men and 59% of the women had reported
some decrease in neck pain intensity. Van Eard et al.27 describe
the course of lost time claims involving neck pain in workers
compensated by the Ontario Workplace Safety and Insurance
Board (WSIB). hey reported that, although most workers
who had a lost work claim for neck pain at baseline did not
have a second claim for neck pain in the following 2 years,
14.1% of the initial claimants had repeated claims for lost work
due to neck pain. Overall, in a segment of the population that
has neck pain, recurrence and persistence is frequent. hese
individuals usually seek a surgical opinion.
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Please use the symbols below to show the area, upon the body outlines, in which you are
experiencing pain.
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Stabbing-S
Other-O
Back

Left
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Right
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The line below represents the intensity of the pain you are experiwncing. Please make an “X” at the
postion on the scale which indicates how much pain you are feeling at this time.
Date:
1

A

NO PAIN

10

WORST PAIN IMAGINABLE

FIG. 40.1 Pain diagram suggestive of (A) nonorganic pathology compared with the pain diagram suggestive
of (B) organic pathology presenting as axial neck pain.

and lexion-extension views are obtained. Overall alignment
and any evidence of instability are noted. Degenerative
changes—such as loss of disc height, endplate sclerosis, and
bone spurs—are ubiquitous in the population and will generally be present in the patient with axial neck pain as well. he
clinical signiicance of these radiographic changes and their
correlation with neck pain and disability is debatable. Peterson
et al. reported that there was no diference in reported pain
and disability levels between those with and those without
evidence of cervical spine degeneration on plain radiographs.38
Gore et al. also reported that degenerative changes are
common in plain radiographs in asymptomatic people.39 hey
later reported on a radiographic and clinical follow-up of a
group of 159 previously asymptomatic people at 10 years from
their irst evaluation. here was an increase in degenerative
changes with increasing age. Neck pain was reported by 15%

of the previously asymptomatic subjects. In this study, presence of degenerative changes at C6–C7 was a statistically
signiicant predictor of pain.40 Other serious and destructive
pathologies, such as metastatic tumors or discitis-osteomyelitis,
can be detected on plain radiographs if advanced enough.
Such indings should lead to prompt referral for advanced
imaging studies.

Advanced Imaging Studies
In the absence of red lags in patients with predominant axial
neck pain, advanced imaging studies should be obtained if the
patient has persistent disability despite 4 to 6 months of conservative management. Magnetic resonance imaging (MRI)
shows degenerated and narrowed discs, vacuum disc phenomenon, annular tears, or disc bulges. However, such changes are
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FIG. 40.1, cont’d

also frequently seen in asymptomatic patients,12–17 and the
utility of these indings in determining a clear pain generator
is limited. CT scans are done in patients with a contraindication
for MRI. CT scans provide more details about bony anatomy,
especially in patients with trauma, tumor, or infection. As is
the case with MRI, utility of the CT scan in determining the
pain generator in patients with axial neck pain is limited.

Cervical Discography
he need to more deinitively identify a disc that may be a pain
generator led to cervical discography. Cervical discography
was described in 1957 by Smith and Nichols,41 and in 1958 by
Cloward.42 Using image-guided techniques, the cervical disc
is cannulated and contrast material injected into the disc (Fig.
40.2). Abnormal morphology of the disc as well as concordant
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Name:

pain provocation by the injection are both considered diagnostic of pain-generating disc levels. Despite its frequent use
in prior decades, the procedure is now generally regarded with
caution due to risks from its invasive nature and the operatordependent nature of the technique and interpretation.
Yin et al.43 carried out a retrospective review of patients
with neck pain who underwent diagnostic blocks and provocative discography to determine the causes of neck pain.
Among the 46% of the patients who completed all investigations, the prevalence of zygapophyseal joint pain was 55%,
discogenic pain was 16%, and lateral atlantoaxial joint pain
was 9%. Bogduk and Aprill44 reported on the causes of neck
pain in 56 patients with posttraumatic neck pain. hey
reported that only 20% of the patients had exclusively discogenic pain with positive discograms.
A high false-positive rate is a major argument against cervical
discography. Schellhas et al.45 compared responses to discography
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FIG. 40.2 (A) Anteroposterior (AP) view after discogram at the C6–C7 level demonstrates extravasation of
contrast beyond the lateral disc margin. (B) AP view after discogram at the C5–C6 level, which was injected as
the control, showing the normal distribution of the contrast that remains within the disc margins. (C) Lateral
view after the discogram in (A) and (B) showing that the contrast remains predominantly in the center of the
disc at the C5–C6 level, whereas it leaks beyond the posterior margin of the disc at C6–C7 level. (Courtesy Dr. A.
Gangi, Dr. Sveta Trikha, Neuroradiology, Syracuse VA Medical Center, and www.openradiology.org.)

in asymptomatic volunteers and patients with neck pain. hey
reported that asymptomatic subjects had a painful response to
disc injection, usually a 4 to 5 on a scale of 0 to 10. Although
the patient group reported greater mean pain responses with
disc injection compared with the asymptomatic group (P <
.0001), production of pain on discography in both symptomatic
and asymptomatic groups underlines the risk of false-positive
responses on discography. However, it is diicult to determine
the exact false-positive rate of discography, as a positive discogram, by deinition, has to elicit concordant pain, which is
not possible in asymptomatic subjects.
here is lack of standardization in terms of number of levels
to be injected during a cervical discogram, with recommendations ranging from injecting all cervical levels46 to injecting at
least one level below and one level above the suspected level
based on imaging studies.6,47 here is lack of consensus on pain
threshold level and on what constitutes a positive response on
discogram. Schellhas et al.45 recommend that the patient must
rate the intensity of produced pain as 7 or greater on a 10-point
numeric scale for it to be considered positive on discogram.
Singh et al.46 suggest that the discogram is positive when the
patient reports pain that closely resembles symptomatic pain
in intensity and location. Zheng et al.48 consider moderate to
severe reproduction of the patient’s typical pain as the determinant for a symptomatic disc.
Nordin et al.30 reviewed the literature available on cervical
discography and did not ind any scientiically admissible
phase III or phase IV studies that tested the validity of discography as demonstrating primary discogenic pain in the

cervical spine. On the other hand, Onyewu et al. concluded
that there was level II-2 strength of evidence for diagnostic
accuracy of cervical discography. his recommendation
should be taken lightly, as they also point out in this review
that there was a paucity of literature with widespread discrepancies in methodology of cervical discography and outcome
measurement. hey found only ive studies in the post-MRI
era reporting surgical outcome based on cervical discography,6,48–51 of which there was only one study that had employed
controlled provocation discography, with two adjacent discs
being injected as controls.6 Additionally, there are concerns
about the efects of annular puncture of control discs during
a discogram. Carragee et al.52 reported accelerated disc degeneration and an increased incidence of disc herniation ater
lumbar discography as compared to matched controls at
10-year follow-up ater discography. Although these results
were reported ater lumbar discography, it is possible that, in
the longer term, annular puncture during cervical discography
can lead to accelerated degeneration, even if a small-gauge
needle is used with low pressurization. For the surgeon considering surgery in a patient with axial neck pain, discography
remains a controversial choice.

Surgery for Axial Neck Pain
Determination of fusion levels in the patient with axial neck
pain requires deliberate evaluation of all available clinical
and radiographic information. Improved surgical outcomes
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and PEEK spacers illed with bone grat extenders are reasonable alternatives to iliac crest autograt in one- or two-level
anterior cervical fusion procedures (Fig. 40.3).
Cervical disc arthroplasty ofers a motion-sparing treatment modality for cervical disc pathology with the potential
advantage of avoiding increased stresses at the adjoining discs
and reduction in the risk of adjacent-segment disease. In
patients with cervical radiculopathy, short-term and midterm
data comparing cervical disc arthroplasty and ACDF have
shown comparable results.66–71 Some recent studies of cervical
disc arthroplasty have included patients with neck or arm pain
but have not reported outcome data separately for the subset
of patients with predominant axial neck pain.70,71 he complex
multifactorial etiology of neck pain, the diiculty in identifying a pain generator in this subset of patients, and the absence
of outcome data on beneits from a motion-sparing device in
these patients suggest that disc arthroplasty should not be
recommended for these patients.

Axial Neck Pain Secondary to Pseudarthrosis
From Prior Surgery
Despite a reduction in the incidence following the use of cervical plating, pseudarthrosis following anterior cervical fusion
surgery is reported to occur with an incidence of 10% to 40%
in multilevel anterior fusion procedures.54–56 Pseudarthrosis
rates ater posterior cervical laminectomy and fusion have
been reported to range from 1% to 38%.72–75 A pseudarthrosis
associated with a stable ibrous union can be asymptomatic,
but a small proportion of patients with pseudarthrosis present
with neck pain due to instability.76,77 Interbody grat collapse
associated with nonunion can result in foraminal stenosis as
well as recurrent axial neck pain and radiculopathy. Failure of
hardware and progressive deformity can contribute to the
symptomatology. CT is the imaging modality of choice to
diagnose a nonunion and assess the status of the interbody
grat and the hardware.
he treatment approach in patients with symptomatic
anterior pseudarthrosis remains a matter of debate. Both
anterior revision fusion and posterior stabilization have been
reported as efective approaches78–81; however, there are no
randomized controlled trials comparing the outcomes of
these approaches for treating cervical pseudarthrosis. While
the anterior procedure allows access to the site of nonunion
and lets the surgeon address hardware failure, grat collapse
or dislodgment, recurrent foraminal stenosis, and kyphosis, it
requires dissecting through the surgical scar with potentially
increased risks of iatrogenic injury to neurovascular structures, the esophagus, and the trachea, as well as increased
incidence of postoperative dysphagia.82 On the other hand,
posterior fusion surgery involves larger intraoperative blood
loss, longer hospital stay, and a higher complication rate
compared with anterior revisions.83 McAnany et al.84 carried
out a meta-analysis of clinical outcomes following treatment
of symptomatic cervical pseudarthrosis with either anterior
revision surgery or posterior fusion. While the fusion rate
was signiicantly higher in the posterior group as compared to
anterior revision (97.1% vs. 86.4%; P = .028), clinical outcome

S E C T I O N

will be obtained if multiple clinical and radiographic indings
all point to the same disc as the source of pain. his clinical
algorithm should include (1) clinical judgment on the need
for surgery, given the patient’s reported pain and disability;
(2) clinical assessment of secondary gain or other potential
nonstructural issues that may be contributing to the patient’s
pain level and will result in a diminished surgical outcome; (3)
assessment of current or historical clinical indings that may
point to a speciic level, such as unilateral tingling over the trapezius muscle may suggest ipsilateral C4 nerve root irritation;
(4) radiographs that show degenerative changes prominently
at a single level with relatively normal adjacent levels; (5)
lateral radiographs or lexion-extension radiographs that show
translation at a speciic level suggestive of instability; (6) MRI
showing marked disc space narrowing at a single level, or
marked endplate changes at the level; and (7) discography
with clearly concordant pain at the same disc. In patients with
axial neck pain considering surgery, determination of surgical
levels is largely surgeon dependent, will remain controversial,
and needs careful and deliberate decision making.
he surgical treatment for axial neck pain is anterior cervical discectomy and fusion at the presumed painful disc level.
he removal of the degenerated discs theoretically eliminates
the pain generator and also stabilizes the uncovertebral joints
and facet joints, thereby reducing their role. Using a SmithRobinson approach,9 all disc material is removed and endplates
cleaned of all cartilaginous material while preserving the bony
endplate. A few small perforations through the endplate using
a high-speed burr or a curette facilitate fusion across the disc
space. Under gentle distraction, an interbody spacer is inserted.
Anterior cervical plating provides immediate stability and
allows early mobilization, diminishing the need for postoperative external immobilization. In multilevel fusions, use of an
anterior cervical plate reduces pseudarthrosis rates53–55 and
grat-related complications.53,56 Instrumentation also maintains overall lordosis better and signiicantly improves segmental lordosis compared with unplated constructs.57 he
length of the plate chosen should allow at least 5 mm between
the ends of the plate and adjacent disc levels. Segmental screw
ixation is carried out for multilevel fusions.
Several options are available in choosing the interbody
spacer and bone grat for anterior cervical fusion. Structural
iliac crest bone grat is still considered the gold standard for
success of fusion, but is increasingly viewed as an unacceptable
option due to the morbidity and pain at the harvest site.58,59
Earlier reports showed high pseudarthrosis rates with allograt
use for ACDF compared with iliac crest autograt, especially
for multilevel fusions and in smokers.60,61 Recent reports,
however, show fusion rates and clinical outcome comparable
to that of autograt when using allograt spacers with rigid plate
ixation, even in multilevel fusions.62–64 Today, polyetheretherketone (PEEK) interbody spacers illed with allograt and/
or demineralized bone matrix are being increasingly used.
Fusion rates for PEEK interbody spacers with anterior cervical plating have not been evaluated in prospective studies. In
retrospective studies, fusion rates with PEEK spacers have
been found to be comparable to that of tricortical iliac crest
autograt.65 In our experience, both tricortical allograt spacers
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FIG. 40.3 A 70-year-old woman with chronic, intractable axial neck pain in the posterior cervical musculature
and no evidence of cervical radiculopathy or myelopathy. (A) Preoperative radiographs and (B) sagittal and axial
weighted T2-weighted magnetic resonance images show degenerative changes at multiple levels throughout
the cervical spine, with spondylolisthesis at the C3–C4 level. (C) Postoperative radiographs 2 years following
anterior fusion at the C3–C4 level with allograft bone and an anterior plate. The patient had complete
resolution of her symptoms and return to active function.

was similar. hey suggested that this divergence could be due
to the higher complication rate and postoperative neck pain
associated with posterior fusion.

Outcome After Surgery for Axial Neck Pain
he earliest reports of anterior cervical fusion procedures
include axial neck pain as an indication for surgery. In their
1958 article describing the surgical technique for anterior
cervical discectomy and fusion, Smith and Robinson reported
that three of the 14 patients in the study had disc degeneration
alone without nerve root irritation.9 Yet, surgical intervention
for patients who present with axial neck pain alone has always
generated controversy. In 1978, Rothman and Rashbaum85
reported that 23% of the patients with signiicant cervical
degenerative symptoms remained partially or totally disabled
ater conservative management at 5-year follow-up. However,
little functional diference was noted in patients who underwent surgery for dominant neck pain. DePalma et al.86
reported that 78% of 255 patients treated conservatively for
“cervical syndrome” obtained either complete or partial relief,
with 22% of patients having poor results. hey reported on the
results of 58 patients who underwent an anterior fusion

procedure ater failure of 6 months of conservative management. he outcome was rated as excellent in 74%, improved
in 15%, and poor in 11%. hey concluded that anterior surgery
has “improved to excellent” outcome in this group of patients,
with better results than posterior fusion.
Variations of the ACDF procedure have been reported by
several authors. Kambin et al.87 reported on anterior cervical
discectomy and fusion using a vertical self-locking T grat. In
the group of 50 patients who had neck pain without neurologic
indings, “excellent” results were reported in 37, “good” in 10,
and “satisfactory” in 3. Brodke and Zdeblick88 reported on
using Caspar pins for intervertebral distraction and a reversed
iliac crest grat in 51 patients. Neck pain was the primary
symptom in nine of the 51 patients. Outcome was reported as
excellent in 36, very good in 11, good in 3, and poor in 1 of
the 51 patients. Outcome in patients with neck pain as the
primary symptom was not reported separately.
Kikuchi et al.89 reported on the outcome of surgical fusion
in a mixed group of 41 patients with predominant axial neck
pain alone as well as 97 patients who had neck pain and
radicular symptoms. Diagnostic discography was performed
in all patients on four adjacent discs. he discogram was
considered positive on production of concordant pain. One
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while the Roland Morris disability score improved from 15.8
± 6.4 before surgery to 7.6 ± 6.5 at inal follow-up (P < .01).
Although this retrospective study reports an overall positive
outcome ater surgery for axial neck pain, the indications for
surgery appear to be heterogeneous. he authors report that
66 of 87 patients who underwent surgery had preoperative
discography, but 31 of 66 (46%) had nonclassic indings on
discography with pain greater than 4 or 5 out of 10 at adjacent
segments. he role of routine imaging studies in determining
indication for surgery is not clariied. he authors point out
that, despite improvement in pain and self-rated disability
scores, global patient satisfaction ater surgery showed a mixed
distribution and did not seem to correlate well with improvements in pain scores and disability ratings.
A small number of reviews of available literature on surgery
for axial neck pain have been reported. In a report on best
evidence synthesis for utility of surgical interventions for neck
pain, as part of the Bone and Joint Decade 2000–2010 Task
Force on Back Pain and its Associated Disorders, Carragee
et al.91 reported that they found no well-designed randomized
controlled trials of open surgery for treatment of neck pain
alone in patients with common degenerative changes on
imaging in the absence of radiculopathy, myelopathy, or
serious pathology, such as tumors or infection. hey did not
ind any evidence in the available literature that showed a
better outcome ater surgery for neck pain that could be
attributed to surgery and not to the natural history of neck
pain in patients with degenerative pathology. hey concluded
that there was no evidence in the literature to support use of
anterior cervical discectomy and fusion, or disc arthroplasty
in patients with neck pain without radiculopathy or serious
structural pathology.
Riew et al.92 conducted a systematic review of articles
published up to 2010 to examine the clinical outcome in
patients who underwent ACDF for axial neck pain without
radicular or myelopathic symptoms. hey did not identify any
comparative studies. he authors reported three case series
that met the criterion to be included in their review.6,7,90 hey
reported that all studies showed a mean improvement of pain
of 50% at approximately 4-year follow-up with patients’ satisfaction rates ranging from 56% to 79%. hey concluded that
there is low evidence in the literature that patients with axial
neck pain without radicular or myelopathic symptoms will
receive some improvement in pain and function following an
ACDF. Additionally, there is no evidence to clarify whether
the beneit from surgery is better than no treatment or other
conservative treatment modalities.

Summary
Neck pain is a widely prevalent, though frequently self-limiting,
condition. Some individuals develop persistent and disabling
neck pain, refractory to conservative treatment. he etiology
of neck pain is multifactorial, and degenerated discs may be
the primary pain generator in only a minority of cases; identiication of a pain generator is frequently diicult. Discography
has been frequently used in the past in an attempt to identify
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year from surgery, 80% of all patients were reported to be
either totally free of symptoms or had discomfort that did not
interfere with their work or social life. he outcome in patients
with only neck pain was not reported separately. Zheng et al.48
attempted to correlate discography indings with MRI indings
in 55 patients undergoing ACDF for axial neck pain. he
authors considered 79 of 161 levels to be discogram positive.
At a minimum follow-up of 2 years, successful fusion was
achieved in 95% of the patients, and an overall satisfactory
result was achieved in 76%. Abnormal MRI morphology was
found in 100 of the 161 levels that underwent discography. Of
the 79 levels that were discogram positive, MRI was abnormal
at 58 levels. Based on these indings, they determined that
MRI had a false-positive rate of 51% and a false-negative rate
of 27%.
A frequently cited study in support of surgery for axial neck
pain is a retrospective review of 38 patients by Palit et al.,6
published in 1999. Cervical discography, MRI, and CT scans
were used to determine the levels at which fusion was carried
out. Discography was carried out at the disc that was suspected
of being the pain generator based on the imaging studies and
at least two adjacent levels as controls. Anterior cervical discectomy and fusion was carried out using tricortical iliac crest
allograt. All patients completed a numeric rating scale (NRS)
to measure pain and the Oswestry Disability Index (ODI) to
measure function. Ater an average follow-up period of 53
months ater surgery (range, 24–87 months), the mean NRS
for neck pain reduced from 8.3 to 4.1 (P < .001). he ODI
score improved from 57.5 to 38.9 (P < .001). Although the
results of the study are generally supportive of surgery for neck
pain, there are certain methodologic problems that should be
pointed out. he author elaborates that patients with 75% or
more neck pain and 25% or less arm pain were considered
eligible for inclusion in this study. hus, it seems that this
group included patients with some radicular symptoms. hey
also excluded some patients based on psychological evaluation. However, the number of patients excluded on this basis
was not reported. Although they reported obtaining radiographs at 1 and 3 months ater surgery, outcome parameters
were reported only for the inal follow-up, which was performed by telephone at a widely variable period from surgery
(24 to 87 months). At inal follow-up, 30 of 38 patients (79%)
reported that they were satisied with surgery and 8 patients
(21%) reported that they were not satisied. However, while 20
patients were not working before surgery because of neck
pain, 15 were still not working at inal follow-up.
Garvey et al.90 conducted a retrospective review on 87
patients who had undergone an anterior cervical discectomy
and fusion for dominant mechanical neck pain, deined as
neck pain greater than arm pain. At a mean follow-up period
of 4.4 ± 1.5 years, this group of patients completed outcome
questionnaires that included a visual analog pain score, a
modiied ODI, and a modiied Roland Morris disability index.
he authors reported that 82% of the patients reported their
outcome to be good, very good, or excellent. he average
visual analog score reduced from 8.4 ± 1.7 before surgery to
3.8 ± 2.8 (P < .01) ater surgery. he ODI improved from 58.8
± 19.8 before surgery to 30.7 ± 21.4 at inal follow-up (P < .01),
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the pain-generating disc level. he procedure is currently
more controversial due to a lack of standard methodology,
variation in outcome measurement, limited evidence to its
utility in improving surgical outcome, and the potential for
annular injury to uninvolved discs. Currently available review
of literature points to a lack of reliable and controlled studies
that show improved outcome with surgery for axial neck pain
as compared to nonsurgical modalities or nonintervention.
Commonly cited case series supporting surgery for axial
neck pain sufer from methodological laws, lack of control
groups, and the absence of long-term outcome data. Further
long-term studies may help us better understand the utility of
surgical intervention in patients with axial neck pain.
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Introduction
Cervical radiculopathy was irst described in the early 20th
century and recognized as a common type of nerve root
impingement.1 Stookey irst reported on the presentation of
symptoms, which resulted from a cervical disc causing compression of cervical nerve roots in 1928. Originally, the disc
pathology was thought to be a type of chondroma, though
later histologic studies proved that these indings were incorrect. he underlying degenerative process was then thought to
be inlammatory or infectious, thus the condition was given
the name spondylitis. Brain et al.2 later recognized the compressive efect of cervical disc herniations causing nerve root
compression and subsequent radicular burning pain in a
series of 10 patients. Several recent studies have shown that
cervical radiculopathy can be a debilitating condition with a
signiicant impact on quality of life.3–7 he presentation commonly occurs in the setting of degenerative cervical pathology,
most commonly spondylosis, which complicates the diagnostic workup and management options.4,7
Studies have shown that about 10% of individuals have
radiographic signs of cervical spondylosis by 25 years old and
about 95% have these indings by 65 years old.2,5 he annual
incidence of cervical radiculopathy has a rate of 107 per
100,000 in men and 64 per 100,000 in women in the United
States.8 he growing number of elderly people will increase the
prevalence of cervical radiculopathy over the next few decades.
he demands on spine surgeons to provide eicacious and
inancially sound treatment options begins with a comprehensive understanding of this condition.

Pathophysiology
Cervical radiculopathy is a condition that results from nerve
root compression in the cervical spine, causing various upper
extremity symptoms, which include impaired sensation, parasthesias, weakness, and burning pain.4,7,9 his can lead to
impaired ability to function, work, and perform normal daily
activities.
he mechanism of nerve root impingement is most commonly from one of two causes: (1) osteophyte formation or

(2) disc herniation posterolaterally, typically in the neural
foramen. Spondylosis, trauma, tumors, deformity, or spinal
instability can also cause radiculopathy.10,11 However, most
commonly (75% of cases), a combination of degenerative
changes and disc space narrowing leads to osteophyte formation and facet joint spondylosis, which encroach on the exiting
nerve root. In cases of severe disc herniations causing radiculopathy, usually some degree of underlying spondylosis is
contributory.1,5
his progressive degenerative process oten begins with the
cervical discs (nucleus pulposus and anulus ibrosus) losing
water, proteoglycans, and nutritional support with aging,
which subsequently leads to a decrease in viscoelasticity and
inability to properly distribute weight and transfer load. Disc
material may then bulge posteriorly (worsened by lexed
postures of the neck) into the spinal canal or exiting neural
foramen. he surrounding structures experience an increase
in loading, which causes excess force through the uncovertebral, intervertebral, and zygaphophyseal joints. Similar to
other osteoarthritic processes, osteophyte formation develops
as a reactive process and an attempt to increase the stability of
these joints, which have developed excessive motion.
he ligamentum lavum, anterior longitudinal ligament,
and posterior longitudinal ligament (PLL) undergo hypertrophy during the degenerative process and some degree of
buckling and stifening as disc height is lost.10 As the process
progresses in severity and time, these changes produce prolonged compression and ischemic changes within the nerve
roots and spinal cord. Typically, radiculopathy develops prior
to the onset of myelopathic changes.
Both myelopathy and radiculopathy have been described
based on dynamic and static mechanisms. During motion
(dynamic), the nerve roots can be compressed by osteophytes,
disc herniations, or hypertrophied ligaments. For example,
with the Spurling maneuver (lexion and ipsilateral rotation and lateral bending), the posterolateral uncovertebral
osteophytes encroach on the exiting nerve root, producing
radicular symptoms. Over time, chronic compression (static)
on the nerve roots can produce radicular symptoms and pain
from ischemia and neuroinlammation, which may respond
diferently once the compressive force is removed with a discectomy or foraminotomy. With this prolonged compression,
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demyelination, scarring, atrophy, interneuronal loss, and
degeneration of the spinal tracts may eventually develop,
which can also alter the postoperative course.7,10,11
he prolonged dynamic or static compression on the nerve
roots increases the permeability of the endothelial cells lining
the blood vessels along the blood-brain barrier and decreases
the total number of endothelial cells.9 his allows for entry of
inlammatory cells and toxins into the spinal parenchyma. he
combination of neuroinlammation and toxins can worsen the
compression and hypoxic environment, which worsens the
underlying pain and radicular symptoms. Chemical mediators
released from the disc tissue and sensory neurons perpetuate
the inlammatory response, and chronic edema may increase
the sensitivity of the nerve roots to pain. he dorsal root
ganglion has also been implicated in the development of
radiculopathy, as these cell bodies produce chemical mediators and the surrounding membrane is more permeable than
other regions of the nerve root.
hough less common with radiculopathy, spinal deformity
may contribute to this cascade of events. he degenerative
process oten results in segmental or global cervical kyphosis
and the nerve roots and spinal cord are driven anteriorly,
which tensions these structures, exacerbating the inlammatory and compressive pathologies. he C5–C7 spinal levels are
responsible for the greatest amount of motion and force distribution in the subaxial spine and are most commonly
involved in cervical radiculopathy. he apex of the cervical
lordosis is found at C5, and loss of the normal cervical curvature in the sagittal or coronal plane places excessive stress on
adjacent spinal levels. If the underlying process is let untreated,
the degenerative changes commonly proceed cephalad and
caudally.

FIG. 41.1 Anteroposterior radiograph of the cervical spine demonstrating
normal alignment with no signiicant uncovertebral arthrosis.

Radiographic Evaluation
Patients presenting with an acute episode of cervical radiculopathy do not require immediate imaging in the setting of a
normal neurologic examination. If the patient continues to be
symptomatic ater 6 weeks of appropriate conservative management, plain cervical radiographs consisting of an anteroposterior and lateral radiograph can be obtained (Fig. 41.1).
he lateral radiograph is particularly helpful in determining
the space available for the cord in the anteroposterior diameter
(Fig. 41.2).
Flexion and extension radiographs should be considered to
rule out segmental instability (Fig. 41.3). Oblique cervical
radiographs can also be helpful, as they can identify areas of
foraminal stenosis that may be correlated with the clinical
symptoms of the patient. Overall, the series of plain radiographs is useful for identifying areas of foraminal stenosis, the
presence of signiicant osteophytes/spondylosis, and the presence of spinal instability.
Magnetic resonance imaging (MRI) remains the gold
standard for the diagnosis of cervical radiculopathy. Wilson
et al.12 were among the irst groups to correlate MRI indings
of nerve root compression with intraoperative indings. MRI

FIG. 41.2 Lateral cervical radiograph demonstrating preserved cervical
lordosis, and no evidence of central stenosis or cervical spondylosis.

ofers several advantages, including excellent visualization of
the neural elements and sot tissues, the ability to directly
identify sot disc herniations, and no radiation exposure for
the patient (Fig. 41.4). Park at al.13 recently evaluated the
diagnostic utility of oblique MRI images for improving the
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FIG. 41.3 (A) Flexion and (B) extension lateral cervical radiographs with no evidence of segmental instability.
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FIG. 41.4 (A–C) Sagittal and parasagittal T2-weighted cervical magnetic resonance images demonstrating a
right C4–C5 disc herniation with root compression (arrow).
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diagnostic accuracy in foraminal stenosis. he authors concluded that oblique MRI views of the cervical spine signiicantly reduce the degree of intraobserver and interobserver
variabilities and increase observer conidence in the assessment of foraminal stenosis.
Computed tomography (CT) myelography remains a useful
tool in the diagnosis of cervical radiculopathy, particularly in
patients who have had previous instrumentation in the cervical spine. Myelography can also be used in patients who have
a contraindication to receiving an MRI.

Surgical Indications

he anteromedial approach is the most common approach
utilized for anterior procedures. he patient is placed supine,
with the neck in neutral or slight extension and a towel roll,
intravenous bag or blood pressure cuf placed behind the neck
or scapular region to enhance access. Fig. 41.5 demonstrates the
typical anatomic landmarks that can be used for localization.
For surgery on lower cervical levels (C6–C7), the shoulders
are carefully taped down (tensioned caudally) to improve
radiographic access. Gardner-Wells tongs may be used to help
position the head and provide slight traction during the
approach.
A transverse or oblique incision is utilized in line with the
skin creases for optimal cosmesis (Fig. 41.6). For multilevel

he surgical indications for the treatment of cervical radiculopathy include (1) persistent radicular symptoms that have
not improved with an appropriate trial of conservative care,
(2) a neurologic deicit that is progressive, and/or (3) a neurologic deicit that is associated with signiicant radicular pain.
C1–2
C3–4
C4–6

Surgical Treatment
Several studies have shown that the majority of patients with
cervical radiculopathy (75–90%) will improve with nonoperative treatment.8,14 However, other studies have shown that more
than 55% of patients presenting with cervical radiculopathy
have little or no improvement in symptoms.15 Regardless,
with patients presenting without signiicant motor weakness,
a reasonable course of conservative treatment—including
nonsteroidal antiinlammatory drugs, physical therapy, and
epidural steroid injections—should be considered.
If nonoperative treatment is unsuccessful and there is a
clear concordance between symptoms and imaging indings, several surgical strategies may be considered. Surgical
indications include (1) progressive cervical radiculopathy, (2)
persistent radicular symptoms ater 4 to 8 weeks of nonoperative treatment, (3) instability with radicular symptoms,
and (4) motor deicits. Posterior foraminotomy/laminotomy,
anterior cervical discectomy and fusion (ACDF), and disc
arthroplasty are all surgical options that should be considered
ater a careful review of the risks and potential beneits of
each procedure. In a randomized trial of patients with cervical
radiculopathy, Peolsson et al.16 placed patients in one of three
cohorts: ACDF, physical therapy, or collar immobilization.
hey found improved pain scores at 4 months in the surgical
group, but no diference in the three groups at 12 months.
However, the surgery group had favorable disability ratings at
12 months. hese indings may support surgical intervention,
though only following the completion of a structured physical
therapy program.

C5–6

C6–T1

FIG. 41.5 Supericial landmarks are helpful in identifying the correct level
for skin incision.
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Anterior Approach
he anterior approach was irst described in the 1960s by
Robinson and Smith, and later modiied by several surgeons
to include a formal discectomy, foraminotomy, and corpectomy (when necessary).17–19

FIG. 41.6 Intraoperative image with a typical Smith-Robinson anterior
cervical type approach.
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Anterior Cervical Discectomy and Fusion
ACDF allows access to the majority of compressive pathologies (intervertebral discs, ventral osteophytes, foraminal
compression, and ossiication of the posterior longitudinal
ligament) and is a good option for most single- and two-level
pathologies (Fig. 41.8). he eicacy of ACDF for relief of arm
pain and neurologic deicits and successful patient-reported
outcomes has been extensively reported.19–23 Additional beneits of ACDF include the restoration of cervical lordosis,
decompression in the presence of kyphotic deformities, and
the indirect decompression that is also provided by placement
of the spacer or bone grat within the disc space. Axial neck

S E C T I O N

procedures, an oblique incision is more commonly used in
line with the medial edge of the sternocleidomastoid. For
primary procedures, the let- or right-sided approach may be
utilized; no studies have shown a consistent advantage of
either approach. he side of surgical approach is dictated by
surgeon preference, though the concerns regarding the recurrent laryngeal nerve support a let-sided approach, as the
course of this nerve is more consistent within the carotid
sheath. However, the thoracic duct may potentially be injured
from the let side with access to more caudal cervical levels.
he supericial fascia is oten encountered overlying the
platysma, which runs from the midline of the mandible vertically to the medial border of the sternocleidomastoid. he
muscle is sectioned transversely, perpendicular to the muscle
ibers, which allows visualization of the deep cervical fascia.
Depending on the number of spinal levels being addressed,
the platysma may be undermined in a cephalad and caudal
direction to mobilize the sot tissue window. Careful palpation
is utilized to identify the carotid sheath and identify the plane
between the sternocleidomastoid laterally and the trachea and
esophagus medially. A combination of blunt and sharp dissection is used to continue through the deep cervical fascia,
which is encountered in layers. Palpation of osteophytes can
help identify the midline of the anterior cervical spine. he
pretracheal and prevertebral fascia are released with an elevator or electrocautery to expose the anterior vertebral body and
intervertebral disc. he longus colli are encountered and also
released laterally to the lateral border of the vertebral body.
Once the disc space is clearly identiied, a bent 18-gauge
needle is placed into the disc space to conirm the spinal level
with a lateral radiograph.
Typically, the disc is incised with a long No. 15 blade scalpel
and the anterior anulus is removed with a straight pituitary
(Fig. 41.7A). he disc is then removed with curettes and Kerrison rongeurs in a systematic manner, proceeding posteriorly
with awareness of the uncovertebral joints laterally and the
posterior depth within the disc space (Fig. 41.7B). A highspeed burr is used to prepare the endplates of the caudal and
cephalad levels until punctate bleeding is encountered.
Overall, this is a muscle-sparing approach with little muscle
dissection and minimal postoperative pain. he advantages
include low infection rates, low wound complications, and less
pain, which may improve the rate of postoperative recovery
and minimize the use of postoperative narcotics.9
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FIG. 41.7 Intraoperative images showing (A) incision of the anulus and (B)
removal of the disc material.

pain from underlying spondylosis or disc degeneration can
also be addressed with ACDF, although the results may be
inferior compared to relief of radicular pain.
Overall complication rates with anterior procedures are
oten higher than with posterior procedures, which include
pseudarthrosis, adjacent-segment degeneration (ASD), plateand grat-related complications, and approach-related complications.23–28 Important variables include patient factors,
number of spinal levels, and use of plating or ventral ixation.
Recent literature has shown comparable complication rates
between anterior and posterior procedures, with higher complication rates in combined anterior-posterior procedures.
Zhu et al. compared anterior (n = 245) and posterior (n =
285) procedures; the reoperation rate was signiicantly higher
in the anterior group (21/245, 8.57% vs. 1/285, 0.3%; P < .001).
Of the 21 who underwent reoperation, 13 of 21 (62%) were for
pseudarthrosis, 7 of 21 (33.3%) for adjacent deterioration, and
1 of 21 (4.8%) for loosening of implant. In the posterior group,
only 1 (0.3%) required reoperation for radiculopathy due to
a new herniation, which is consistent with other studies.29
However, postoperative neurologic function and outcomes
were more favorable in the anterior group (P < 0.05).
In several well-designed investigations, anterior plating
has been shown to improve fusion rates compared with
stand-alone grats and cages.30–32 Newer-design stand-alone
spacers with anterior ixation need further long-term studies
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FIG. 41.8 (A) Lateral and (B) anteroposterior cervical radiographs in a patient after anterior cervical discectomy
and fusion at C5–C6.

to analyze patient outcomes, complications, and fusion rates.
Fusion rates of 96% and 91% for one- and two-level ACDF with
anterior plate ixation compared with 90% and 72% without
anterior ixation (P < .05) were shown in a retrospective
review of 540 patients.13 In a meta-analysis of 2682 patients,
Fraser et al.31 assessed fusion rates in ACDF and anterior
cervical corpectomy and fusion (ACCF) procedures with and
without plate ixation. Plate ixation improved fusion rates
for all one-, two-, and three-level ACDFs (P <.0001, .0001,
and .05, respectively). hey also concluded that for three-level
procedures, corpectomy with plate placement was associated
with slightly higher fusion rates than discectomy without plate
placement (82.5% vs. 96.2%; P < .05).
ASD is a common complication following ACDF with an
incidence of 2.9% per year.35,36 Lee et al.33 showed that patients
undergoing posterior arthrodesis were 7.5 times more likely
to undergo reoperation due to ASD than patients undergoing
posterior decompression only, and three times more likely to
undergo reoperation due to ASD than patients undergoing
anterior arthrodesis.
In a large recent study of approach-related complications
in patients undergoing ACDF, the overall incidence of dysphagia, hoarseness, and unilateral vocal cord paralysis was 12.3%,
4.9%, and 1.4%, respectively.34 Dysphagia and hoarseness are
common postoperative complications that require close monitoring, though typically resolve by 6 months.

Multilevel Pathology
Cervical radiculopathy commonly involves one spinal level,
though with prolonged degenerative changes, several levels
may become involved. Bolesta et al. found high pseudarthrosis
rates in a review of patients undergoing three- and four-level
ACDFs with iliac crest autograt and locking plates.35 Pseudarthrosis was found in 53% (8/16) of patients, though less than
half (3/8) had enough pain to warrant a revision procedure.

he authors concluded that, though plating may improve
fusion rates for ACDFs, three- and four-level fusions appear
to have unacceptably high failure rates.
he choice of interbody implant remains an area of controversy and interest. Historically, iliac crest autograt has been
the gold standard, with fusion rates approaching 100% in
some series. However, harvesting of iliac crest autograt is not
without complications. hese include chronic grat site harvest
pain, infection, hematoma formation, and pelvic bone fracture. Allograt bone, while it eliminates the possibility of grat
harvest complications, may have a slower time to union
compared with autograt. Additionally, the overall fusion rate
for a single-level ACDF may be lower than what is seen with
autograt. Additional interbody options ater ACDF include
polyetheretherketone as well as titanium cages. Both have
shown fusion rates comparable to allograt.

Cervical Arthroplasty
Cervical disc arthroplasty (CDA) is an option for patients with
cervical radiculopathy that provides decompression without a
fusion, and good midterm patient-reported outcomes have
been reported36–40 (Fig. 41.9). he surgical approach is essentially the same as for ACDF; thus, approach-related complications are reportedly similar, though some have reported longer
operative times and more blood loss with cervical arthroplasty.41 his motion-sparing procedure may minimize the
complications of ASD, plate and screw complications, plate
and sot tissue irritation, and nonunion. Additionally, ACDF
may lead to higher rates of surrounding joint arthropathy and
disc degeneration as a compensatory mechanism to the fusion,
though some studies support that this is a natural development in the patient with underlying spondylosis and degenerative changes.42 For example, the ASD rate of 2.9% per year
has been reported regardless of the index procedure (ACDF,
CDA, posterior foraminotomy),33,43,44 and several studies
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FIG. 41.9 (A) Lateral and (B) anteroposterior cervical radiographs in a patient who underwent a C5–C6 cervical
disc arthroplasty.

comparing arthrodesis with motion-sparing procedures have
shown comparable rates of ASD.27,42 here are limited studies
analyzing the development of long-term changes in patients
following CDA compared with ACDF.
As some patients with ASD are asymptomatic, describing
this complication based on whether surgery was indicated
may be a more relevant factor. Lee et al.33 conducted a study
of 1358 patients undergoing ACDF, laminoplasty, foraminotomy, CDA, posterior or combined anterior and posterior
arthrodesis. he rate of ASD that required a reoperation (ASD
that occurred at a level cephalad or caudal to the index procedure that did not respond to conservative treatment, which
was consistent with the patients’ symptoms and imaging) was
compared between the groups. he positive predictors were
female sex, smoking, and posterior or combined anterior and
posterior fusion (P < .05). Patients undergoing ACDF, CDA,
or posterior decompression had similar rates of ASD. hese
indings support that the development of ASD may be more
related to the natural progression of the underlying pathology
than the type of procedure.
In a meta-analysis by Gao et al.41 comparing ACDF and
CDA, neurologic outcomes and neck and arm pain scores
were more favorable in the arthroplasty cohort, while the neck
disability index (NDI) was similar between the two groups.
he underlying etiology of these indings could not be determined; however, the ACDF group had a higher rate of requiring a secondary surgical procedure (odds ratio [OR], 0.52; P
= .01).
Sasso et al39 reported promising 4-year results in a study
comparing CDA with ACDF. Statistically signiicant outcomes
favoring the CDA cohort were found for Short Form-36 scores
and arm pain while NDI, range of motion and adverse events
were similar between the two groups. Another investigation

reported on 7-year follow-up of patients treated with CDA or
ACDF. Patients in the CDA cohort were found to have lower
rates of subsequent procedures for ASD and lower reoperation
rates. NDI and neurologic improvement were also favorable
in the CDA group.45 As more long-term studies come to fruition, the mid- and long-term complications and patientreported outcomes associated with CDA will be better
understood and the optimal treatment options can be more
clearly discussed during patient counseling.

Posterior Cervical Foraminotomy
A number of surgical techniques have been employed for the
treatment of cervical radiculopathy. Surgeons have at their
disposal a number of evolving technologies, including the use
of minimally invasive surgery (MIS), to treat the pathology.
he decision to treat cervical radiculopathy from an anterioror posterior-based approach or through an open or MIS
approach is determined by both the surgeon’s comfort with
the particular technique and, highly important, the location
of the pathology.
he use of a posterior-based approach for the treatment of
cervical radiculopathy was irst described over 65 years ago by
Mixter.46 Frykholm47 and Scoville48 further popularized the
posterior cervical foraminotomy technique. In the 1980s, the
technique underwent advancement and reinement with the
development of the keyhole laminoforaminotomy, as popularized by Fager,49 Epstein,50 and Casotto.51 In small case series,
a clinical success rate approaching 90% was found with this
new technique. More recently, success rates approaching 95%
have been reported using the open technique.52 Furthermore,
recent studies have shown no diference in clinical outcomes
or surgical complication rates when comparing posterior
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cervical laminoforaminotomy and ACDF.53,54 Critics of the
open posterior cervical foraminotomy cite increased postoperative axial neck pain and spasms that likely result from
increased muscle damage and disruption.
As an alternative to the traditional open technique, minimally invasive posterior cervical foraminotomy techniques
have been developed. Proponents of the MIS technique cite a
shorter hospital stay, less blood loss, faster recovery time, and
equivalent or better clinical outcomes.55–57 Furthermore, by
eliminating the subperiosteal dissection of muscle, the MIS
techniques result in less acute muscle injury and denervation,
which may improve long-term cervical biomechanics when
compared with the open technique.

Indications for Posterior Cervical Foraminotomy
Posterior cervical foraminotomy via an open or MIS approach
is indicated for patients with cervical radiculopathy resulting
from compression of the nerve root within the neural foramen
as a result of an osteophyte, spondylosis, or a lateral disc
herniation. Patients should have received appropriate conservative management for a minimum of 6 weeks prior to being
indicated for surgery. Furthermore, the patient’s pattern of
radiculopathy should correlate with indings on advanced
imaging, including CT, MRI, or a CT myelogram. Absolute
contraindications for posterior cervical foraminotomy include
local segmental kyphosis or instability, evidence of spinal cord
compression or myelopathy, or symptomatology not referable
to indings on the imaging studies.

Open Technique
he open posterior cervical laminoforaminotomy is performed
with the patient in the prone position. Mayield three-pin
tongs may be applied to secure the head to the table. he head
of the patient is placed into gentle lexion to decrease the
cervical lordosis, which facilitates visualization of the superior
facet of the caudal vertebral segment. he bed is then positioned in the reverse Trendelenburg position, with the knees
lexed to less than 90 degrees, which helps to reduce epidural
venous bleeding. Surgical tape may be used to lower the
shoulders to facilitate imaging of the lower cervical levels as
well as to latten any possible skin creases. A lateral cervical
radiograph using a metallic marker or needle is used to determine the appropriate operative level.
A midline skin incision is made centered over the spinous
process of the intended level. For a single-level foraminotomy,
the length of the skin incision should be approximately 2 cm.
he skin incision is carried down to the fascia of the nuchal
ligament, which is divided in the midline to expose the spinous
processes. A metal clamp can then be attached to the spinous
process, and a lateral cervical radiograph is used to again
conirm the correct operative level. Dissection is then continued in a subperiosteal fashion, elevating the paravertebral
muscles from the lamina. he dissection is carried laterally to
the facet joint with careful attention paid to not violate the
facet capsule. Once the inferior articular process (IAP) of the
cephalad vertebra is identiied, a high-speed burr is used to

remove the medial third of the IAP and the inferior portion
of the superior lamina. A Kerrison rongeur (1 or 2 mm) is
used to enlarge the space until the ligamentum lavum is
identiied. Once this is removed, the exiting nerve is able to
be identiied within the foramen. Additional bone can be
removed until a nerve probe can be easily placed within the
neuroforamen.
If there is a discrete disc herniation, the nerve root can be
gently retracted superiorly to expose the extruded disc fragments or the distended PLL. A discectomy can be performed
by sharply incising the PLL overlying the herniated fragments.
Once all of the visible fragments are removed, irrigation of the
disc space and the use of reverse angle curettes and upgoing
pituitaries can remove any additional fragments that are not
readily visualized.
Ater completing the decompression, the wound is copiously irrigated with antibiotic saline. he fascia is then reapproximated, and the wound is closed in layers.

Minimally Invasive Technique
Following the induction of anesthesia, the bed is positioned
so that the operative side is away from the anesthesia equipment. he patient is then placed in a sitting or semirecumbent
position utilizing a Mayield three-point head ixation. Similar
to the positioning utilized in the open technique, the patient’s
head is placed into gentle lexion. he bed is placed in the
reverse Trendelenburg position, with knee lexion.
he target level is initially localized by placing a spinal
needle lateral to the neck and checked luoroscopically. A
longitudinal 1.5- to 1.8-cm incision is made 1.5 cm lateral to
the midline on the operative side. he ideal trajectory is to
angle slightly cephalad from the skin to the lamina. A Kirschner
wire (K-wire) is then introduced through the skin incision and
advanced to the inferomedial edge of the rostral lateral mass
at the operative level. A lateral luoroscopic image is obtained
to conirm the level. It is important at this step to fully release
the deep cervical fascia with a pair of scissors, as this can
restrict the passage of the tube dilators. Once this is done,
serial dilators are passed to create the appropriately sized
working portal.
Once conirmed to be on the lamina, the irst dilator is
passed over the wire to the bone, and the wire is removed (Fig.
41.10). Once the inal dilator is in place, the operative tube is
positioned caudally over the lamina with luoroscopic conirmation until centered over the target disc space before anchoring to the table-mounted arm (Fig. 41.11).
he remaining muscle overlying the bone is removed with
a pituitary rongeur. At this point, the microendoscope is
brought in to use from the cephalad side for visualization. he
medial facet and lateral lamina can usually be visualized at this
point. Any remaining sot tissue obstructing the view is either
removed or cauterized to shrink out of the way. he laminoforaminotomy is then initiated using a high-speed drill,
removing the outer cortical layer and cancellous bone of the
lamina as well as the medial aspect of the facet. Once a small
opening is made through the deep cortical bone over the
lateral canal, a Kerrison rongeur is used to complete the
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FIG. 41.10 Intraoperative image demonstrating the tube placement during
a minimally invasive posterior cervical foraminotomy.

FIG. 41.11 Intraoperative lateral cervical radiograph showing the tube
placement overlying the C5–C6 lateral mass.

foraminotomy. Identifying the medial and cephalad margins
of the pedicle is useful for medial/lateral orientation. he
foraminotomy is extended laterally until the lateral margin of
the pedicle begins to fall away. At this point, only a third to a
half of the medial facet has been removed and should not
impact stability. A small laminotomy in the caudal lamina is
useful to visualize the lateral margin of the thecal sac. A nerve
hook can be introduced to retract the nerve root superiorly to
allow access to the disc space. Loose disc fragments can be
mobilized into the axilla, where they can be removed with a
micropituitary rongeur. Similar to the open procedure, contained fragments may require an incision of the PLL and the
use of reverse-angle curettes and downgoing pituitaries to
facilitate removal of the disc herniation.
Once hemostasis is obtained with electrocautery or hemostatic foam, the wound is carefully irrigated. he operative
cylinder is removed and the wound closed in a standard
layered fashion.

Surgical Outcomes
he posterior cervical foraminotomy is a safe, highly eicacious procedure that provides signiicant symptom relief to

those patients with foraminal-based compression of the nerve
root resulting in radiculopathy. he traditional open, midlinebased approach has been reined over several decades. In
recent years, MIS-based techniques have been developed as an
alternative to the standard open procedure. Proponents of the
open technique cite the familiarity of the posterior approach
to the cervical spine, avoidance of the steep learning curve
associated with MIS techniques, and avoidance of the complications associated with MIS techniques, including misplacement of the percutaneous K-wire and medial/lateral migration
of the tubular retractor, causing spinal cord/nerve root injury.
Advocates of the MIS approach cite shorter hospital stays, less
blood loss, and a quicker return to function.
Many small case series have reported on the results of
either the open or MIS technique. Kang et al.58 performed a
retrospective review of 135 patients who underwent a posterior cervical foraminotomy, with 117 also receiving a discectomy. Clinical success was determined by excellent or good
outcomes as deined by Odom criteria. Overall, 106 of 117
(90.6%) patients were deemed to have a successful outcome.
Additionally, neck and radicular visual analog scale (VAS)
scores improved by 2.1 and 3.2 points, respectively. Witzmann
et al.59 reported similar indings following an open posterior
cervical foraminotomy, with a clinical success rate of 90%.
Ruetten et al.54 performed a randomized controlled trial of
endoscopic foraminotomy versus ACDF. Clinical success was
achieved in 96.6% of the foraminotomy patients. Another
retrospective review of 100 patients undergoing a microendoscopic posterior cervical foraminotomy found that at an
average follow-up of 14.8 months, 97% of patients were
deemed to have achieved a clinical success.55
here are a limited number of studies directly comparing
the results of open versus MIS posterior cervical foraminotomy.
Winder et al.60 found signiicant diferences favoring the MIS
cohort with respect to decreased intraoperative blood loss,
postoperative analgesic use, and length of hospital stay.
However, there were no diferences in operative time or operative complications. he authors also noted that the results did
not take into account the associated learning curve of the
individual surgeons, which could have an impact on the
observed complication rates. It is important to consider the
learning curve when mastering any sort of novel technique. In
one study, blood loss, operative time, and complications were
all higher during the initial learning curve.56 he authors
noted an initial durotomy rate of 9%, which fell to less than
1% as experience increased. Lee et al.61 found that surgeons
reach the end of their initial learning curve ater 30 cases with
the MIS transforaminal lumbar interbody fusion technique.
In the only prospective, randomized clinical trial comparing open and MIS posterior cervical foraminotomy techniques,
Kim et al.62 performed an open procedure in 19 patients and
a tubular retractor–assisted MIS technique in 22 patients. he
length of incision, duration of hospital stay, and amount of
postoperative narcotic use all favored the MIS group. However,
there were no signiicant diferences found in radicular pain
at any time point. At 2-year follow-up, clinical success was
achieved in 16 of 19 (84.2) of the open cohort and 19 of 22
(86.4%) of the MIS cohort.
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A recent systematic review by Clark et al.63 compared open
and MIS foraminotomy results. he authors were able to
identify 19 studies that met inclusion criteria. Summative
results indicated that patients undergoing MIS foraminotomy
had lower blood loss, a shorter operative time, less analgesic
utilization, and a shorter hospital stay. McAnany et al.64 in a
meta-analysis comparing the open and MIS techniques found
an overall clinical success rate as deined by Odom or Prolo
criteria of 92.7% in the open group and 94.9% in the MIS
group, which did not achieve statistical signiicance.
he anterior approach to the cervical spine, as pioneered
by Smith and Robinson18 and Cloward,17 has largely remained
the gold standard for the treatment of cervical radiculopathy.
However, the posterior cervical foraminotomy has been shown
over the last 4 decades to be a highly eicacious procedure
with excellent clinical outcomes. Advantages of the posterior
approach when compared to the anterior approach include
improved access to posterolateral disc herniations, decreased
risk of iatrogenic kyphosis, no risk for grat subsidence, and
no risk for pseudarthrosis.52,65 Furthermore, the risk of
adjacent-segment disease remains a clinical concern following
an ACDF.66 Ater an ACDF, biomechanics studies have demonstrated that an arthrodesis afects the mechanical properties
of the adjacent discs, resulting in hypermobility and increased
internal stress responses.42,67,68 A purported advantage of
posterior cervical laminoforaminotomy is the motion preservation that can potentially prevent ASD. However, in a recent
study by Skovrlj et al.,69 the authors found a rate of ASD of
0.9% per year, which is similar to recent rates found in the
literature following ACDF. Similarly, Lubelski et al.70 found no
diference in the reoperation rates between ACDF and posterior cervical foraminotomy at 2 years. A recent cost analysis
comparing ACDF and posterior cervical foraminotomy found
that ACDF is 89% more expensive and in the context of
equivalent outcomes may not be the ideal surgical strategy.71

Summary
Cervical radiculopathy remains one of the most common
complaints treated by spine surgeons. While most patients
can be efectively managed with conservative care, surgical
treatment of cervical radiculopathy is associated with good
clinical outcomes and resolution of symptoms. he pathology associated with cervical radiculopathy can be efectively
managed with either an anterior- or posterior-based approach.
From an anterior-based approach, ACDF and CDA have been
shown to have equivalent outcomes. Posteriorly, foraminalbased compression of the nerve can be treated with an open
or MIS laminoforaminotomy. here are no diferences in clinical outcomes when choosing between open and MIS-based
approaches.

PEARLS
1. Flexion-extension radiographs should be obtained prior to
considering a posterior-based laminoforaminotomy, as this
procedure can worsen any preexisting segmental instability.

2. Oblique cervical radiographs and/or MRI can be utilized to more
accurately assess foraminal-based pathology and can be used to
correlate with clinical symptomatology.
3. During anterior-based procedures, taping of the shoulders can
often facilitate radiographic visualization of lower cervical levels.
4. Palpation of bony landmarks, including the thyroid cartilage
(C4–C5), cricoid cartilage (C6), and the carotid tubercle (C6), can
be useful when planning the incision for anterior-based
procedures.
5. When preparing the endplates during cervical disc arthroplasty,
it is important to remove all of the disc material or the implant
may shift position.
6. The lateral luoroscopic radiograph is critical when implanting a
cervical disc arthroplasty, as splaying of the facet joints may
indicate that the implant is too large and a gap between the
implant and the endplate indicates that the implant is undersized.
7. In a revision anterior procedure, the surgeon should consider an
otolaryngology evaluation to assess the status of the vocal cords
and function of the recurrent laryngeal nerve.
PITFALLS
1. Cervical disc arthroplasty should not be considered in those
patients with signiicant facet joint degeneration or severe
cervical spondylosis.
2. When localizing with the Steinmann pin in MIS foraminotomies,
it is important to accurately place the pin, as medial placement
can damage the spinal cord in the interlaminar space and lateral
placement can damage the exiting nerve root.
3. Violation of the endplates during cervical disc arthroplasty can
result in implant subsidence and the need for a revision
procedure.
4. When performing a posterior cervical foraminotomy, care
should be taken to avoid removal of greater than 50% of the
facet joint, as this may result in segmental instability.
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Introduction
Cervical myelopathy is a condition of chronic progressive
atraumatic spinal cord compression that, over time, may cause
a decline in physical function and quality of life. Cervical
spondylotic myelopathy (CSM) is the most common form of
spinal cord dysfunction in the world and is more common in
men than women.1 In a separate disease process, Asian individuals are at increased risk of cervical myelopathy due to the
increased prevalence of ossiication of the posterior longitudinal ligament (OPLL) in this population.1,2 he natural history
of CSM results in progressive neurologic deterioration that is
frequently recalcitrant to nonoperative measures. Surgical
management, on the other hand, can oten successfully halt,
and potentially reverse, patients’ neurologic decline. hus,
operative management is the standard of care for patients with
moderate to severe myelopathy. he choice of which operative
procedure to perform is a complex issue that must be determined based on the patient’s individual symptoms, radiographic indings, and risk proile.

Pathophysiology
Cervical myelopathy is a syndrome of clinical indings caused
by spinal cord compression secondary to narrowing of the
spinal canal, which can be attributed to developmental stenosis, degenerative spondylosis, and/or OPLL. Furthermore,
congenitally stenotic cervical spines with a canal diameter
of less than 13 mm are associated with increased risk of
pathologic changes in cervical intervertebral discs, which may
further accelerate the development of cervical myelopathy.3
Degenerative changes of intervertebral discs are commonly
the irst changes seen in the development of cervical stenosis.
Subsequent alterations in cervical spine biomechanics result in
hypertrophy of the ligamentum lavum and facet joint laxity.4
With aging, osteophyte formation, vertebral subluxation,
facet osteoarthritis, and uncovertebral joint thickening may

also occur and further contribute to cervical cord compression.5 Although degenerative changes in the cervical spine
are commonly seen with advanced age, the association with
myelopathic symptoms is unclear. One study found that
among 200 asymptomatic individuals aged 60 to 65 years,
radiographic signs of degeneration were found in 95% of
men and 70% of women.6 he clinical signs and symptoms
of myelopathy have multiple hypothesized etiologies aside
from the direct compression of nervous tissue, including (1)
vascular disruption, (2) blood–spinal cord barrier disruption,
(3) neuroinlammation, and (4) hypoxia-induced apoptosis of
neurons and oligodendrocytes.4

Natural History
Early literature by Lees and Turner depicted myelopathy
as a disease largely characterized by long periods of stable
disability punctuated by intermittent exacerbations.7 Nurick’s
retrospective review of the disease’s natural history also
identiied prolonged static periods throughout conservative
management of the disease process.8 It has been hypothesized
that these exacerbations may be triggered by minor traumas.
While this has been supported by the literature in the setting
of patients with OPLL,9 a recent systematic review found
insuicient evidence to support or refute this claim in patients
with either asymptomatic spondylotic cord compression or
myelopathy in the absence of OPLL.10
Symptomatic patients are commonly recommended for
surgical management of cervical myelopathy because of
the risk of progression; however, nonoperative care may
be reasonable in those with mild manifestations. In a systematic review of the literature performed by Rhee et al. in
2013, a strong recommendation was made against routinely
prescribing nonoperative treatment as the primary modality
for patients with moderate to severe myelopathy given the
naturally progressive history of this disease.10 he same review
cautioned that frequent monitoring should be performed
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TABLE 42.1

Ranawat Classiication

TABLE 42.2 Japanese Orthopaedic Association Myelopathy
Scoring System

Class

Exam Findings

I

Pain, no neurologic deicits

Neurologic Status

II

Subjective weakness, hyperrelexia, dysesthesias

Lower Limb Motor Dysfunction

IIIA

Objective weakness, long tract signs, ambulatory

IIIB

Objective weakness, long tract signs, nonambulatory

Unable to walk
Able to walk on lat loor with walking aid
Able to walk up and down stairs with handrail
Lack of stability and smooth reciprocation of gait
No dysfunction

Score

0
1
2
3
4

Lower Limb Sensory Deicit

to identify subtle neurologic deterioration in patients who
are treated nonoperatively with mild myelopathy. Patients
undergoing conservative management should be counseled
on the prevalence of disease progression and the importance
of the longitudinal follow-up for subtle progression of
CSM symptomatology. Neurologic decline in conservatively
managed patients with CSM occurs in 20% to 62% of patients
at 3- to 6-year follow-up.4,11–13 Likewise, with 6.5 years of
follow-up, one retrospective comparative study identiied a
failure of nonoperative treatment with conversion to operative
management rate of 37%.12

Severe sensory loss or pain
Mild sensory deicit
No deicit

0
1
2

Trunk Sensory Deicit
Severe sensory loss or pain
Mild sensory deicit
No deicit

0
1
2

Sphincter Dysfunction
Unable to void
Marked diiculty in micturition
Minor diiculty in micturition
No dysfunction

0
1
2
3

Classiication
A major limitation of current research is the dearth of an ideal
classiication/grading system for cervical myelopathy. Historically, the Nurick classiication system classiied patients with
cervical spondylotic myelopathy on the basis of symptoms and
lower extremity functional status.14 Criticisms of this classiication system include the lack of assessment of upper extremity dysfunction and diiculty with use in elderly. he Ranawat
classiication improves upon the Nurick scale by emphasizing
both subjective complaints and objective indings,15 but it is
limited by having only three classiication groups (Table 42.1).
he Japanese Orthopaedic Association (JOA) scoring system
measures function as a continuous variable, allowing it to
identify and classify subtle deterioration and/or improvement
(Table 42.2). he JOA assessment tool contains a 24-item selfadministered questionnaire that was devised based on statistical analysis of an initial, much larger survey.16 he inal score
system has six subscores based on the patient’s following
functions: upper extremity motor, lower extremity motor,
upper extremity sensory, truncal sensory, lower extremity
sensory, and bladder. Test-retest reliability has been shown to
be acceptable when comparing patients’ responses at 4 weeks
apart with no changes in symptoms.17

History and Physical Examination
Patients with cervical spondylotic myelopathy have been
shown to have severely impaired quality of life in comparison
to the general population, as measured by the Medical Outcomes Study Short Form Health Survey (SF-36).18 Speciically,
the most notable declines in health-related quality of life were
noted in the role-physical, role-emotional, and social function
subscales of the SF-36 survey.

Cervical myelopathy can display a variety of upper and
lower extremity symptoms and signs due to the location of
neurologic compression. It is important to obtain an in-depth
history in order to identify the patient’s overall level of disability as well as that likely attributable to CSM. Patients with
cervical myelopathy may complain of loss of upper extremity
dexterity, gait imbalance, and/or nonspeciic weakness. Bowel
and bladder symptoms are less commonly the primary complaint.19 An understanding of the duration of symptoms,
severity of disability, and course of disease progression aids
clinical decision making. Clinical presentations oten include
a combination of radicular (lower motor neuron) and long
tract (upper motor neuron) signs. Most commonly, lower
motor neuron signs, such as radicular pain and weakness, will
be present at the presumed clinically signiicant level of cervical stenosis with upper motor neuron signs, such as hyperrelexia and spastic gait, at the levels discussed later.19
Certain upper motor neuron relexes can frequently be
elicited in myelopathic patients. To elicit a Hofman relex, the
examiner licks the terminal phalanx of the middle or ring
inger. A positive test is signiied by the relexive lexion of the
terminal phalanx of the thumb and index inger. To elicit an
inverted brachioradialis test, the examiner strikes the brachioradialis tendon with a relex hammer. A positive test is present
when there exists a diminished brachioradialis relex alongside
a relexive contraction of the inger lexors. In the lower
extremity, a Babinski sign may indicate upper motor neuron
compression, resulting in damage to the corticospinal tract.
To perform this test, a blunt, pointed instrument is stroked in
a curved trajectory along the lateral aspect of the sole of the
foot from the heel toward the toes. A positive test result is
indicated by an extension of the hallux.

Chapter 42 Management of Cervical Myelopathy: Surgical Treatment

Imaging
Preoperative imaging is essential for conirming the presence
of cervical stenosis and preoperative planning. Every patient
undergoing a workup for CSM should have upright cervical
spine radiographs, including lexion/extension views. he
clinician should note degeneration of uncovertebral and facet
joints, subluxation, the presence of osteophytes, narrowing of
disc spaces, or decreased sagittal diameter of the spinal canal.
On the lateral radiographs, the Pavlov ratio, which is the
ratio of the canal diameter (measured from the posterior
aspect of the vertebral body to the corresponding spinolaminar line) to the vertebral body width (measured anterior to
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Although each patient is diferent, cervical spondylotic
myelopathy oten involves compression of the lateral corticospinal tracts, which are responsible for voluntary skeletal
muscle control, and the spinocerebellar tracts (anterior and
posterior), which convey proprioceptive information to the
cerebellum.20 Together, these deicits are responsible for the
wide-based spastic gait with clumsy upper extremity function
that is classic to cervical myelopathy. Additional commonly
involved spinal cord regions are the spinothalamic tracts,
which are responsible for contralateral pain and temperature
sensation, the posterior columns, which are responsible for
ipsilateral position and vibration sense, and the dorsal nerve
root, which is responsible for dermatomal sensation.19
Concomitant spinal pathologies may further complicate
the clinical picture and surgical planning. Patients with OPLL,
ankylosing spondylitis, and difuse idiopathic skeletal hyperostosis require special consideration when formulating preoperative plans.
Tandem stenosis should be considered as a possible contributing factor to the patient’s reported symptoms. One
cadaveric study identiied the presence of stenosis in one
region of the spine (cervical or lumbar) as positively predicting stenosis of the other 15.3% to 32.4% of the time.21 his
may be partly explained by the positive association between
congenital stenosis of the lumbar and cervical spines.22 Clinically speaking, a patient’s presentation may be an amalgam of
signs from each disease process, and disability from lumbar
stenosis should be considered. If the surgeon deems the
lumbar stenosis to be clinically relevant, surgical planning for
these patients may include consideration of single-stage versus
two-stage decompression. One retrospective cohort study did
not identify a signiicant diference between single- and twostage decompression with respect to JOA or Oswestry Disability Index scores.23
A comprehensive understanding of all prior treatments
received, including surgical procedures, assists with further
treatment recommendations and preoperative planning. An
account of the patient’s comorbidities should be taken into
consideration to determine the patient’s suitability for surgical
procedures. Given the progressive natural history of the
disease process, timely medical optimization of comorbidities,
when possible, is preferred in patients at increased perioperative risk.
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FIG. 42.1 T2-weighted midsagittal magnetic resonance imaging (MRI) slice
from a 26-year-old woman with congenital stenosis of the cervical spine.
Although Pavlov’s ratio is traditionally measured on a lateral radiograph, this
MRI slice demonstrates a ratio of 0.53 and highlights the limited space
available for the spinal cord.

posterior), should be determined. If the ratio is less than 0.8,
congenital narrowing of the spinal canal is present, which
greatly increases the patient’s risk of symptomatic stenosis and
cord compression.24 he Pavlov ratio has been found to have
excellent correlation to narrowing identiied on computed
tomography (CT) and magnetic resonance imaging (MRI; Fig.
42.1).25 Based on a lateral radiograph, a canal diameter of
12 mm or less will oten indicate cord compression, whether
or not the patient is symptomatic, because the spinal cord
diameter is approximately 10 mm in the midcervical spine
and sot tissues are not accounted for on plain ilms. he
surgeon should also note the presence of any radiographic
evidence of OPLL, although CT is the most diagnostically
accurate method of identifying this abnormality, especially if
it is segmental or localized.26 CT provides additional information regarding the extent of OPLL and/or osteophytes. CT
myelography, although invasive, may be useful in patients who
cannot have an MRI or have a substantial artifact secondary
to local hardware.
Sagittal plane alignment should also be assessed on the
upright lateral radiographs. Sagittal plane malalignment
can contribute to neurologic decline by increasing tension,
increasing pressure, and lattening/deforming the spinal
cord.27 Additionally, small feeder blood vessels to the cord can
be compromised as deformity ensues, further compromising
the patient’s neurologic status.28 With progressive kyphosis,
the cord is increasingly tensioned and draped across the anterior vertebral body osteophytes and/or disc herniations, which
may necessitate anterior decompression. Flexion-extension
views are used to identify the presence of any angular or
translational instability that may be present. Hypermobility, or “compensatory subluxation,” of segments one or two
levels away from stif segments is not uncommon, and may
contribute to cord compression. he sagittal plane alignment
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is signiicant in preoperative planning because the neurologic
compression from cervical stenosis with kyphosis may not be
completely addressed with posterior spinal procedures.
MRI is a crucial imaging modality in the setting of neurologic deicits. It is an essential part of the preoperative workup
for a patient whose presentation is concerning for CSM. he
MRI is integral to conirming the diagnosis and providing
prognostic information with regard to surgical intervention. A
systematic review by Tetreault et al. in 2013 identiied 3 important negative predictors of neurologic recovery ater surgery.29
First, high signal intensity (SI) changes on T2-weighted
images (T2WI) in combination with low SI changes on
T1-weighted images (T1WI) correlated with a poorer JOA
recovery rate30,31 and poorer motor symptom (e.g., weakness,
spasticity, wasting, and so on) recovery.32 Second, a high ratio
of T2 SI between compressed and noncompressed (C7–T1)
segments also was repeatedly associated with a poorer JOA
recovery rate.33,34 hird, greater numbers of high SI segments
on T2WI had a negative association with JOA recovery35 and
Neurosurgical Cervical Spine Scale (NCSS) recovery.36 hese
indings should not deter surgical intervention when it is
indicated; they should simply be used to guide expectations
during preoperative discussions with the patient.

Goals of Management
he overlying goals of management for cervical myelopathy
are cord decompression, stabilization, preservation and
improvement of cord vascularity, and restoration of normal
sagittal alignment. As discussed previously, nonoperative
management for patients with signiicant and/or progressive
symptoms should not be routinely recommended.10 Law et al.
identiied several poor prognostic factors for conservative
treatment and put them forward as absolute surgical indications. hey recommended surgery for the following: progression of signs or symptoms, duration of symptoms greater than
6 months, compression ratio (cord sagittal diameter/transverse
diameter) 0.4 or less, or transverse area of the cord less than
40 mm2.37 More recently, a consensus statement recommended
surgical intervention once a diagnosis of CSM was made.38
Regardless, timeliness of intervention is critical as patients
with milder myelopathy and those with symptom duration
less than 6 months have improved outcomes ater surgery.39
Contraindications for surgical management of CSM are
based on the patient’s inability to tolerate the physiologic
stresses of surgery. As always, patient-speciic risk factors
should be identiied preoperatively and discussed openly with
the patient. Increased surgical mortality has been associated
with patients who have heart failure (odds ratio [OR], 4.59;
95% conidence interval [CI], 3.62–5.82), pulmonary circulatory disorders (OR, 11.29; 95% CI, 8.24–15.47), and pathologic
weight loss (OR, 5.43; 95% CI, 4.07–7.26) preoperatively.40
Tetreault, Karpova, and Fehlings reviewed the literature and,
by metaanalysis, identiied age as the most powerful predictor
of perioperative morbidity and worse neurologic recovery.41
Similarly, a recent clinical prediction model that was internally
and externally validated (on diferent subject populations)

identiied the following as the most signiicant predictors of
surgical outcome: preoperative severity of myelopathy, age,
smoking status, and presence of impaired gait.42 While most
of these are nonmodiiable risk factors, smoking cessation
should be encouraged for all patients.

Surgical Approach Considerations
Many factors must be considered when determining the
procedure needed to adequately achieve the aforementioned
goals of management. he sagittal alignment, source of compression, number of segments involved, presence of axial neck
pain, shape of pathoanatomy, and/or history of prior surgeries
must all be taken into account when planning. he irst decision point is whether an anterior, posterior, or combined
approach is necessary to manage the patient’s pathology. Each
approach has its own merits and unique risks.
Posterior approaches should be considered for surgical
management of multilevel (more than three) cervical stenosis,
OPLL, congenital stenosis, and posterior compression. he
posterior approaches provide direct and/or indirect decompression of the spinal cord. Direct decompression may occur
in cases of compressive posterior element pathology (e.g.,
ossiication of the yellow ligament or infolding of ligamentum
lavum). Indirect decompression, more frequently the goal of
posterior procedures, allows the spinal cord and thecal sac to
drit posteriorly away from anterior sources of compression,
but is most successful in the absence of kyphosis. Kyphotic
alignment is oten regarded to be an absolute contraindication
to posterior approaches in isolation.43 he two primary procedures performed with a posterior approach are (1) laminectomy with or without posterior spinal fusion and (2)
laminoplasty. Both are useful when treating a patient with
more than three levels of pathology because, in this situation,
the posterior techniques have less additive morbidity.44–47
Laminectomy without fusion places the spine at risk
for postlaminectomy kyphosis with delayed neurologic
deterioration.48–55 he incidence of postlaminectomy kyphosis
ranges from 6% to 47% in adults and nearly 100% in children.56
While most patients have neurologic recovery in the short
term regardless of their sagittal alignment, delayed neurologic
deterioration has been documented in 10% to 39% of patients
who have cervical laminectomy without fusion.56 he review
of the literature by McAllister et al.56 identiied two predictors of success for laminectomy without fusion: preoperative
lordosis greater than 10 degrees and absence of instability
on lexion-extension views. hese authors still reserved isolated laminectomies only for elderly patients with multiple
comorbidities who had these predictors for success because
posterior spinal instrumentation and arthrodesis by means
of lateral mass ixation is a relatively safe, expedient, and
successful procedure. Postlaminectomy kyphosis has multiple
hypothesized etiologies. Some believe that it is due to disruption of the posterior tension band with load redistribution;
others attribute it to iatrogenic destabilization from aggressive
facet resection. Regardless, arthrodesis is indicated in the vast
majority of patients. An additional beneit of arthrodesis, in
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axial neck pain with spondylotic changes of the intervertebral
discs, anterior fusion procedures are preferred over posterior
approaches. While stand-alone anterior procedures are successful when treating one or two levels of appropriate pathology, controversy exists over whether a three-level procedure
is best handled anteriorly or posteriorly.37,61 As the number of
surgically treated levels increases to greater than three, anterior
procedures commonly need to be supplemented with posterior
procedures to provide the necessary stability for fusion.

Anterior Approach to the Cervical Spine
Both ACDF and ACCF procedures can be performed with the
anterior approach to the cervical spine, the Smith-Robinson
approach, which provides access from C2 to T1, spanning the
majority of cervical spondylotic pathology. he course of the
vertebral arteries should be reviewed on all available imaging
preoperatively to note any aberrancies. Prior to the induction
of general anesthesia and intubation, the degree of neck extension that the patient can tolerate is important to determine;
iber-optic intubation may be necessary.62
he patient is positioned supine with neutral head rotation.
he use of a foam donut to prevent pressure sores of the
occiput is encouraged. A bump at the level of the shoulders
allows for additional extension of the cervical spine, improving
access to the anterior elements. For low cervical pathology, the
shoulders may be taped down to allow for easier radiographs.
he incision can be made transversely when treating one
or two levels of pathology in order to provide a more cosmetic
scar. Alternatively, a longitudinal incision provides access to
three or more levels at the expense of scar cosmesis. Surface
landmarks help guide the level of the incision: C2 at the level
of the angle of the mandible, C3 at the level of the hyoid,
C4–C5 at the level of the thyroid cartilage, and C6 at the level
of both the carotid tubercle and the cricoid cartilage (Fig.
42.2). Preoperative and intraoperative radiographs should also
be used to determine the level of the incision.
Mandible
Hyoid
bone

Thyroid
cartilage
First
cricoid ring

Anterior Procedures for the Cervical Spine
Anterior procedures can address spinal cord compression
secondary to uncovertebral osteophytes, spondylotic bars, and
disc osteophyte complexes. Anterior procedures also have the
beneit of being able to restore sagittal malalignment much
more than posterior techniques. In the setting of signiicant

C C C C C C C
1 2 3 4 5 6 7

Carotid tub

FIG. 42.2 Palpable landmarks and their relationship to the cervical spine.
(From Hoppenfeld S. Physical Examination of the Spine and Extremities.
Norwalk, CT: Appleton & Lange; 1976:110.)

S E C T I O N

addition to the avoidance of instability and sagittal malalignment, is the possibility of alleviating pain generators responsible for axial neck pain.
Laminoplasty evolved as a technique to minimize stripping
of the posterior elements, maintain the posterior tension band,
and maintain the patient’s range of cervical motion. While
many variants of the technique have been described, they all
aim to expand the spinal canal by opening the posterior arch
without removing it. Laminoplasty should not be performed
in the setting of instability because a fusion procedure is
required to avoid iatrogenic sagittal malalignment. he decision to perform a laminoplasty or a laminectomy with fusion
is a complex issue that depends upon the presence of axial
neck pain, surgeon preference, and desire to maintain cervical
motion.
Anterior approaches allow for direct decompression
of anterior compressive structures. In the presence of kyphosis, anterior approaches are preferred. Cord compression at
only the level of the discs (retrodiscal) can be successfully
managed with an anterior cervical discectomy and fusion
(ACDF). If the pathology extends above or below the disc
space (retrovertebral), anterior cervical corpectomy and
fusion (ACCF) should be considered because the surgeon
cannot safely address this pathology through the exposure
aforded by discectomy alone. Extensive, multilevel anterior
pathology can be seen with OPLL as well as spondylosis. Due
to the limitations of exposure and technical challenges with
multilevel ixation and fusion, a combined approach is recommended when addressing pathology at greater than three
levels requiring anterior decompression.
One review of prospectively collected data identiied a
higher postoperative wound infection rate in patients undergoing a posterior approach but no diference in overall complication rates, C5 palsies, or dysphagia.57 Luo et al.58 conducted
a systematic review and meta-analysis of the literature pertaining to multilevel CSM management, identifying anterior
approaches as having signiicantly better postoperative JOA
scores. Recovery rates, however, were no diferent between
anterior and posterior approaches. he anterior approach had
higher blood loss, operation times, and complication rates but
a shorter length of stay than posterior approaches. However,
given the heterogeneity of patients and disease processes
included in the metaanalysis, these generalizations may not be
completely accurate relections of approach-related morbidity,
especially since the analysis did not control for number of
levels, extent of disease, and procedures performed. Without
a clear consensus of superiority, most reviews of the literature
conclude that, given equivalent efectiveness of anterior and
posterior approaches, an individualized approach based on
the patient’s speciic pathology should be taken.37,59,60
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FIG. 42.3 Plane of surgical dissection during the anterior approach to the cervical spine. The carotid sheath is
lateral to the plane of dissection, and the esophagus is medial to it. (From Silber JS, Albert TS. Anterior and
anterolateral, mid and lower cervical spine approaches: transverse and longitudinal [C3 to C7]. In Herkowitz HN,
editor. The Cervical Spine Surgery Atlas, ed 2. Philadelphia: Lippincott Williams & Wilkins; 2004:91.)

Ater the incision is made with a scalpel, electrocautery can
be used to dissect down through the subcutaneous fat to the
level of the platysma, which is subsequently divided in line
with the incision using electrocautery. Care must be taken
during this stage to avoid injury to the external jugular vein
or other supericial veins that may be crossing the operative
ield; ligation may be necessary if the veins cannot be adequately mobilized.62
With the platysma retracted, the anterior border of the
sternocleidomastoid is identiiable. he dissection is continued through the deep cervical (investing) fascia just medial to
the sternocleidomastoid (SCM). he SCM can subsequently
be retracted laterally; the carotid pulse is then palpated. he
pretracheal fascia that is contiguous with the carotid sheath
can be split in a plane between the sheath (lateral) and the
medial structures that it envelops (trachea, esophagus, and
strap muscles).
Dissection is then continued medially bluntly with the surgeon’s inger behind the esophagus, which is retracted to the
contralateral side of the approach (Fig. 42.3). he prevertebral
fascia and longus colli overlying the vertebral bodies are split
in the midline and lited subperiosteally out laterally to the
level of the uncinate processes. Failure to lit this muscle subperiosteally or extending the deep dissection too far laterally
will endanger the vertebral artery and the sympathetic chain,
which overlies the longus colli.
Ater elevating the longus colli from the anterior portion
of the vertebral body, a spinal needle is used to conirm the
correct level of the procedure. Wide, smooth-edged retractors
are preferred in the coronal plane to avoid damage to the
adjacent structures. Sharp retractors can cause inadvertent
injury to the esophagus medially or carotid sheath laterally.

Narrow retractors can inadvertently damage the vertebral
artery by slipping between the transverse processes.63

Complications and Risks of the Anterior Approach
to the Cervical Spine
Certain risks are associated with the Smith-Robinson
approach, regardless of the spinal procedure performed.
Esophageal perforation is a devastating complication that may
occur secondary to improper retractor placement or inadvertent injury with a sharp instrument or the burr. he incidence
is estimated as 0.2% to 0.4%.64,65 A general or thoracic surgery
consultation should be made intraoperatively if there is any
concern for potential esophageal perforation.
Vertebral artery injury is a rare, but signiicant, potential
complication of anterior cervical spine surgery. Failure to
identify aberrancy in the vertebral artery course preoperatively
can increase the risk of inadvertent injury. Excessively wide
corpectomies can increase the risk of vertebral artery injury,
as can of-center or oblique corpectomies. A retrospective
review of 1976 cases reported an incidence of iatrogenic vertebral artery injury as 0.3%.66 In the setting of vertebral artery
injury, temporary hemostasis can be achieved via tamponade,
and a vascular surgery consultation should be made. Intraoperative angiography should be performed prior to considering ligation as a deinitive method of attaining hemostasis.
Repairs should be performed if possible.
Dural tears are also a possibility during anterior cervical
spine procedures. One large series identiied an overall CSF
leak rate of 1% with no signiicant diference between anterior
or posterior approaches.67 Patients with OPLL were 13.74
(95% CI, 4.53–41.61) times more likely to have a cerebrospinal
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factors of developing postoperative dysphonia include more
extensive dissection, aggressive retraction,84 longer cuf inlation time,85 and elevated endotracheal tube pressures.85
Depending on the level of dissection, various other structures are at risk as well. he superior thyroid vessels typically
cross the operative ield around C3–C4, and the inferior
thyroid vessels usually cross around C6–C7. hese should be
preserved if possible but may require ligation without any
substantial deicit incurred to the patient. he omohyoid is
also crossing the operative ield obliquely at approximately the
level of C6; it may be divided if needed to extend the exposure
in the rostral-caudal direction.
Access to C2–C3 may be limited in the Smith-Robinson
approach by the mandible, thus should be assessed with a
lateral radiograph preoperatively. To further facilitate access
to C2–C3, nasotracheal intubation should be considered so
that the mandible can be fully closed. With the rostral extents
of this approach, there is an increased risk of injury to the
hypoglossal nerve, hypopharynx, and the hypoglossal and
mandibular branches of the facial nerve.86
Access to the cervicothoracic junction is also limited in the
Smith-Robinson approach without the use of special techniques to increase exposure, which include detaching the
SCM from its insertion, sectioning strap muscles, and mobilizing the clavicle and manubrium. his approach is outside
the scope of this current chapter.

Anterior Cervical Discectomy and Fusion
Procedure
Preoperative planning for an ACDF must include considerations of the grat or implant to be used. Historically, an
autologous tricortical iliac crest bone grat has been used for
grating, but our current preferred approach is to use a cage
device to avoid donor site morbidity. Shriver et al. reviewed
the literature and found that fusion occurs in 99.1% of autograt cases compared with 95.2% of allograt cases.87
Ater exposure and conirmation of the appropriate level,
Caspar posts are placed into the vertebral bodies above and
below the disc to be excised, providing distraction at the level
of the disc. hese will assist with visualization of the posterior
aspect of the disc space once the discectomy is underway.
he Caspar pins should be placed in the midline to avoid
screw path issues from the subsequent plating procedure.
Alternatively, an intervertebral spreader can be used once
the discectomy has been initiated. Anterior vertebral body
osteophytes should be removed, which will (1) improve
visualization within the disc space, (2) facilitate placement of
the implant at an appropriate depth, and (3) minimize plate
prominence.
A rectangular annulotomy is performed with a No. 15 scalpel
blade on a long handle. A pituitary rongeur can then be used
to excise the majority of the disc material. A straight curette
can be used to further remove disc material and begin the
resection of the cartilage from the endplates. he lateral extent
of the resection should be made to the level of the uncinate
process. he use of a Kerrison rongeur may facilitate resection
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luid (CSF) leak than patients without OPLL.67 he treating
physician should be prepared to place a lumbar CSF drain in
the presence of a substantial dural tear that cannot be closed
with a watertight primary repair.
Radiculopathies have also been attributed to anterior cervical spine procedures. he incidence is most frequently reported
as 2% to 4%.68–70 Most oten, C5 is the level involved. Previous
studies have found that higher rates of radiculopathy are
present as the number of levels fused increases.70 While the
etiology of this is not entirely elucidated, some theorize that
the more obtuse angle that the C5 nerve root attaches to the
cord and/or increased posterior drit at this level may be
responsible for its increased susceptibility to injury.
he recurrent laryngeal nerve is also at risk of injury with
this approach. Traditionally, it was believed that the surgery
should be approached from the let side preferentially due to
the increased risk of aberrancy of the right recurrent laryngeal
nerve, but recent studies demonstrate no appreciable diference in injury rates.71,72 Our preferred technique is to approach
from the side contralateral from radicular symptoms (if any)
such that a foraminotomy can be performed intraoperatively
with greater ease. If there are no radicular symptoms preoperatively, the approach should be from the side the surgeon
inds most comfortable. In revision surgery, preoperative
evaluation should include direct laryngoscopy prior to
approaching from the contralateral side of previous surgeries.
Any prior injuries to the recurrent laryngeal nerve need to be
identiied before a contralateral approach is attempted to
prevent bilateral recurrent laryngeal nerve injury, a devastating complication that could compromise the patient’s airway.
In the setting of unilateral vocal cord dysfunction, procedures
should be approached from the dysfunctional side.
Dysphagia is also a frequent complication of anterior
approaches to the cervical spine. Most oten, it is transient.
he reported incidence of dysphagia ater an anterior cervical
approach is highly variable, from 3% to 67%.73,74 he reason
for such variability of reported incidences is unclear, but is
likely due to the variation in methods of measurement, surgical technique used, deinition of dysphagia, and reporting
consistency. One series has demonstrated 80% underreporting
of dysphagia by surgeons in comparison to patient surveys.75
Evidence has suggested that increased retraction pressures,76
scar tissue,77 osteophytes,77 vagus nerve dysfunction,77 and sot
tissue swelling73 may all be contributing factors. Although
many series have conlicting data, various risk factors have
also been implicated, including preoperative swallowing dificulties, increased age,47,78 increased duration of pain prior to
intervention,79 gender,47 bone morphogenetic protein use,47
smoking,80 and number of levels.73
Dysphonia, like dysphagia, is a frequent complication of
anterior cervical spine surgery. he reported prevalence ranges
from 1% to 51%.81,82 Similar to dysphagia, one series identiied
greater than 85% underreporting by spine surgeons compared
with patient surveys.75 Dysphonia is one potential manifestation of a recurrent laryngeal nerve palsy. More severe injuries
may present with other symptoms, such as postoperative airway
obstruction, persistent cough, or aspiration. he mechanism
of injury is most oten a stretch-induced neurapraxia.83 Risk
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of disc material at the edges of the uncinate processes. Resection farther laterally can risk injury to the vertebral artery.
Decortication of the endplate can subsequently be continued
with a burr. Care should be taken to not decorticate deeper
than the subchondral bone to reduce the risk of grat/implant
subsidence. Uncovertebral osteophytes must be resected to
fully decompress the foramina. If the posterior aspect of the
anulus is intact, a curette may be used to create a vertical rent
in the anulus to provide subsequent access for a Kerrison
rongeur.
If a foraminotomy is necessary, the PLL should be let intact
until it is completed because it plays a protective role. he
medial posterior uncinate process can be thinned with a burr.
he surgeon should keep in mind the location of the vertebral
arteries as determined from preoperative imaging to avoid
inadvertent arterial injury. he microscope (if used) should be
angled into the wound toward the foramen to be decompressed. Decompression of the contralateral side can subsequently be performed with a Kerrison rongeur and curette.
When probing with a nerve hook to assess the adequacy of the
foraminotomy, one must remember that the nerve exits at an
approximately 45-degree angle ventrolaterally; thus, the nerve
hook should glide along the posterior surface of the uncinate
to avoid inadvertent injury. A blush of blood from the neural
foramen oten signiies an adequate decompression. he PLL
can be excised with a Kerrison rongeur ater the foraminotomy
is completed. Ater the disc material has been resected, the
endplates have been decorticated, and the PLL has been
excised, a nerve hook should be used to identify any further
sources of compression. Attention should be paid to the
cranial and caudal aspects of the disc space to identify posterior osteophytes behind the adjacent vertebra.
Trial sizers should be used next to identify the appropriate
size for the inal grat/implant. Sequential sizers are inserted
until there is a snug it within the disc space. Typically, the
grat/implant should measure 2 to 3 mm greater than what is
measured on a lateral preoperative ilm. Ater the height of the
trial is determined, the depth should also be assessed with a
depth gauge. he appropriately sized grat or implant can be
inserted using a tamp and mallet. he grat should be countersunk approximately 2 mm relative to the anterior cortex of
the adjacent vertebral bodies. Excessive countersinking should
be avoided to prevent spinal canal intrusion. Ater the grat
has been positioned, anterior plating to the adjacent vertebral
bodies is commonly performed. he plate should be the shortest length possible to span the fusion site, and screws should
be angled away from the grat to improve screw length. Minimizing plate contact with the adjacent motion segments is
thought to decrease adjacent-segment ossiication. Final
implant and plate positioning should be conirmed on intraoperative radiographs or luoroscopy.
A layered closure, with or without a drain, is performed.
he drain is pulled on postoperative day 1, barring excessive
drainage. Postoperatively, patients typically do not need
further immobilization if anterior plating is performed, but a
sot collar may be provided for additional comfort. No postoperative rehabilitation is required. Postoperative diet must
account for the higher incidence of dysphagia, and oten

slowly advancing from mechanical sot to general diets is
appropriate. Full activity is oten resumed by 3 months.
Fig. 42.4 depicts a case example of a patient treated with
ACDF for cervical myelopathy. his patient had previously had
a C5–C6 and C6–C7 ACDF. Adjacent-segment degeneration
of C3–C4 and C4–C5 subsequently occurred, resulting in
recurrence of myelopathy. Given the presence of predominantly
anterior pathology and segmental kyphosis, ACDF of C3–C4
and C4–C5 was our preferred treatment. he patient was sent
to an ear, nose, and throat specialist for preoperative evaluation
of vocal cord function for the reasons discussed previously.

Outcomes, Complications, and Other
Considerations
ACDFs have highly reproducible outcomes. Fusion rates have
improved over time, whether it has been due to surgical
technique or advancements in anterior cervical plating. Fusion
rates vary based on the number of levels addressed. Single-,
two-, and three-level ACDFs have fusion rates of 97.1%,
95.9%, and 89.8%, respectively, when anterior plating is used.88
Fusion rates prior to routine use of anterior cervical plating
were substantially lower.89,90 Long-term outcomes demonstrate
maintained improvements in JOA scores and a change in the
disease course of cervical myelopathy.91
Pseudarthrosis rates are lower among patients whose
fusion used autograt bone instead of allograt (0.9% vs.
4.8%, respectively).87 Many of the patients who do develop a
pseudarthrosis ater ACDF remain asymptomatic. An additional risk of arthrodesis from an anterior approach is the
risk of accelerated spondylosis of a vertebral segment adjacent
to the level of the procedure. he incidence of symptomatic
adjacent-segment disease (ASD) is 2.9% per year, with 26%
symptomatic at 10-year postoperative follow-up.92 One retrospective cohort study identiied an overall revision rate ater
single-level ACDF (for all diagnoses) of 15%, with a mean
follow-up of 31 months. ASD and pseudarthrosis were the
most common reasons for revision, accounting for 47.5% and
45.5% of cases, respectively.93
Substantial controversy exists as to whether a hard cervical
collar is needed for two-level or greater level fusion procedures. he literature has not shown any beneit for the use of
a collar for single-level ACDFs. One survey of treating physicians identiied 70% of spine surgeons reporting the use of a
cervical collar (the majority rigid) for two-level ACDF procedures.94 We prefer, however, to not use a cervical collar for
two-level ACDFs given the increased risk of neck disability in
the perioperative period, increased neck stifness, and lack of
proven beneit.95

Anterior Cervical Corpectomy and Fusion
Procedure
ACCFs require more extensive preoperative planning than
ACDFs, including considerations for grat donor site and
obtaining appropriately sized grats. For single-level, and
sometimes two-level, corpectomies, autologous iliac crest
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FIG. 42.4 Patient treated with anterior cervical discectomy and fusion for cervical myelopathy. (A) Preoperative
anteroposterior radiograph. (B) Preoperative lateral radiograph. (C) Preoperative T2-weighted midsagittal
magnetic resonance imaging (MRI) slice. (D) Preoperative T2-weighted axial MRI slice. (E) Postoperative
anteroposterior radiograph. (F) Postoperative lateral radiograph.

grat can be considered, while autograt or allograt ibula is
oten used in larger reconstructions. A cage or spacer is an
alternative to structural allograt/autograt that avoids donorsite morbidity and is easy to use.
Ater exposure and conirmation of the appropriate level,
Caspar posts are placed into the vertebral bodies above and

below the levels to be excised to provide distraction. Discectomies are performed at the levels cranial and caudad to the
planned resection. Osteophytes are removed to improve
visualization of the uncovertebral joints, which are used to
center the resection. he ventral aspects of the vertebral bodies
are debulked with a Leksell rongeur (Fig. 42.5). A 5-mm
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FIG. 42.5 After discectomies are completed, the anterior two-thirds of the
vertebral bodies to be removed can be safely excised with a rongeur. (From
Whitecloud TS. Multilevel cervical vertebrectomy and stabilization using
cortical bone. In: Sherk H, Dunn EJ, Eismont FJ, et al, eds. The Cervical Spine:
An Atlas of Surgical Procedures. Philadelphia: JB Lippincott; 1994:202.)

midline trough is developed to minimize the risk of the burr
causing inadvertent injury. Subsequently, the high-speed burr
is used to resect the vertebral bodies in line with the uncovertebral joints. he width should be approximately 15 to 18 mm
such that a grat can be accommodated. he burr should be
used to debulk a majority of the vertebral body down to a thin
posterior cortex, which can be subsequently excised with
small angled curettes pulling away from the PLL and dura
(Fig. 42.6). he PLL can then be excised with a small Kerrison
rongeur. In the setting of OPLL, this may not be possible
because the PLL may be adherent to the dura; aggressive
attempts at resection can cause dural tear or, rarely, neurologic
injury.96 In cases of OPLL, a small bone island, decompressed
and separated from all four borders but still adherent to the
PLL, can be let behind. Hemostasis can be achieved with bone
wax and thrombin-soaked sponges.
Regardless of whichever grat is selected, the endplates
must be prepared to appropriately dock the grat and provide
a good bed for subsequent fusion. A high-speed burr is used
to remove the cartilage from the endplates, exposing punctate
bleeding subchondral bone, which facilitates fusion. Ater the
endplates are prepared, they are measured with a ruler or
18-gauge wire. he depth of the defect should also be measured before harvesting or selecting the grat/cage to use.
Iliac crest bone grat may be used due to its simplicity of
harvesting, subcutaneous location, and autogenous source
with robust osteogenic, osteoinductive, and osteoconductive
properties. Tricortical grats should be harvested with an
oscillating saw. he anterior surface of the iliac crest grat may

FIG. 42.6 A small angled curette can be used to excise the thinned
posterior cortex of the vertebral body. Force must be directed anteriorly to
avoid inadvertent damage to the dura and spinal cord. (Modiied from
Smith MD. Cervical spondylosis. In: Bridwell KH, DeWald RL, eds. The
Textbook of Spinal Surgery, ed 2. Philadelphia: Lippincott-Raven; 1997:1411.)

be best used to recreate the posterior vertebral body wall.63
Alternatively, ibular grat or cage implants may be used.
Insertion of the grat is performed by increasing cervical
traction to distract the bony defect further (~30 lb). he grat
is placed in the appropriate position by means of a Kocher
clamp and bone tamp, and the traction is subsequently released
(Fig. 42.7). he position of the grat should be conirmed luoroscopically, monitoring for any displacement or subsidence.
he appropriate positioning is for the grat to be centered on
the cephalad and caudad endplate subchondral bone. he
grat’s stability can be tested by using an instrument to gently
pull on it.
Plating may be performed to increase construct stability.
he plate size should adequately span the region of the corpectomy. Fixation is obtained via purchase into the vertebral
body cephalad and caudad to the corpectomy. Ater plate
placement, its position should be conirmed luoroscopically.
Following inal radiographs, hemostasis should be conirmed,
and a layered closure is performed.
Postoperatively, patients may have supplemental immobilization with a semirigid orthosis for 6 to 10 weeks based on
the inal construct’s stability, as determined intraoperatively.
Until fusion is completed, cervical spine twisting/bending and
overhead liting should be avoided.63
Fig. 42.8 depicts a case example of a patient who underwent
a corpectomy for cervical myelopathy. he anterior source of
spinal cord compression led to the decision to perform an
anterior decompressive procedure. Given the retrovertebral
(as opposed to retrodiscal) pathology at C5, an ACDF was
not optimal for that level because it would inadequately
decompress the spinal canal. For these reasons, our preferred

Chapter 42 Management of Cervical Myelopathy: Surgical Treatment
C1

C2

C2

S E C T I O N

C1

C3

C3

749

V

C4

C4
C5

C5

FIG. 42.7 The graft is seated into the cranial end of the corpectomy defect. Traction is subsequently applied to
the patient’s head. The distal end of the graft is seated with a tamp. A Kocher clamp is used to prevent graft
displacement during this process. (Modiied from Smith MD. Cervical spondylosis. In: Bridwell KH, DeWald RL,
eds. The Textbook of Spinal Surgery, ed 2. Philadelphia: Lippincott-Raven; 1997:1411.)
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FIG. 42.8 (A) Preoperative T2-weighted
midsagittal magnetic resonance imaging (MRI)
slice demonstrating retrovertebral pathology. (B)
Preoperative T2-weighted axial MRI slice. (C)
Immediately postoperative lateral radiograph.
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management of this condition was a C5 corpectomy with a
C6–C7 ACDF.

Outcomes, Complications, and Other
Considerations
ACCF is an efective procedure in the management of cervical
myelopathy. Mean JOA scores have shown lasting improvement at long-term follow-up.97,98 Successful fusion rates are
92% to 96%.97–99 Improvements in sagittal alignment have also
been long-standing.
In addition to the aforementioned risks associated with the
Smith-Robinson approach to the cervical spine, additional
complications have been described speciically in relation to
the ACCF procedure. An association between postoperative
axial neck pain and lack of restoration of cervical lordosis has
been identiied.98 he ACCF grat is at risk of migration,
subsidence, and frank dislodgement. Grat dislodgement is a
well-described complication that has been estimated to occur
in 4.9% to 29% of multilevel reconstructions.100–104 In the
setting of these complications, neurologic injury and the need
for revision surgery may arise. Attempts to minimize the
incidence of these complications have been made with anterior
plating techniques that gain ixation at the cephalad and
caudad vertebral bodies adjacent to the grat. Unfortunately,
these have been associated with hardware failure and pseudarthrosis rates of up to 40%, which are partially attributed to
the plate inadvertently distracting across the intended fusion
site.103 Buttress plates have also been used to counteract grat
displacement, but success was also limited, and complications
were occasionally devastating.103 To provide additional stabilization and minimize the risk of grat dislodgement, posterior
stabilization should be considered in addition to ACCF for
larger reconstructions.
Successful fusion of multilevel cervical corpectomies
requires an understanding of optimal cervical plate and screw
placement, as the anterior cervical plates used for multilevel
cervical corpectomies are vulnerable biomechanically. Singh
and colleagues105 reviewed multilevel cervical corpectomies
(two or more levels), noting signiicant increases of approximately 30% greater motion in lexion-extension, lateral
bending, and axial rotation for stand-alone anterior ixation
compared with anterior ixation augmented with posterior
lateral mass ixation and stand-alone posterior lateral mass
ixation. Brodke and colleagues106,107 showed that dynamic
plates, including translational and variable angle screw
constructs, retain their load sharing capabilities in a grat
subsidence model, whereas statically locked plates lose nearly
70% of load sharing capacity. Furthermore, cervical plating
techniques for corpectomies requires understanding of screw
biomechanics. Locking screws exhibit greater rigidity than
nonlocking screws for both initial and cyclic loading, and the
length of screws positively correlates to pullout strength.108
Finite element analysis of screw trajectory suggests that higher
stresses are imparted onto the grat with divergence from the
endplates, yet rotational stability is not afected by the trajectory of the screw. With increased screw angulation away from
the endplate, the construct becomes more load sharing.109

However, screws placed perpendicular to the vertebral endplate have higher pullout strength than angled screws, despite
longer screw length with divergent trajectories.110
Due to the signiicant risk of pseudarthrosis and grat
complications, interest in developing stable ixation for cervical corpectomies has produced a variety of instrumentation
options. Anterior cervical plating provides buttress support
for cervical corpectomies to stabilize the grat as well as
prevent displacement and excessive settling. Risks for pseudarthrosis and grat complications increase exponentially with
increasing length of corpectomy procedures, ranging from 7%
for one-level corpectomies to upward of 75% for multilevel
corpectomies.111–113 Avoiding postoperative hyperlordosis can
reduce the risk for construct failure, since extension can excessively load the grat.113,114 Furthermore, use of ACDF to reduce
length of cervical corpectomy can decrease failure rates.113
Multiple authors have found that hybrid techniques using
ACDF at appropriate levels in order to shorten the required
length of the cervical corpectomy procedure can reduce construct failure rates (grat dislodgement and construct revision)
seen with long cervical corpectomy procedures.115,116 Various
modiications for anterior cervical plating have been designed
to improve fusion rate and minimize complications. Dynamic
plating with variable angle screws in nonslotted plate designs
may allow a degree of toggling to provide translation with
grat subsidence while avoiding uncontrolled grat settling.117
Similarly, translational plating allows for telescoping of the
plate to provide continued ixation and improved grat loading
with grat subsidence when compared with conventional
locked plating.118 However, excessive settling with these
dynamic plating options can lead to implant failure, kyphosis,
and construct failure.
Despite our understanding of optimal cervical plate and
screw biomechanics, the data on clinical outcomes for ACCF
plating techniques are sparse. Early experience with hybrid
plating (use of variable angled screws at inferior margin of
plate) has produced successful fusion and clinical results for
one-level anterior cervical corpectomies.119 Additionally, data
on translational plating for corpectomies are largely limited to
ACDF studies. Despite conceptual improvements over existing
technology, similar rates of fusion have been reported with
use of static, dynamic, and translational plating for two-level
ACDF.120–122 While dynamic plate designs with variable screw
angle and translational designs to maintain load sharing with
grat subsidence still may be conceptually useful in ACCF
clinical scenarios, there are limited clinical data to support this.

Anterior Cervical Discectomy and Fusion Versus
Anterior Cervical Corpectomy and Fusion
ACDF and ACCF are both successful techniques in the management of anterior compression sources in cervical myelopathy, especially in the setting of kyphosis when posterior
approaches should not be done in isolation. A recent metaanalysis compared the two procedures. Operative times,
fusion rates, postoperative JOA scores, JOA recovery rates,
and visual analog scale pain scores were not signiicantly different between the two techniques. Blood loss was greater and
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Posterior Procedures for the Cervical Spine
Posterior approaches to the cervical spine have the beneit of
familiarity of the surgical approach. Additionally, the easily
expansile nature of the approach allows for straightforward
management of multilevel spinal pathology, including OPLL
and congenital cervical stenosis. Irreducible kyphosis is a
contraindication to posterior procedures done in isolation
because their success is contingent on posterior drit of the
spinal cord (Fig. 42.9).

Posterior Approach to the Cervical Spine
As with the anterior approach, an assessment of the patient’s
asymptomatic cervical range of motion (ROM) should be
assessed preoperatively to determine whether a iber-optic

A

B

intubation is necessary. Awake intubation may be considered
for severely myelopathic patients.126
he patient is placed prone with slight neck lexion to open
the posterior elements and facilitate access. Mayield clamps
or Gardner-Wells tongs may be used for additional stabilization of the cervical spine. Bony prominences and peripheral
nerves must be padded to prevent pressure ulcerations and
neurapraxias, respectively. he abdomen should be allowed to
hang freely, and a slight reverse Trendelenburg position should
be used, which both reduce epidural venous congestion as well
as intraoperative bleeding. he patient’s shoulders should be
pulled and taped caudad to allow for easier radiographic
assessment intraoperatively. Before prepping and draping,
radiographs should be taken, and the appropriate level of
surgery should be identiied with a radiopaque marker to help
guide the position of the incision.126
A midline posterior incision is made centered around the
level(s) of interest. Sharp dissection is performed down
through the midline. he dissection should attempt to remain
within the relatively avascular region of the median raphe of
the ligamentum nuchae because it will minimize blood loss
that would otherwise obscure visualization. Once the spinous
processes are reached, the interspinous musculature is elevated
of of the laminae bilaterally in a subperiosteal fashion. A
Cobb elevator is helpful for both the dissection and retraction.
As the dissection continues laterally, care must be taken not
to disturb the facet joint capsules unless arthrodesis is
planned.126 he interspinous ligaments at the cephalad and
caudad ends of the planned construct should be spared.
Additionally, the C2 and C7 spinous processes should be let
intact because they serve as an attachment site of the nuchal

C

D

FIG. 42.9 Efect of cervical sagittal alignment on the success of posterior cervical decompressive procedures.
(A) Multilevel cord compression in the setting of lordotic cervical alignment. (B) Dorsal drift of the spinal cord
away from impinging structures after multilevel laminoplasty. (C) Multilevel cord compression in the setting of
kyphotic cervical alignment. (D) Persistent spinal cord impingement after laminoplasty.
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complications were more frequent in ACCF compared with
ACDF.123 One systematic review identiied grat dislodgement
as having a signiicantly higher incidence in ACCF procedures
than ACDF (4.9% vs. 1.7%).104 Review of the literature suggests that the greater the number of levels involved, the higher
the risk of nonunion for both procedures. One systematic
review identiied a nonunion rate of 18.4% for two-level
ACDFs (compared with 5.1% for single-level ACCF) and
37.3% for three-level ACDFs (compared with 15.2% for twolevel ACCFs).104 Although the data available are limited by low
numbers, multiple metaanalyses agree that ACDFs provide
better restoration of cervical lordosis postoperatively compared with ACCF when treating multilevel CSM.124,125
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FIG. 42.10 Bilateral laminotomies are made with a high-speed burr at the
lamina-facet junction. (From Komotar RJ, Mocco J, Kaiser MG. Surgical
management of cervical myelopathy: indications and techniques for
laminectomy and fusion. Spine J. 2006;6:258S.)

ligaments and may result in increased risk of postoperative
kyphotic deformity and axial pain if disrupted.127,128 If needed,
dome laminectomies can be performed at these levels with
minimal disruption to the attachment points.

Laminectomy and Fusion
Procedure
he levels of dissection should be conirmed radiographically
with a radiopaque object (e.g., Kocher clamp on the spinous
process). he extents of the planned construct should be
demarcated with a Leksell rongeur by removing a fragment of
the spinous processes. Subsequently, the lamina-facet junction
should be identiied bilaterally. A high-speed burr may then
be used to initiate the lamina trough. An attempt should be
made to remove the laminae en bloc (Fig. 42.10). Ater the
burr is used to create a trough through the outer cortex and
cancellous layers of bone, either a diamond burr or a 1-mm
Kerrison rongeur may be used to remove the far cortex. his
trough is performed bilaterally, allowing full mobilization of
the laminae en bloc. Towel clamps placed on the most cranial
and most caudal spinous processes allow the surgeon to carefully lit the laminae and ligamentum lavum en bloc (Fig.
42.11). Prior to removal of the laminae, the surgeon must
carefully assess for adhesions between the bone or ligamentum
lavum with the dura. Any adhesions present should be
removed with an angled curette prior to attempting elevation
of the laminae. An en bloc resection is considered less time
consuming and is a safe technique because it avoids instrument intrusion into the central canal prior to completing the
decompression.129
If any foraminotomies were preoperatively deemed necessary due to radicular symptoms, they may now be performed.
Alternatively, some surgeons prefer to perform keyhole
foraminotomies prior to the en bloc laminectomy to use the
lamina as a protective barrier during drilling.129 he surgeon
should orient himself or herself to the margins of the foramen
and assess the degree of compression with a nerve hook. he
high-speed burr can then be used to resect the medial half of

FIG. 42.11 Towel clamps on the most cranial and caudal spinous processes
are used to carefully lift the laminae and ligamentum lavum en bloc. (From
Komotar RJ, Mocco J, Kaiser MG. Surgical management of cervical
myelopathy: indications and techniques for laminectomy and fusion. Spine J.
2006;6:259S.)

the facet articulation until a thin shell of bone remains. A
Kerrison rongeur should be used to carefully remove the bone
just dorsal to the nerve root. No more than 50% of the facet
should be resected at a single level, or iatrogenic instability
may occur.130 he nerve hook can be used once again to
conirm the adequacy of the decompression.
Instrumented fusion via a screw and rod–based construct
is our preferred method of ixation. Lateral mass ixation can
be achieved successfully at C3 to C6. Pedicle screw ixation is
possible at C2 and C7 due to the pedicle size and relatively
safe location from adjacent vasculature. Traditionally, it was
believed that a hybrid construct of lateral mass screws and
pedicle screws at C7 would be biomechanically superior;
however, this may not be the case.131 Regardless, we recommend ixation distal to the cervicothoracic junction in most
multilevel cases even though rod contouring may prove more
challenging.
Entry sites for pedicle screws should be drilled with the
burr before decompression is performed because anatomic
landmarks will be more recognizable. Screw placement,
however, should occur ater decompression such that the
pedicle can be palpated with a nerve hook to improve accuracy. he hemostatic agent can be packed into the entry sites
until it is time to place the screws.
Many techniques have been described for the placement of
lateral mass screws. hese techniques evolved as a result of
insuicient pedicle diameter and excessive risk to the vertebral
arteries for traditional pedicle screws in the subaxial cervical
spine. he Roy-Camille technique uses the midpoint of the
lateral mass as the entry point with 10-degree lateral angulation and 0-degree rostrocaudal angulation. he Jeanneret and
Magerl technique has an entry point 1 to 2 mm medial and
superior to the lateral mass midpoint with a 15- to 25-degree
lateral angulation and 30-degree rostral angulation. Advantages of this technique include a decreased risk of facet violation and improved pullout strength132,133; no diferences in
morbidity between the two techniques were identiied.132 Both
techniques were designed to have the screw miss the vertebral
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Outcomes, Complications, and Other
Considerations
Anderson et al.48 performed a systematic review in which it
was determined that laminectomy with fusion resulted in
neurologic improvement consistently in 70% to 95% of

patients. he neurologic recovery rate was typically around
50% of the JOA score deicit.
Concomitant posterolateral arthrodesis is routinely recommended with cervical laminectomy; otherwise, postlaminectomy kyphosis may occur. he incidence of postlaminectomy
kyphosis ranges from 6% to 47% in adults who have cervical laminectomies in isolation.56 Fusion rates using lateral
mass screw ixation in large series have been reported as
over 97%.139
Emerging evidence suggests that the width of the C5 laminectomy performed, as well as the degree of spinal cord posterior drit, are associated with the incidence of postoperative
C5 nerve palsy.140 It is unclear currently if strategies to reduce
the width of this laminectomy will reduce the rate of postoperative C5 palsies.

Cervical Laminoplasty
Many varieties of cervical laminoplasty have been described,
most of which are derivatives of Hirabayashi’s “open-door” or
Kurokawa’s “French door” procedures. Our preferred technique,
the “open-door” laminoplasty, is described later. Both of these
techniques evolved with the intention of avoiding the devastating
postlaminectomy kyphosis while maintaining ROM and providing safe, predictable neurologic recovery. hese procedures
relatively spare the posterior column, allowing it to retain its
load-bearing abilities. As such, it is rare to have postoperative
instability secondary to laminoplasty procedures. Most laminoplasty innovations have come out of Japan due to the high
rates of OPLL and congenital cervical stenosis within the native
population requiring multilevel reconstructions. Traditional
teaching on the matter is that laminoplasty does not reliably
provide relief for axial neck pain; thus, arthrodesis should be
considered if that is the patient’s primary complaint, although
some attribute postoperative axial neck pain ater laminoplasty
to overly protective immobilization used in historic protocols.
A recent meta-analysis does not identify diferences in axial
pain between laminoplasty and laminectomy with fusion141;
thus, this may not be an appropriate consideration during
preoperative planning.

Open-Door Laminoplasty Procedure
Open-door laminoplasty requires the creation of two osteotomy troughs, one complete and one incomplete, which will be
used as the hinge to open the posterior elements. Ater
exposure is completed and the appropriate levels are determined, the lamina–lateral mass junction is identiied bilaterally and can be marked with a marking pen. Arthrosis may
obscure these landmarks; thus, preoperative imaging should
be reviewed for additional guidance. A high-speed burr is
used to create the troughs at the bilateral lamina–lateral mass
junctions, which usually have a subtle inlection point to guide
the surgeon intraoperatively. he trough should not be greater
than 4 mm in depth; trough depth greater than this should
clue the surgeon to an excessively lateral trough, which could
result in vertebral artery injury.
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artery laterally. he Roy-Camille trajectory aims the screw to
miss the exiting nerve inferiorly; the Magerl technique misses
the exiting nerve superiorly. he Anderson et al.127 technique
is a modiication of the Magerl technique, with a starting point
1 mm medial to the midpoint of the lateral mass, with
20-degree lateral angulation and 30-degree rostral angulation.
For simplicity’s sake, one can approximate these angles by
leaning the drill on the next caudal spinous process. If adequate
lateral angulation cannot be achieved due to impingement on
the spinous process, it may be removed with a rongeur. Unicortical lateral mass screw placement is recommended by
drilling in 2-mm increments until the ventral cortex is reached.
here appears to be no obvious biomechanical advantage to
bicortical screw placement, but there are risks (vascular and
neurologic) to such a procedure.134
Pedicle screw ixation can be achieved at C2 and C7, which
in some studies has been shown to have superior biomechanics over lateral mass ixation. Preoperatively, pedicle diameters
should be measured based on the available imaging. While
hybrid constructs have not shown improved biomechanics,
the ability to place a pedicle screw at these levels should be
a part of any surgeon’s armamentarium. C2 “pedicle screws”
are actually placed through the pars interarticularis. he
screw entry point is in the superior medial quadrant of the
lateral mass, 3 mm lateral to the medial edge of the isthmus,
and in line with the superior margin of the C2 lamina. he
trajectory is 15 to 25 degrees medially and 20 to 30 degrees
cranially.
Preoperative imaging should be reviewed carefully prior to
placement of C7 pedicle screws. Approximately 0.6% to 0.8%
of patients have a vertebral artery present within the C7
transverse foramen.135,136 C7 pedicle screws have a trajectory
parallel to the C7 endplate and 20 degrees medial.
A well-prepared fusion bed is crucial to achieve bony
fusion. A high-speed burr is used to decorticate the proximal
and dorsal aspects of the facet joints to be fused. he facet
capsule and the cartilaginous endplate should also be removed.
We prefer the use of autograt bone from the laminectomies
to maximize fusion potential, although allograt or synthetic
materials may be used to supplement the fusion.
With unclear beneits, but minimal risk, many surgeons
add 1 g of vancomycin powder overlying the paraspinal musculature to minimize the risk of surgical site infection.137,138 A
layered closure over a drain is then performed. A watertight
closure is critical.
Fig. 42.12 demonstrates a case example of a laminectomy
with fusion and instrumentation performed for cervical
myelopathy. he patient’s multilevel pathology as well as cervical scoliosis made a C2–T1 laminectomy with fusion our
preferred treatment because it allowed for decompression and
stabilization.
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FIG. 42.12 (A) Preoperative anteroposterior radiograph of the cervical spine. (B) Preoperative lateral radiograph
of the cervical spine. (C) Preoperative midsagittal magnetic resonance imaging (MRI) slice of the cervical spine.
(D) Preoperative axial MRI slice of the cervical spine. (E) Immediately postoperative anteroposterior radiograph
of the cervical spine. (F) Immediately postoperative lateral radiograph of the cervical spine.

Our preferred method is to perform the complete osteotomy
irst, starting at the inferior aspect of each lamina. Once the
osteotomy has reached the appropriate depth, the ligamentum
lavum will be visible. he remainder of the osteotomy to the
superior half of each lamina can be completed with a diamondtipped burr or a Kerrison rongeur. On the contralateral side,
the hinge/incomplete osteotomy is performed at the same
inlection point between the lamina and lateral mass. he dorsal
cortical bone and cancellous bone are removed with a burr
until a thin unicortical hinge remains. Excessive removal of
bone should be avoided because it may result in a weak hinge.
he spinous processes of each level can subsequently be
used to lever away from the complete osteotomy and toward
the hinge osteotomy (Fig. 42.13). he surgeon must be
extremely careful to avoid the devastating complication of
having the posterior elements spring back and cause spinal
cord injury. We recommend placing a thumb on the spinous
process and curette within the complete osteotomy site while

performing this levering maneuver. Ater levering, open the
posterior elements; the spinal canal area is enlarged. Any
ibrous adhesions between the dura and the undersurface of
the lamina can be divided with scissors.142
Historically, suture ixation was used to keep the laminoplasty door open.142 Alternatively, bone grat could be wedged
into the defect. Our preferred approach, however, is the use of
a laminoplasty plate to maintain the integrity of the door and
avoid the “spring-back” complication (Fig. 42.14). Laminoplasty plates typically involve the placement of screw ixation
into both the lamina and the lateral mass to rigidly ix the
space between the two structures.
Fig. 42.15 demonstrates a case example of a laminoplasty
with plating performed for cervical myelopathy. Given the
multilevel pathology, stability on plain radiographs, as well as
autofusions of C4–C5 and C5–C6, preventing ACDF, our
preferred technique for management was a C3–C6 laminoplasty with laminectomy and foraminal decompression of C7.
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FIG. 42.13 Open-door laminoplasty technique. (A) Unicortical gutters at the lamina-facet junction are created
with the high-speed burr. (B) A curette or micro-Kerrison rongeur is used to breach the ventral cortex on the
side to be opened. (C–D) With the concomitant use of a inger and an instrument, the posterior arch is
expanded by pushing, elevating toward the hinge side.
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FIG. 42.14 Various methods to stabilize an open-door laminoplasty. (A) Lateral mass suture anchor tethering.
(B) Strut grafting to prop open the expanded spinal canal. (C) Intrasegment ixation with a plate and screw
system.
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FIG. 42.15 (A) Preoperative axial magnetic resonance imaging (MRI) slice of a stenotic cervical level. (B)
Preoperative sagittal MRI slice of the cervical spine. (C) Postoperative lateral radiograph of the cervical spine.

Outcomes, Complications, and
Other Considerations
Laminoplasty is reproducible and efective in the management of cervical myelopathy. It is also a very useful technique
in the setting of OPLL.143 JOA scores reliably improve and
demonstrate maintained improvement, even with long-term
follow-up.144,145 he mean JOA recovery rate at minimum of
10-year follow-up was over 55% in one series.144
Preoperatively, it is critical to assess the shape of the
pathoanatomy responsible for the patient’s myelopathy prior
to performing laminoplasty. Hill-shaped lesions of OPLL have
been associated with poorer neurologic outcomes due to the
focal anterior compression that they cause.146,147 Furthermore,
Iwasaki et al.147 determined that OPLL lesions with an occupying
ratio (maximal anteroposterior [AP] thickness of OPLL/AP
diameter of spinal canal at the same level) greater than 60% had
poor or fair neurologic outcomes. An anterior procedure may
be required to fully decompress the cord in these situations.
Similarly, Fujiyoshi et al.148 described a radiographic
marker known as the K-line, which can preoperatively predict
the neurologic recovery of patients with OPLL undergoing
laminoplasty. he K-line is a straight line that connects the
midpoints of the spinal canal at C2 and C7 on a lateral radiograph. If the OPLL lesions lie entirely anterior to the K-line,
they are referred to as K-line positive; otherwise, they are
considered K-line negative. K-line-negative patients had less
posterior shit of the spinal cord ater laminoplasty and worse
neurologic recovery; thus, anterior decompression was recommended instead.148
Although no fusion is intended, laminar autofusions may
occur, which limit ROM. At 10-year follow-up, the mean
cervical ROM of patients who had undergone laminoplasty
was 25% to 47% that of its preoperative level.144,149

Laminectomy With Fusion Compared With
Laminoplasty
A recent meta-analysis concluded that laminoplasty and laminectomy with fusion are similarly efective in the treatment of

cervical myelopathy with insuicient evidence to identify
which procedure is safer.141 While some surgeons believe that
laminectomy with fusion provides better axial pain relief due
to the arthrodesis, there was low evidence demonstrating no
diference upon metaanalysis.141
One beneit of laminoplasty is the retention of some cervical ROM. A prospective cohort study identiied a time dependence to the postoperative loss of cervical ROM associated
with laminoplasty; patients with OPLL and autofusion of the
laminae had worse cervical ROM. Postoperative ROM was not
associated with axial neck pain, however.150

Dome Laminectomy
One useful technique to minimize sot tissue dissection at
C7 is the dome laminectomy. his technique has evolved as a
means of preventing the detachment of the cervical extensor
muscles, which heavily attach to C7. he technique involves
creating a dome-shaped resection of the superior lamina of C7
and, in doing so, sparing the C7 spinous process. Proponents
of this technique believe that it reduces the incidence of postoperative axial neck pain.151 In a recent systematic review of
the literature by Riew et al.,152 it was determined that there is
conlicting evidence as to whether preservation of muscular
attachments to C7 (and C2) reduces axial neck pain postoperatively. Regardless, the authors recommended preserving
the C7 (and C2) spinous processes whenever possible as long
as the decompression is not compromised.

Combined Approaches
In certain scenarios, a combined anterior and posterior
approach is required to safely and efectively manage a patient’s
pathology. One scenario in which a combined approach may
be required is in the setting of multilevel pathology with
a kyphotic deformity. he kyphotic alignment can be corrected anteriorly, and decompression can subsequently be
performed posteriorly. Alternatively, a combined approach
may be needed in the setting of multilevel pathology with a
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Conclusion
Cervical spondylotic myelopathy is the most common cause of
spinal cord dysfunction in the world.1 he condition is characterized by a generally progressive neurologic decline, which
fails to respond to nonoperative measures and, once symptomatic, oten beneits from operative management. Anterior
and posterior spine surgical procedures can efectively halt
or slow the neurologic decline associated with CSM. With a
careful history, physical, and review of available imaging, an
individualized treatment plan can be constructed to safely
and appropriately care for a patient with cervical myelopathy.
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Ossiication of the posterior longitudinal ligament (OPLL) is
a common cause of cervical myelopathy. Nearly 25% of
patients with cervical myelopathy have been estimated to have
OPLL.1 he highest prevalence of OPLL is seen in the Japanese
population, with a reported range of 1.9% to 4.3% in patients
older than 30 years.2 In the United States, the reported prevalence is around 0.1% to 0.7%.2 he usual age of onset of OPLL
is 50 years and is found twice as oten in males as compared
to females.3
Although most common in the cervical spine, it is also found
less commonly in the thoracic and lumbar spine. Approximately
70% of cases occur in the cervical spine, followed by 15% in
thoracic and 15% in the upper lumbar spine from L1 to L3.3
Park et al.3a reported a 33.8% occurrence of thoracic OPLL in
patients with cervical OPLL and recommended that the whole
spine should be screened in patients with cervical OPLL.
Key4 published the irst report of OPLL causing compressive myelopathy in 1838 in Guy’s Hospital Report and Oppenheimer5 published a report in 1942. Numasawa6 reported the
irst case of compressive myelopathy in the Japanese population due to OPLL based on autopsy indings in 1960.

Etiology
OPLL is a multifactorial disease with both genetic and environmental factors playing a role. Broadly, OPLL can be divided
into two types: primary, or idiopathic, and secondary, or
syndromic. he majority of OPLL cases are idiopathic. Secondary OPLL has been described with hypophosphatemic
rickets, osteomalacia, and various endocrine disorders, such
as hypoparathyroidism, acromegaly, and gigantism.7

Genetic Factors
Many genomic, linkage, and association studies have shown a
strong genetic predisposition for OPLL.7 Matsunaga et al.
reported a high prevalence of identical human leukocyte
antigen haplotypes in families of 24 patients.8 Karasugi et al.
reported linkages on 1p, 2p, 7q, 16q, and 20p in a genomewide linkage study of 410 Japanese individuals.9 A number of

candidate genes/loci, including nucleotide pyrophosphatase/
phosphodiesterase ENNP1, transforming growth factor-β1,
estrogen receptor, interleukin-1β, vitamin D receptor, bone
morphogenetic proteins (BMP) 2 and 9, runt-related transcription factor 2, toll-like receptor 5, and interleukin-15
receptor subunit alpha have been studied and reported to
enhance susceptibility to OPLL.7 Candidate gene approach has
also linked collagen genes COL11A2 and COL6A1 genes with
OPLL.6,10 Kawaguchi et al.11 reported that transforming growth
factor-β1 polymorphism is related to the extent of ossiication
in OPLL rather than in its pathogenesis.

Environmental Factors
Various environmental factors have also been linked to the
pathogenesis of OPLL. Mechanical stresses on the head have
been postulated as a cause leading to hyperexpression of
several bone-forming proteins, such as BMP and osteopontin,
leading to ossiication of several ligaments, including OPLL.12
here is a high prevalence of type 2 diabetes and glucose
intolerance in patients with OPLL.13,14 Increasing age, obesity,
and a vitamin A–rich diet have also been linked with
OPLL.12,14,15 Various musculoskeletal disorders, including
ankylosing spondylitis, difuse idiopathic skeletal hyperostosis, and other spondyloarthropathies have also been associated
with OPLL.16–19 Matsunaga et al.20 reported a 20% incidence
of OPLL in schizophrenia patients.
Various other environmental factors, such as the excessive
consumption of pickles, hypertension, family history of myocardial infarction, high body mass index at age 40, long
working hours, and working the night shit have also been
reported as risk factors for OPLL. On the other hand, frequent
intake of chicken or soy products and good sleeping habits
have been shown to reduce the risk of OPLL.3,16
BMP is also believed to play an important role in OPLL.
BMP-2 induces diferentiation of ligament cells and leads to
ossiication by enchondral ossiication.21,22 Li et al.23 reported
that elevated insulin levels lead to an increased expression
of insulin receptors, proliferation of spinal ligament cells,
and induction of osteogenic diferentiation through the PI3-K/
Akt pathway in rats. his may explain the high association of
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OPLL in type 2 diabetes. Some studies have also correlated
high serum levels of activin with OPLL.22

Pathology
Ossiication of the posterior longitudinal ligament occurs due
to both enchondral and intramembranous ossiication, resulting in the formation of ectopic lamellar bone; however,
enchondral ossiication plays the major role.24 McAfee et al.25
extensively reported the histopathology of OPLL, which is
composed of lamellar bone with mature haversian canals.
Ishida and Kawai reported that cells from nonossiied areas in
patients with OPLL have a high alkaline phosphatase activity
and a high response to calcitonin and calcitriol.26 Epstein
et al.1 reported that ossiication of the PLL starts with vascular
ibrosis, leading to calciication, cartilage proliferation, and
then ossiication.

Classiication
he Japanese Investigation Committee on the Ossiication of
the Spinal Ligaments classiied OPLL into four subtypes
depending on its extent3,27:
Continuous: OPLL extends over several contiguous vertebrae.
Segmental: OPLL is seen behind several vertebrae, but there is
interruption at the disc level.
Mixed: Combination of continuous and segmental type.
Others: OPLL is conined to the disc space only.
In terms of distribution, the segmental type is the most
common (39%), followed by mixed (29%), continuous (27%),
and focal (5%).3,28 Some authors have also classiied OPLL into
the plateau type and hill type depending on its sagittal morphology. he plateau type is common in the segmental and
continuous variety, whereas the hill type is common in the
focal type.

Natural History
OPLL is a disease most commonly seen in individuals ater the
ith decade of life. Chiba et al29 and Hori et al30,31 studied the
progression of OPLL and found that the rate of progression was
maximal for continuous and mixed types. hey also found that
C3 involvement was an important predictor of progression,
with frequent progression seen at the C2–C4 level. Matsunaga
et al32 studied 450 patients with OPLL for at least 10 years and
reported that only 17% of patients without myelopathy at the
initial visit developed myelopathy; thus, they recommended
that prophylactic decompression is not always required.

Clinical Features
Most of the patients with OPLL are asymptomatic and are
diagnosed when imaging is done for other reasons or for

nonspeciic symptoms. As discussed earlier, OPLL is most
common in the cervical region, followed by the thoracic and
lumbar regions. Patients with OPLL in the cervical and thoracic regions usually present with myelopathy, whereas in the
lumbar region stenosis is the presentation.3 Usually, these
symptoms are gradual in onset; however, some minor trauma
may lead to an acute presentation in these patients.
On physical examination, these patients may reveal upper
motor neuron signs, such as a Hofman sign, inger escape sign,
inability to perform the grasp and release test ater 10 seconds,
inverted brachioradialis relex, and Babinski sign. hese
patients may also exhibit gait abnormalities. Axial tenderness
is usually absent, except in patients with a history of trauma.
Patients with lumbar spine involvement may show signs of
canal stenosis, including sensory abnormalities in lower limbs.

Risk Factors for Myelopathy
Many static and dynamic risk factors3,32,33 have been identiied
for the development or progression of myelopathy in patients
with OPLL. hese may include:
• More than 60% canal involvement by OPLL
• Laterally deviated OPLL
• Progression of OPLL
• Type of OPLL, with segmental type having the greatest
risk
• Increased cervical range of motion

Imaging
Improvement in imaging techniques, including computed
tomography (CT) and magnetic resonance imaging (MRI),
has led to a better understanding of OPLL. However, plain
radiographs still remain useful and are the simplest screening
tool for OPLL.

Plain Radiographs
Plain radiographs can diagnose OPLL in a majority of cases.
A longitudinal ossiied strip along the posterior border of the
vertebrae on lateral radiographs is a distinctive inding. Radiographs may also show the presence of other associated diseases,
such as difuse idiopathic skeletal hyperostosis or ankylosing
spondylitis. It is not uncommon to see indings of cervical
spondylotic myelopathy in the form of degenerated collapsed
disc spaces; however, the disc space is usually preserved in the
OPLL involved area. Dynamic radiographs can be useful if
there is any doubt regarding instability or if the surgeon is
planning to add instrumentation.
Lateral radiographs can also be used for calculation of
canal occupancy by OPLL. Fujiyoshi et al.34 presented the
concept of a K line to help in choosing the optimal approach
for OPLL. his K line extends from the midpoint of the spinal
canal at C2 to the midpoint of the spinal canal at C7. He
deined two groups: K line positive and K line negative. In K
line positive patients, the OPLL lies ventral to the K line; in K
line negative patients, it extends dorsal to it. heir series found
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FIG. 43.1 This 35-year-old female presented with neck and midback
pain, along with increasing gait disturbance and diiculty with ine
hand coordination. Sagittal T2-weighted magnetic resonance imaging
demonstrates stenosis due to ossiication of the posterior longitudinal
ligament and C3–C4 and C4–C5.

that posterior decompression was efective only in the K line
positive group; the spinal cord had very little potential for
shiting following posterior decompression in the K line negative group. Recently, the same K line has been described on
MRI instead of radiographs.

Computed Tomography
CT has emerged as an invaluable modality to assess the type
and extent of OPLL.3,35 Axial CT scan best demonstrates the
OPLL with an ossiied mass extending from the posterior
margin of the vertebrae into the cervical canal. It is also necessary to image the whole spine due to a very high association
of thoracic and thoracolumbar OPLL, along with ossiication
of the ligamentum lavum (Figs. 43.1 through 43.5).36 A sagittal section best shows the extent of OPLL, helping in classiication. CT myelography can show the extent of cord compression
and is particularly useful in patients for whom MRI is
contraindicated.
A single- or double-layer sign35 has been described for
possible penetrance of the dural sac by OPLL on bony window
CT cuts. A single-layer sign is deined as the presence of a
single hyperdense ossiied tissue behind the vertebral window,
while double-layer is deined as two hyperdense ossiied
masses separated by a central hypodense linear rim produced
by a hypertrophied, but nonossiied, remnant of the PLL. he
double-layer sign is more pathognomonic of dural involvement. Dural penetrance creates a surgical challenge, as removal
of the mass will lead to a dural defect and cerebrospinal luid
leak in the postoperative period. A canal occupancy of more

FIG. 43.2 Sagittal computed tomographic scan demonstrating ossiication
of the posterior longitudinal ligament at the C3–C4 level.

than 60% with OPLL has also been linked to a high incidence
of dural penetrance. he anterior approach is not favorable in
such cases and should be planned with careful consideration
of this possibility. Dural ossiication is more common in
thoracic OPLL. Min et al.36a reported an 80% dural ossiication
rate in thoracic OPLL.

Magnetic Resonance Imaging
MRI has emerged as an essential modality to evaluate spinal
cord status in OPLL. However, it may not reveal much information about OPLL itself. Classic OPLL is hypointense both
on T1- and T2-weighted images. A T2-weighted image can
show the presence of edema, gliosis, or myelomalacia.3 Presence of intramedullary high signal intensity on T2-weighted
MRI images has also been linked to poor surgical outcome
following surgery.
Matsuyama and colleagues36b classiied OPLL based on the
MRI cross-sectional appearance of the spinal canal shape at
the level of maximum compression. He classiied the spinal
canal as triangular, boomerang, and teardrop types. He found
that neurologic outcome was worst for the triangular and best
for the teardrop type, while the boomerang type had moderately good prognoses.

Treatment for OPLL Involving the
Cervical Spine
Conservative Treatment
Conservative treatment is warranted when patients present
with minimal or no symptoms. Treatment may consist of
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FIG. 43.3 (A) Sagittal and (B) axial computed tomographic scans of the thoracic spine demonstrating the
presence of severe concomitant ossiication of the ligamentum lavum.

FIG. 43.5 Postoperative axial computed tomographic scan of the thoracic
spine demonstrating decompression of the thoracic segment.

FIG. 43.4 Postoperative sagittal computed tomographic scan of the
cervical spine demonstrating decompression and instrumentation through
a posterior approach.
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Surgical Treatment
he surgical treatment of OPLL can be divided into anterior
or posterior surgeries depending on the approach. he anterior
approach usually directly targets the ossiied mass and its
removal; posterior approaches involve standard techniques of
decompression, as used for cervical spondylotic myelopathy,
such as laminectomy, laminectomy with fusion, or laminoplasty. Intraoperative neuromonitoring should be strongly
considered for these surgeries.

Anterior Approaches
he usual indication for an anterior approach is a localized or
segmental type involving fewer than three levels, between C2
and T1 without the presence of congenital stenosis. he other
factors favoring an anterior approach are the presence of local
kyphosis and a higher than 60% canal occupancy ratio. he
anterior approach usually involves corpectomy and the excision of the ossiied mass, followed by fusion.3 Other options
are skip corpectomy, oblique corpectomy, open-window corpectomy, and anterior decompression through a transvertebral
approach.
Complications associated with the anterior approach
involve grat extrusion, pseudarthrosis, hardware failure, and
dural tear with cerebrospinal luid leak. he risk of dural tears
following anterior surgery for OPLL has been quoted as 4.3%
to 32% in various series.38 Some surgeons prefer to use the
“loating dura” technique, in which they leave just the thin
shell of ossiication as an island to the dura.39

Posterior Approaches
he posterior approach is usually reserved for patients with
more than three-level involvement, age greater than 65 years,
and cervical lordosis.3 Posterior options include laminectomy
with or without instrumentation and laminoplasty. Although
laminectomy is a straightforward surgery with a low complication rate, the risks of late complications include spinal instability, postlaminectomy kyphosis, and OPLL progression. he
addition of posterior instrumentation prevents postlaminectomy kyphosis, but it is inefective in the presence of preoperative severe kyphosis and large OPLL. here are two main
techniques for laminoplasty: open-door and double-door
techniques. While useful for certain cases, both types of laminoplasty are inefective in the presence of preoperative severe
kyphosis and large OPLL.21

Outcome of Surgical Treatment
he anterior approach in patients with OPLL is relatively dificult. However, the surgical results are much better (as high
as 92%), with fewer complications compared to posterior

approaches (67% for laminoplasty, 42% for laminectomy).3,32,40–42 Tani et al41 reported a 58% success rate with
anterior surgery as compared to 13% with laminoplasty. He
also reported signiicant neurologic deicit in 5 patients following laminoplasty. OPLL has been shown to progress even
ater laminoplasty, and the frequency is reported to be very
high (70%), leading to late-onset neurologic decline. Symptomatic neurologic deicit is relatively rare, however.3,42,43
Iwasaki et al. reported 16% late neurologic deicit following
laminoplasty.43 Recently, Katsumi et al. reported that the addition of posterior instrumentation following laminoplasty
reduces the progression of OPLL.44

Factors Associated With Poor Surgical Outcome
Several risk factors have been identiied that are associated
with poor surgical outcome following surgery of OPLL3,40,45–48:
• Advanced age
• Malalignment of the cervical spine
• Greater than 60% canal occupancy by OPLL
• OPLL segmental type having the greatest risk
• Preoperative neurologic status
• Dural penetrance
• Intramedullary high signal intensity on T2-weighted
MRI images
• Diabetes mellitus49

Treatment for OPLL Involving Thoracic Spine
Outcome of thoracic OPLL has been linked to preoperative
duration of symptoms as well as severity of OPLL. Results of
surgical treatment of OPLL in the thoracic spine are poorer
compared to the cervical spine. Several factors3 have been
implicated for this poor outcome:
• Natural kyphosis of the thoracic spine prevents posterior
translation of the spinal cord ater laminectomy, thus
limiting its efectiveness.
• Poor vascularity of the spinal cord at the site of
compression.
• Presence of the rib cage limits the anterior approach.
Posterior approaches alone are usually not efective for
thoracic OPLL. However, in a multicentric study, Matsumoto50
reported that laminoplasty is a useful and safe technique for
OPLL involving the upper nonkyphotic thoracic spine from
T1 to T4. Tokuhashi et al51 studied the critical kyphotic angle
and found that if kyphosis at the decompression site is more
than 23 degrees, posterior decompression alone is not efective. he anterior approach for OPLL removal is technically
demanding and carries a poor prognosis.21
Tomita et al.52 described a circumferential decompression
technique in 1990 for removal of OPLL, which was modiied
in 2001 by including dekyphosing stabilization.53 his is a
two-stage operation that initially consists of performing a
wide posterior laminectomy. he inner part of the facets and
pedicles are then drilled down lateral to the dura. Lateral
gutters are made in the vertebral body. Doing so allows the
posterior release of any adhered OPLL laterally. In their original paper, these authors describe placing the patient in a lateral
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observation, use of cervical orthotic devices, traction, and the
use of nonsteroidal antiinlammatory drugs. Recently, famotidine has been found to suppress progression of OPLL in mice
and thus may be a useful drug in the future.37
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decubitus position for the second stage. A corpectomy is then
completed of the afected level. his exposes the adhered
OPLL, which allows the surgeon to perform a microscopeassisted removal of the OPLL. A strut allograt is then subsequently placed into the corpectomy defect. Yang et al.54
reported that the posterolateral approach is a safe and efective
technique for treating thoracic OPLL. In view of current surgical advances, anterior decompression can be done by an
anterior, lateral, or posterior approach. Recently, Liu et al.55
reported that circumferential decompression via the posterior
approach is an efective surgical technique for thoracic spinal
stenosis caused by multilevel OPLL of the thoracic spine. hey
also emphasized that complete resection of the OPLL gives
better results compared with the loating technique.

Summary
Ossiication of the posterior longitudinal ligament can present
in a variety of diferent forms. A small percentage of patients
who present with OPLL do not develop any symptoms. Unfortunately, the majority of patients do develop myelopathic
symptoms that progress to require intervention. Nonoperative
treatment in these patients tends not to alleviate their symptoms; surgery is therefore indicated in the majority of these
patients. Due to adhesions of the OPLL on the dura, careful
consideration must be taken of the approach that is used
because of the high complication rate typically seen. Depending on the region of the spine, anterior, posterior, and combined approaches with or without instrumentation have been
described, all with mixed success rates. Spine surgeons should
be aware of the various complication rates seen in patients
with OPLL before undertaking treatment of these patients.

REFERENCES
1. Epstein N. Ossiication of the cervical posterior longitudinal
ligament: a review. Neurosurg Focus. 2002;13:2ECP1.
2. Kim TJ, Bae KW, Uhm WS, et al. Prevalence of ossiication of
the posterior longitudinal ligament of the cervical spine. Joint
Bone Spine. 2008;75(4):471-474.
3. Kalb S, Martirosyan NL, Perez-Orribo L, Kalani MY, heodore
N. Analysis of demographics, risk factors, clinical presentation,
and surgical treatment modalities for the ossiied posterior
longitudinal ligament. Neurosurg Focus. 2011;30(3):E11.
3a. Park JY, Chin DK, Kim KS, Cho YE. horacic ligament
ossiication in patients with cervical ossiication of the posterior
longitudinal ligaments: tandem ossiication in the cervical and
thoracic spine. Spine. 2008;33:E407-E410.
4. Key GA. On paraplegia depending on the ligament of the
spine. Guys Hosp Rep. 1838;3:17-34.
5. Oppenheimer A. Calciication and ossiication of vertebral
ligaments (spondylitis ossiicans ligamentosa): roentgen study of
pathogenesis and clinical signiicance. Radiology. 1942;38:160-173.
6. Numasawa T, Koga H, Ueyama K, et al. Human retinoic X
receptor beta: complete genomic sequence and mutation search
for ossiication of posterior longitudinal ligament of the spine.
J Bone Miner Res. 1999;14:500-508.
7. Ikegawa S. Genetics of ossiication of the posterior longitudinal
ligament of the spine: a mini review. J Bone Metab.
2014;21(2):127-132.

8. Matsunaga S, Yamaguchi M, Hayashi K, et al. Genetic analysis
of ossiication of the posterior longitudinal ligament. Spine.
1999;24:937-939.
9. Karasugi T, Nakajima M, Ikari K, et al. A genome-wide sib-pair
linkage analysis of ossiication of the posterior longitudinal
ligament of the spine. J Bone Miner Metab. 2013;31:136-143.
10. Tanaka T, Ikari K, Furushima K, et al. Genomewide linkage
and linkage disequilibrium analyses identify COL6A1, on
chromosome 21, as the locus for ossiication of the posterior
longitudinal ligament of the spine. Am J Hum Genet. 2003;73:
812-822.
11. Kawaguchi Y, Furushima K, Sugimori K, Inoue I, Kimura T.
Association between polymorphism of the transforming
growth factor-beta1 gene with the radiologic characteristic
and ossiication of the posterior longitudinal ligament. Spine.
2003;28:1424-1426.
12. Taguchi T. Etiology and pathogenesis. In: Yonenobu K,
Nakamura K, Toyama Y, eds. Ossiication of the Posterior
Longitudinal Ligament. 2nd ed. Tokyo: Springer; 2006:33-35.
13. Kobashi G, Washio M, Okamoto K, et al. High body mass
index ater age 20 and diabetes mellitus are independent risk
factors for ossiication of the posterior longitudinal ligament of
the spine in Japanese subjects: a case-control study in multiple
hospitals. Spine. 2004;29:1006-1010.
14. Shingyouchi Y, Nagahama A, Niida M. Ligamentous
ossiication of the cervical spine in the late middle-aged
Japanese men: its relation to body mass index and glucose
metabolism. Spine. 1996;21:2474-2478.
15. Wu JC, Liu L, Chen YC, et al. Ossiication of the posterior
longitudinal ligament in the cervical spine: an 11-year
comprehensive national epidemiology study. Neurosurg Focus.
2011;30:E5.
16. Choi BW, Song KJ, Chang H. Ossiication of the posterior
longitudinal ligament: a review of literature. Asian Spine J.
2011;5(4):267-276.
17. Ehara S, Shimamura T, Nakamura R, Yamazaki K.
Paravertebral ligamentous ossiication: DISH, OPLL and OLF.
Eur J Radiol. 1998;27:196-205.
18. Kim TJ, Kim TH, Jun JB, Joo KB, Uhm WS. Prevalence of
ossiication of posterior longitudinal ligament in patients with
ankylosing spondylitis. J Rheumatol. 2007;34(12):2460-2462.
19. Ramos-Remus C, Russell AS, Gomez-Vargas A, et al.
Ossiication of the posterior longitudinal ligament in three
geographically and genetically diferent populations of
ankylosing spondylitis and other spondyloarthropathies. Ann
Rheum Dis. 1998;57:429-433.
20. Matsunaga S, Koga H, Kawabata N, et al. Ossiication of
the posterior longitudinal ligament in dizygotic twins with
schizophrenia: a case report. Mod Rheumatol. 2008;18:277-280.
21. Saetia K, Cho D, Lee S, Kim DH, Kim SD. Ossiication of the
posterior longitudinal ligament: a review. Neurosurg Focus.
2011;30(3):E1.
22. Yonemori K, Imamura T, Ishidou Y, et al. Bone morphogenetic
protein receptors and activin receptors are highly expressed
in ossiied ligament tissues of patients with ossiication of the
posterior longitudinal ligament. Am J Pathol. 1997;150:
1335-1347.
23. Li H, Liu D, Zhao CQ, Jiang LS, Dai LY. Insulin potentiate
the proliferation and bone morphogenetic protein-2-induced
osteogenic diferentiation of rat spinal ligament cells via
extracellular signal-regulated kinase and phosphatidylinositol
3-kinase. Spine. 2008;33:2394-2402.
24. Frymoyer J. Orthopaedic Knowledge Update 4. Rosemont, IL:
American Academy of Orthopaedic Surgeons; 1993:296.

Chapter 43 Ossiication of the Posterior Longitudinal Ligament

41. Tani T, Ushida T, Ishida K, et al. Relative safety of anterior
microsurgical decompression versus laminoplasty for cervical
myelopathy with a massive ossiied posterior longitudinal
ligament. Spine. 2002;27:2491-2498.
42. Kato Y, Iwasaki M, Fuji T, Yonenobu K, Ochi T. Long-term
follow-up results of laminectomy for cervical myelopathy
caused by ossiication of the posterior longitudinal ligament.
J Neurosurg. 1998;89:217-223.
43. Iwasaki M, Kawaguchi Y, Kimura T, Yonenobu K. Long-term
results of expansive laminoplasty for ossiication of the posterior
longitudinal ligament of the cervical spine: more than 10 years
follow up. J Neurosurg. 2002;96(2 suppl):180-189.
44. Katsumi K, Izumi T, Ito T, et al. Posterior instrumented fusion
suppresses the progression of ossiication of the posterior
longitudinal ligament: a comparison of laminoplasty with and
without instrumented fusion by three-dimensional analysis.
Eur Spine J. 2015;25(5):1634-1640.
45. Koyanagi I, Iwasaki Y, Hida K, Imamura H, Abe H. Magnetic
resonance imaging indings in ossiication of the posterior
longitudinal ligament of the cervical spine. J Neurosurg.
1998;88:247-254.
46. Masaki Y, Yamazaki M, Okawa A, et al. An analysis of factors
causing poor surgical outcome in patients with cervical
myelopathy due to ossiication of the posterior longitudinal
ligament: anterior decompression with spinal fusion versus
laminoplasty. J Spinal Disord Tech. 2007;20:7-13.
47. Yagi M, Ninomiya K, Kihara M, Horiuchi Y. Long-term surgical
outcome and risk factors in patients with cervical myelopathy
and a change in signal intensity of intramedullary spinal cord on
magnetic resonance imaging. J Neurosurg Spine. 2010;12:59-65.
48. Kim B, Yoon do H, Shin HC, et al. Surgical outcome and
prognostic factors of anterior decompression and fusion for
cervical compressive myelopathy due to ossiication of the
posterior longitudinal ligament. Spine J. 2015;15(5):875-884.
49. Choi JH, Shin JJ, Kim TH, et al. Does intramedullary signal
intensity on MRI afect the surgical outcomes of patients
with ossiication of posterior longitudinal ligament? J Korean
Neurosurg Soc. 2014;56(2):121-129.
50. Matsumoto M, Chiba K, Toyama Y, et al. Surgical results
and related factors for ossiication of posterior longitudinal
ligament of the thoracic spine: a multi-institutional
retrospective study. Spine. 2008;33:1034-1041.
51. Tokuhashi Y, Matsuzaki H, Oda H, Uei H. Efectiveness of
posterior decompression for patients with ossiication of
the posterior longitudinal ligament in the thoracic spine:
usefulness of the ossiication-kyphosis angle on MRI. Spine.
2006;31:E26-E30.
52. Tomita K, Kawahara N, Baba H, Kikuchi Y, Nishimura H.
Circumspinal decompression for thoracic myelopathy due to
combined ossiication of the posterior longitudinal ligament
and ligamentum lavum. Spine. 1990;15:1114-1120.
53. Kawahara N, Tomita K. Circumspinal decompression for
thoracic myelopathy due to combined ossiication of the
posterior longitudinal ligament and yellow ligament. J Jpn
Spine Res Soc. 2001;12:450-456.
54. Yang C, Bi Z, Fu C, Zhang Z. A modiied decompression
surgery for thoracic myelopathy caused by ossiication of
posterior longitudinal ligament: a case report and literature
review. Spine. 2010;35:E609-E613.
55. Liu X, Zhu B, Liu X, Liu Z, Dang G. Circumferential
decompression via the posterior approach for the surgical
treatment of multilevel thoracic ossiication of the posterior
longitudinal ligaments: a single institution comparative study.
Chin Med J. 2014;127(19):3371-3377.

S E C T I O N

25. McAfee PC, Regan JJ, Bohlman HH. Cervical cord compression
from ossiication of the posterior longitudinal ligament in
non-Orientals. J Bone Joint Surg Br. 1987;69:569-575.
26. Ishida Y, Kawai S. Efects of bone-seeking hormones on DNA
synthesis, cyclic AMP level, and alkaline phosphatase activity
in cultured cells from human posterior longitudinal ligament
of the spine. J Bone Miner Res. 1993;8:1291-1300.
27. Tsuyama N. Ossiication of the posterior longitudinal ligament
of the spine. Clin Orthop Relat Res. 1984;184:71-84.
28. Epstein N. Diagnosis and surgical management of cervical
ossiication of the posterior longitudinal ligament. Spine J.
2002;2:436-449.
29. Chiba K, Yamamoto I, Hirabayashi H, et al. Multicenter study
investigating the postoperative progression of ossiication of
the posterior longitudinal ligament in the cervical spine: a new
computer-assisted measurement. J Neurosurg Spine. 2005;3:17-23.
30. Hori T, Kawaguchi Y, Kimura T. How does the ossiication area
of the posterior longitudinal ligament progress ater cervical
laminoplasty? Spine. 2006;31:2807-2812.
31. Hori T, Kawaguchi Y, Kimura T. How does the ossiication
area of the posterior longitudinal ligament thicken following
cervical laminoplasty? Spine. 2007;32:E551-E556.
32. Matsunaga S, Sakou T, Taketomi E, Komiya S. Clinical course
of patients with ossiication of the posterior longitudinal
ligament: a minimum 10-year cohort study. J Neurosurg.
2004;100(3 supplSpine):245-248.
33. Mochizuki M, Aiba A, Hashimoto M, Fujiyoshi T, Yamazaki
M. Cervical myelopathy in patients with ossiication of the
posterior longitudinal ligament. Clinical article. J Neurosurg
Spine. 2009;10:122-128.
34. Fujiyoshi T, Yamazaki M, Kawabe J, et al. A new concept for
making decisions regarding the surgical approach for cervical
ossiication of the posterior longitudinal ligament: the K-line.
Spine. 2008;33:E990-E993.
35. Hida K, Iwasaki Y, Koyanagi I, Abe H. Bone window computed
tomography for detection of dural defect associated with
cervical ossiied posterior longitudinal ligament. Neurol Med
Chir (Tokyo). 1997;37:173-176.
36. Shepard NA, Shenoy K, Cho W, Sharan AD. Extensive
ossiication of the ligamentum lavum treated with triple stage
decompression: a case report. Spine J. 2015;15(4):e9-e14.
36a. Min JH, Jang JS, Lee SH. Signiicance of the double- and
single-layer signs in the ossiication of the posterior longitudinal
ligament of the thoracic spine. Neurosurgery. 2007;61:118-122.
36b. Matsuyama Y, Kawakami N, Yanase M, et al. Cervical
myelopathy due to OPLL: clinical evaluation by MRI and
intraoperative spinal sonography. J Spinal Disord Tech.
2004;17:401-404.
37. Maeda Y, Yamamoto K, Yamakawa A, et al. he H2 blocker
famotidine suppresses progression of ossiication of the
posterior longitudinal ligament in a mouse model. RMD Open.
2015;1(1):e000068.
38. Mazur M, Jost GF, Schmidt MH, Bisson EF. Management
of cerebrospinal luid leaks ater anterior decompression for
ossiication of the posterior longitudinal ligament: a review of
the literature. Neurosurg Focus. 2011;30(3):E13.
39. Sugrue PA, McClendon J Jr, Halpin RJ, et al. Surgical
management of cervical ossiication of the posterior longitudinal
ligament: natural history and the role of surgical decompression
and stabilization. Neurosurg Focus. 2011;30(3):E3.
40. Iwasaki M, Okuda S, Miyauchi A, et al. Surgical strategy
for cervical myelopathy due to ossiication of the posterior
longitudinal ligament. Part 1: clinical results and limitations of
Laminoplasty. Spine. 2007;32:647-653.

769

V

This page intentionally left blank

S E C T I O N

44

C H A P T E R

Cervical Disc Replacement
Abhishek Kannan
Wellington K. Hsu
Rick C. Sasso

Background
he cervical spine consists of seven vertebrae that comprise
the axial skeleton of the neck. he ive vertebral bodies of the
subaxial cervical spine, C3 to C7, have unique structural
characteristics that afect normal physiology and pathophysiology and directly inluence considerations of surgical management. he vertebral bodies, the axial load-bearing elements
of the vertebral column, are mobile segments joined by cartilaginous intervertebral discs. A single intervertebral disc is
composed of a central nucleus pulposus with a surrounding
anulus ibrosus (composed of highly elastic mucoprotein gel
and collagen ibers, respectively). he vertebral column is the
central axis of the human body, serving roles in biomechanical
function through muscular attachment and motion. he spine
also serves a neuroprotective role, as it houses the spinal cord
and exiting spinal nerve roots.
Disc degeneration is a disease state marked by progressive
wear and tear on the intervertebral discs, which contributes to
changes such as mild to more severe spondylosis and spinal
stenosis. Disc degeneration can compress or stretch nerve
roots, resulting in myelopathy, radiculopathy, and repeated
trauma to the spinal cord. Historically, surgical management
of patients with symptomatic degenerative disc disease (DDD)
included removal of pathologic disc material and fusion of the
interspace.
Since its introduction in the 1950s by Robinson and Smith,1
anterior cervical discectomy and fusion (ACDF) has been
widely used to treat spondylotic radiculopathy and myelopathy while demonstrating long-term clinical success.2,3 ACDF
has become one standard of care for treating cervical disc
disease in symptomatic patients, as it achieves neural decompression and segmental stabilization. ACDF consists of neurologic decompression by discectomy followed by the use of
intervertebral grat to maintain disc height and instrumentation (plating) to improve the rate of fusion. Anterior cervical
plates may span the rostral to caudal vertebral bodies included
in discectomies and have thereby made postoperative immobilization less critical. Furthermore, plating has been shown
to decrease pseudarthrosis rates for multilevel fusions4 while

maintaining sagittal balance through segments within the
construct.5
ACDF, however, can pose a number of limitations, including loss of cervical range of motion (ROM), dysphagia, pseudarthrosis, autograt harvest site pain, and increased segmental
motion leading to adjacent disease.6–11 Adjacent segment
degeneration remains a major concern and is a direct result
of altered biomechanics of the cervical spine. Arthrodesis at
any given level can lead to increased load bearing at levels
above and below the construct, accelerating the degenerative
process. he radiographic demonstration of these changes
is called adjacent segment degeneration, while consequent
clinical symptomatology in the form of myelopathy or radiculopathy is diagnosed as adjacent segment disease. Goin et al.
report the radiographic incidence of adjacent segment degeneration to be as high as 92% ater anterior cervical interbody
fusion.3
Clinical studies have demonstrated the postoperative
occurrence of adjacent segment disease, including Hilibrand
et al., who reported an annualized incidence of 2.9% per year
in 374 patients ater ACDF.12 In the 10 years following ACDF,
they estimated 25% of patients undergoing cervical fusion will
develop radiographic degeneration of adjacent spinal segments, of which two-thirds would go on to require additional
surgery. In a retrospective clinical study of 888 patients
undergoing ACDF, Xu et al.13 identiied 108 patients who
developed adjacent segment disease necessitating a reoperation. Of the 108 who underwent a revision procedure, 27
developed recurrent disease requiring a third cervical fusion.
his study demonstrates that patients who underwent a second
cervical fusion developed adjacent segment disease at both
higher and faster rates, which were statistically signiicant.
Notably, patients who were revised via an anterior approach
had a higher chance of recurring disease versus patients who
underwent a posterior procedure. Bydon et al. reported that
patients are more likely to develop disease above the index
level of fusion as compared to below, even for patients undergoing a revision procedure, and predicted a rate of adjacent
segment disease development of 31% at 10 years.14
Biomechanical analyses have also demonstrated that vertebral levels adjacent to the index level ACDF have demonstrated
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increased intradiscal pressures and ROM during both lexion
and extension.9,15 Clinical prevalence of adjacent segment
disease coupled with in vitro biomechanical indings suggest
that ACDF accelerates degeneration of intervertebral discs,
resulting in altered physiologic biomechanics and the resultant
pathogenesis of adjacent segment disease.
Cervical pseudarthrosis is another well-established complication of ACDF, described as failure of solid arthrodesis at 12
months. Pseudarthrosis rates following ACDF have been
reported in the range of 3% to 20% for single-level fusions and
21% to 46% for two- and three- level fusions, respectively.16,17
Factors that impact fusion rates include number of levels
involved, surgical technique, patient comorbidities, and choice
of grat.
In an efort to improve on fusion rates ater ACDF, an
extensive body of literature has emerged investigating various
choices of bone grat. Historically, iliac crest bone grat (ICBG)
was considered the gold standard for use in ACDF, utilizing
the anterior crest as a donor site. However, a signiicant
drawback of this option is the involved donor site morbidity,
manifesting as persistent pain, numbness, and ambulatory
impairment.18 ICBG harvest has also been associated with
supericial infection, wound complications, sensory abnormalities, hematomas, and tissue herniation through donor
site, with reported complication rates of 10% to 39%.19,20
While the use of allograt avoids the donor site morbidity
and associated risks of ICBG, there have been reports of
disease transmission and bioincompatibility.21 Although
advances have been made in cadaveric tissue screening and
processing, interest in bone grat substitutes continues to
grow, with emerging in vitro and in vivo studies investigating
the use of demineralized bone matrix, ceramic-based bone
grats, and nanoiber-based collagen scafolds.22,23
Recombinant human bone morphogenetic protein-2
(rhBMP2) was irst approved by the US Food and Drug
Administration (FDA) for use in an anterior lumbar interbody
cage in 2002. It was initially received as a novel bone grat
substitute to ICBG, demonstrating fusion rates as high as
98%24 with shorter length of surgery and shorter hospital
stays.25 However, multiple studies have demonstrated potential
adverse efects in the cervical spine, including postoperative
prevertebral swelling, hematoma formation, and heterotopic
ossiication.26–28 he increasing prevalence of of-label use
coupled with controversial indications for clinical use of
rhBMP-2 have led to signiicant criticism of its application in
both academic and clinical settings.29,30 hese considerations
make a strong case for fusion alternatives in the treatment of
DDD of the cervical spine.
here is a growing body of literature surrounding the use
of total intervertebral disc arthroplasty (TDA) as an alternative to traditional fusion in restoring mobility and function at
the involved spinal segments. Proposed advantages of TDA
include maintenance of cervical ROM, restoration of cervical
disc height and spinal alignment, as well as avoidance of
pseudarthrosis, adjacent segment degeneration, and adjacent
segment disease. he procedure also avoids the potential
surgical morbidity of autograt harvest while avoiding complications associated with postoperative immobilization.

History of Disc Arthroplasty and Device Design
Arthroplasty aims to provide a stable, biomechanically eicient construct that is safe for patient use and reduces symptomatology associated with disc disease. he unique anatomic
characteristics of the cervical spine necessitate speciic considerations regarding TDA device design that may not be applicable in other major joint replacements. Bone stock in the
cervical spine is limited, resulting in less lexibility when
making bony cuts to accommodate an implant prosthesis. In
contrast to knee and hip joints, the intervertebral disc plays a
major role in spinal stability by maintaining balance of the
anterior and middle columns. TDA candidates are typically
younger than patients receiving lower extremity joint replacements; a longer expected lifespan (between 30 and 50 years
longer) entails an estimated 100 million lexion cycles for a
given implant. his raises concern for device bearing and wear
characteristics as well as articular constraint. Given the proximity of the implant to the spinal cord and critical structures
of the anterior neck, wear debris and the potential ensuing
inlammatory reaction are major topics under investigation.
Local and systemic responses to debris may be evaluated in
the context of biocompatibility, neurologic response, tissue
response, and toxicity. Extremes of motion may lead to abnormal wear, contributing to debris formation. herefore, static
and dynamic characterization of a given device should involve
compression-shear testing using the maximum theoretical
ROM in one or more directions.31
he earliest application of TDA in humans was in the late
1980s by Cummins et al. in the United Kingdom.31a his group
developed a metal-on-metal ball-and-socket device for
implant in the cervical spine. Over the past 2 decades, the
original artiicial disc has been further developed to incorporate newer materials and methods of ixation in the cervical
vertebral bodies. he Prestige ST (stainless steel; Medtronic),
a direct descendant of the original Bristol-Cummins device, is
made of stainless steel and was approved by the FDA for
human use in 2007 (Figs. 44.1 and 44.2). he Prestige lowproile (LP) (Medtronic), the ith iteration of the original
Bristol-Cummins device, was also recently approved for use
in the US market. Other FDA-approved devices include
ProDisc-C Total Disc Replacement (DePuy Synthes) (Figs.
44.3 and 44.4), Bryan Cervical Disc (Medtronic) (Figs. 44.5
through 44.7), Mobi-C Cervical Disc (Zimmer Biomet), and
SECURE-C Cervical Artiicial Disc (Globus Medical Inc.).
A more recent addition to the metal-on-metal category of
arthroplasty devices includes the Kinelex-C disc (SpinalMotion) for which the FDA investigational device exemption
(IDE) trial has been completed. A summary of the design
characteristics of each of these devices is presented in Table
44.1. he seventh FDA-approved cervical disc arthroplasty
device is the PCM disc (NuVasive).
he Cervical Spine Study Group classiies TDA devices
as nonarticulating, uniarticulating, and biarticulating. he
device may be modular (with replaceable components) or nonmodular (with nonreplaceable components).32 Disc prostheses
can also be classiied as unconstrained, semiconstrained, and
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FIG. 44.1 The Prestige ST Cervical Disc prosthesis is currently approved by
the Food and Drug Administration for use in the United States. This stainless
steel uniarticulating device attains primary ixation to the vertebral bodies
via use of locked screws. (Courtesy Medtronic, Minneapolis, MN.)

FIG. 44.3 Ex vivo image of the ProDisc-C. This device is approved by the
Food and Drug Administration in the United States for cervical arthroplasty
and obtains initial ixation via a central keel. Bone ingrowth is promoted via
the surface alterations of the superior and inferior endplates of this device.
(Courtesy DePuy Synthes Spine, Raynham, MA.)

FIG. 44.2 Prestige ST Cervical Disc prosthesis in C5–C6 arthroplasty. Lateral lexion and extension
radiographs show motion through the arthroplasty device in this postoperative patient. (Courtesy Medtronic,
Minneapolis, MN.)

constrained, depending on the degrees of freedom allowed by
a speciic design. he ball-and-socket motif, consisting of a
gliding interface between two rigid components, is shared by
all three designs.33 Devices considered constrained in certain
planes restrict motion to less than that seen physiologically.

Semiconstrained designs allow motion similar to that seen
physiologically. Devices are considered unconstrained if there
is no mechanical stop to motion relying on sot tissues and
the inherent compression across the disc space to provide the
primary restraint to extremes of motion.34
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FIG. 44.4 ProDisc-C is visualized on lateral lexion-extension radiographs. The device retains motion at the
index surgical level in this patient successfully treated with arthroplasty at C5–C6. (Courtesy DePuy Synthes
Spine, Raynham, MA.)

FIG. 44.5 Bryan Cervical Disc prosthesis is shown ex vivo and in unassembled form. The endplates of this
device are unique in their design and promote ingrowth of bone into the metallic surface. (Courtesy Medtronic,
Minneapolis, MN.)

Indications for Use, Contraindications,
and Complications
he FDA-approved indication for cervical disc arthroplasty is
single- and double-level cervical DDD causing radiculopathy
and/or myelopathy in patients of adult age.35 Exhaustion of

conservative management options for single-level spondylosis
should precede the discussion of operative management.
Additional indications for TDA include sot- or hard-disc
herniation or foraminal osteophytes causing radiculopathy,
and sot-disc herniation causing myelopathy.36 here is
concern that motion preservation may not create an environment for maximum neurologic recovery in patients with
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FIG. 44.6 Bryan Cervical Disc prosthesis is visualized on postoperative magnetic resonance imaging (MRI).
Titanium alloy devices such as the Bryan device may have less MRI artifact than similar devices constructed
with cobalt-chromium or stainless steel. These images show the imaging characteristics of this device at index
and adjacent surgical levels. (Courtesy Rick Sasso, Indianapolis, IN.)

FIG. 44.7 Upright lateral view of a patient who underwent successful
cervical arthroplasty at C5–C6 with a Bryan Cervical Disc prosthesis.
(Courtesy Medtronic, Minneapolis, MN.)

cervical myelopathy. However, Riew et al. have shown that in
patients with single-level disease, clinical improvement measured via Nurick grade, neck disability index, 36-Item Short
Form Health Survey (SF-36) scores, and visual analog scale
(VAS) was similar between patients treated with fusion and
those treated with arthroplasty.37 hus, for cervical myelopathy
not caused by retrovertebral compression secondary to liga-

mentum lavum hypertrophy, ossiication of the posterior
longitudinal ligament, or congenital stenosis, a cervical disc
prosthesis accompanied by a meticulous decompression
would be a reasonable treatment option.38
Complications and adverse events associated with cervical
disc arthroplasty involve both surgical approach and devicerelated issues. General postoperative complications include
infection, newly occurring neurologic deicits, implant migration, intervertebral subluxation, vascular injury, dural injury,
cerebrospinal luid leak, and epidural abscess formation.
Heterotopic ossiication (HO) in the region of the arthroplasty device is a unique complication reported ater TDA. he
proposed mechanism of HO involves diferentiation of mesenchymal cells originating from bone or muscle to osteoblasts,
which are able to spread into the vasculature of surrounding
sot tissue. he osteogenic agents released from tissues attached
to bone are a result of local intraoperative injury.39 HO tends
to develop relatively early postoperatively following cervical
disc arthroplasty, and may be seen in as high as 34% of patients
at 4 years and in 38% of patients at 6 years.40 Early postoperative use of nonsteroidal antiinlammatory drugs is reported to
decrease the incidence and severity of HO, similar to its efect
in HO prevention ater total hip replacement. Delayed hypersensitivity reactions also pose a threat ater TDA, in which
critical structures, primarily the spinal cord, are at risk of
exposure to implant materials and wear debris.
Contraindications for cervical disc arthroplasty include
active or prior infection, severe osteoporosis, severe facet
arthrosis, ankylosis, congenital cervical stenosis, and segmental cervical instability (>3.5 mm of translation or >11 degrees
of kyphosis). Additionally, as intact posterior elements are
essential to prosthesis stability, prior laminectomy or excessive
facet removal are contraindications to disc arthroplasty. he
current approval status of cervical disc arthroplasty devices
can be found in Table 44.2.
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TABLE 44.1

Design Characteristics of Past and Present Cervical Arthroplasty Devices

Device

Design

Modular

Articulating
Method

Implant
Composition

Bearing
Surface

Primary
Fixation

Secondary
Fixation

Bristol/
Cummins

Ball and socket

No

Uniarticulating

316L stainless
steel

316L on 316L

Vertebral body
screws

Vertebral
body screws

None;
technology
by Medtronic

Bryan

Biarticulating
contained bearing

No

Biarticulating

Titanium, central
polymer

Titanium alloy
on polymer

Milled vertebral
endplates

Endplate
ingrowth

Medtronic

CerviCore

Ellipsoid saucer

No

Uniarticulating

Cobaltchromium

Cobaltchromium on
cobaltchromium

Ridged rails

Endplate
ongrowth to
titanium
spray

Stryker, IDE
status
revoked

DISCOVER

Spherical bearing
between superior
titanium endplate
and UHMWPE core

No

Uniarticulating

Titanium and
UHMWPE

Titanium on
UHMWPE

Teeth on
superior and
inferior
endplates

Endplate
ongrowth

DePuy Synthes,
IDE in
progress

No

Uniarticulating

316L stainless
steel

316L on 316L

Locked vertebral
body screws,
posterior
endplate lip

Locked
vertebral
body screws,
posterior
endplate lip

None;
technology
by Medtronic

Frenchay/
Prestige Ia

Manufacturer

Kinelex-C

Modular three-piece
bearing system with
two endplates and
mobile metallic core

Yes

Biarticulating

CCM

CCM modular
core between
two CCM
endplates

Vertical keel and
ridged
endplate
surface

Endplate
ongrowth

SpinalMotion

Mobi-C

Superior endplate
with ball and socket
motion; inferior
endplate with
sliding constraint

Yes

Biarticulating

Titanium

Titanium on
polyethylene
modular core

Lateral
self-retaining
teeth

Endplate
ongrowth

Zimmer
Biomet

Prestige IIa

Ellipsoid saucer

No

Uniarticulating

316L stainless
steel

316L on 316L

Locked vertebral
body screws

Locked
vertebral
body screws

None;
technology
by Medtronic

Prestige LP

Ellipsoid saucer

No

Uniarticulating

Titanium/
ceramic
composite

Titanium/
ceramic
composite

Dual rails

Endplate
ongrowth

Medtronic

Prestige ST

Ellipsoid saucer

No

Uniarticulating

316L stainless
steel

316L on 316L

Locked vertebral
body screws

Locked
vertebral
body screws

Medtronic

Prestige
STLPa

Ellipsoid saucer

No

Uniarticulating

316L stainless
steel

316L on 316L

Dual rails

Endplate
ongrowth

None;
technology
by Medtronic

ProDisc-C

Ball and socket

No

Uniarticulating

Cobaltchromium,
UHMWPE

Cobaltchromium on
UHMWPE

Central keel

Endplate
ongrowth

DePuy Synthes

PCM

Upper endplate
translation on ixed
UHMWPE

No

Uniarticulating

Cobaltchromium,
UHMWPE

Cobaltchromium on
UHMWPE

Ridged metallic
endplates

Endplate
ongrowth

NuVasive

SECURE-C

Metal on
polyethylene

Biarticulating

Cobaltchromium,
UHMWPE

Cobaltchromium on
UHMWPE

Ridged central
keel

Endplate
ongrowth

Globus Medical

CCM, cobalt-chrome-molybdenum; IDE, investigational device exemption; UHMWPE, ultrahigh-molecular-weight polyethylene.
a
Devices not currently in production, current/known clinical use, or IDE investigation at the time of this writing.

Preoperative Imaging
Preoperative imaging for TDA should include anteroposterior
(AP) and lateral radiographs of the cervical spine (including
neutral, lexion, and extension views) and bilateral oblique

views. Care must be taken to ensure visibility of potential short
neck, high shoulders, and the C6–C7 level on lateral radiograph. he surgeon should assess preexisting spondylosis,
making note of anterior or posterior osteophytes and ligament
ossiication. It is important to ensure proper disc height and
motion in operation segments, as both are prerequisites for
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Device

Manufacturer

U.S. FDA Status

Prestige ST

Medtronic Sofamor Danek

Approved

Prestige LP

Medtronic Sofamor Danek

Approved

ProDisc-C

Synthes Spine

Approved

Bryan disc

Medtronic Sofamor Danek

Approved

Mobi-C disc

LDS Spine

Approved

SECURE-C

Globus Medical

Approved

PCM disc

NuVasive

Approved

Kinelex-C disc

SpinalMotion

IDE clinical trial complete

successful arthroplasty. Computed tomography (CT) and/or
magnetic resonance imaging (MRI) are also essential to
observe surrounding anatomy and potential pathology.

Technique of Implantation
Intraoperatively, patient position is even more critical than
that of a fusion procedure. A “physiologic” or slightly lordotic
cervical spine position is preferred.41 Assessment prior to
incision via luoroscopy (C-arm) is crucial to patient positioning, as well as the implant insertion and ixation portions of
these procedures. It is important to keep the head, neck, and
shoulders in a stable and neutral position throughout this
surgical procedure. A small towel roll may be placed under
the neck to assist with appropriate positioning of the neck and
shoulders, and to keep a physiologic lordosis without creating
a hyperlordosis (Fig. 44.8). his positioning technique difers
from the typical placement of a roll under the shoulders or
thoracic spine, which could place the cervical spine in hyperlordosis. he head can be placed on a doughnut-type pillow
or a folded towel to keep it from rolling during the procedure.
Careful positioning of the shoulders with a taping technique
can also allow for less motion during this procedure, but
must be carefully weighed against the risk of traction to the
shoulders.
A standard right- or let-sided Smith-Robinson approach
may proceed, with appropriate localization and exposure of
the index surgical level being the intent of this exposure. It is
crucial to obtain a surgical exposure that facilitates identiication of the center of the index disc and vertebral bodies for
later placement of the arthroplasty device. Disc arthroplasty
implantation is performed only ater adequate decompression
of the afected cervical level. At the surgeon’s discretion for
treatment of the index neurologic complaint, this may involve
a complete discectomy from ventral to dorsal that also allows
for placement of a device of appropriate width and adequate
decompression, symmetrical resection of uncovertebral osteophytes and spurs, resection of all or part of the posterior
longitudinal ligament, and any resection of central spondylotic
osteophytes associated with DDD. A thorough and complete
decompression is even more critical in a TDA procedure

S E C T I O N

TABLE 44.2 Current Status of Cervical Arthroplasty Devices in the
United States

FIG. 44.8 Positioning for cervical arthroplasty is as crucial to the technique
as any portion of the procedure. Correct positioning of a patient maintains
physiologic lordosis without creating hyperlordosis in the cervical spine,
and may be facilitated through use of a towel roll placed under the cervical
spine. Techniques have moved away from traction through the spine
(as shown in this illustration). Preoperative and intraoperative use of
luoroscopy allows for conirmation of patient positioning and device
alignment. (Courtesy Rick Sasso, Indianapolis, IN.)

compared to an ACDF because of the incidence of recurrent
radiculopathy from persistent foraminal stenosis. Meticulous
hemostasis is recommended throughout this procedure to
diminish blood loss and minimize the risk of heterotopic
ossiication. It may become clear at any point during the
neurologic decompression, endplate preparation, or device
trialing process that arthroplasty is contraindicated. Should
this occur, the surgeon must adjust the surgical plan intraoperatively and proceed with a fusion-based alternative.
Ater neurologic decompression, assessment for placement
of an appropriately sized disc and planning for proper orientation of the implant are crucial to successful arthroplasty. To
this end, it should be the surgeon’s goal to place an appropriately sized implant (depth, width, and height) in the prepared
space.42 Device-speciic tools may aid in this assessment.
Before any intervention that prepares the endplates, it is
important to ensure the exact sagittal position of the vertebrae
with lateral luoroscopic imaging. AP views are important to
place the spinous processes at the target disc level between the
pedicles to ensure perfect alignment and centering in the
coronal plane. Sizing of a cervical arthroplasty device may be
determined with a combination of preoperative templates and
preoperative radiographic studies, including CT. he use of
intraoperative trials and luoroscopic imaging allows for
additional assessment of proper device sizing and placement
in the coronal and sagittal planes.
Endplates are prepared in a manner consistent with the
device to be implanted. his preparation may include milling
of the endplate (as in the Bryan device) or creation of a bony
trough to accommodate an endplate keel (as in the ProDisc-C
device). Preservation of subchondral bone is otherwise crucial
to the prevention of implant subsidence. Instrumentation
speciic to each arthroplasty device may be of great assistance
in endplate preparation and may include special endplate
distracters, keel preparation mills, rasps, and endplate mills.
Ater the endplate preparation has been completed, it is
appropriate to reassess the centering of the preparation and
recheck the neurologic decompression.
Insertion of the artiicial disc device may proceed, and is
implant speciic. Common to all devices is the principle of
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implantation to an appropriate depth based on implant design,
with a repeat assessment of implant centering and endplate
coverage. Ater an assessment of the implant position in the
coronal and sagittal planes has been done, the implant may be
ixed to the spine with any implant-speciic instrumentation,
such as screws.
Final imaging of the device implantation is performed
before wound closure. Hemostasis is rechecked, and the surgical wound is closed in a standard fashion. Postoperative
immobilization is not required. Upright lexion-extension
radiographs may be obtained before discharge from the hospital and serve as a comparison to postdischarge radiographs
for the purposes of follow-up.

Postoperative Imaging
he current generation of disc arthroplasty devices retains
metallic components in either the endplate or bearing mechanism, making radiation-based imaging the preferred modality
for postoperative evaluation. Plain radiography, including
lexion and extension views of the cervical spine, is a mainstay
in the postoperative period, and is useful for observing device
placement, identifying potential displacement or dislodgement of device components, and assessing maintenance of
motion. Special attention should be paid to device ixation at
the endplate-device interface, and sagittal balance of the entire
cervical spine (C2–C7) must be assessed.
MRI has been proposed as an alternative modality for
follow-up imaging, allowing for postoperative assessment of
the spinal canal, neural foramina, and neurologic status at
the index and adjacent levels. When evaluating the amount
of metal artifact on MRI with spinal implants, Wang et al.
found that titanium-based devices produced signiicantly
less artifact as compared to stainless steel and other alloys.43
Sekhon et al.44 used a scoring system to analyze surgeon interpretation of randomized postoperative MRI and found that
the titanium-based devices (Bryan and Prestige LP) scored
signiicantly higher than chromium-cobalt-molybdenum
(Cr-Co-Mb) devices (ProDisc-C and PCM). hese indings
suggest that titanium-based devices produced less artifact
while the Cr-Co-containing devices obscured the index and
adjacent levels.
Although the MRI characteristics of all devices on the
market (including those utilizing 316 stainless steel and/
or Cr-Co-Mb) have not been studied, device composition
may play a role in surgeon preference with regard to followup imaging. Initial MRI studies and the resulting image
obscurity caused by such devices may afect future material
choices and design strategies for cervical disc prostheses in
the future.
As postoperative use of MRI may not be optimal secondary
to artifacts generated by instrumentation, CT myelogram is a
viable option to visualize the neural canal and ofers superior
visualization of neurologic and motions segments. CT imaging
may also be used to identify complications, including implant
malpositioning, subsidence, failure, or fracture.45 A disadvantage of CT is high-dose radiation exposure to the patient.

Clinical Studies
he primary rationale for cervical disc arthroplasty in the
treatment of DDD and symptomatic spondylosis is motion
preservation, as well as reduction of adjacent-segment degeneration and consequent adjacent-level disease. he evidencebased literature is rapidly evolving as both short- and mid-term
results become available.

Prestige Disc
he Prestige ST artiicial disc is a ball-and-trough design made
of stainless steel and contains iron, carbon, chromium, nickel,
and molybdenum. he device design includes two-screw ixation to each adjacent vertebral body with thin anterior langes.
he 2-year and 5-year results of the Prestige ST FDA IDE
clinical trials were published in 2007 and 2010.35,46 Mummaneni et al.35 published the 2-year results of a prospective,
randomized, multicenter study comparing single-level cervical disc arthroplasty with the Prestige ST to single-level ACDF
in the treatment of cervical DDD and radiculopathy. At
24-month follow-up, the arthroplasty group demonstrated a
statistically signiicant higher rate of neurologic success, lower
rate of secondary surgeries, and a lower rate of adjacent
segment reoperations (1.1% in the arthroplasty group vs. 3.4%
in the ACDF group; P < .05). he arthroplasty group also
demonstrated earlier return to work compared to the ACDF
group (45 vs. 61 days, respectively).47
In 2010, Burkus et al.46 published the 5-year results of the
aforementioned FDA IDE clinical trial, which showed signiicant improvements in the Neck Disability Index (NDI), SF-36
scores, and Neck and Arm Pain Numerical Rating Scale scores
in both the arthroplasty and ACDF groups. Segmental motion
was preserved at the index level at 3 years (mean, 7.3 degrees)
and 5 years (mean, 6.5 degrees) postoperatively. Notably,
reoperation rates difered signiicantly between treatment
groups, with 0% of the arthroplasty group requiring revision
surgery (deined as any procedure that adjusted or modiied
the original implant coniguration) compared to 1.9% of the
ACDF group undergoing revision procedure (P = .028).
he Prestige LP is a titanium and ceramic composite disc
with rails that provide friction against migration and a plasma
spray coating on the superior and inferior surfaces to promote
bony ingrowth from vertebral endplates.32 In 2015, in a prospective, multicenter investigational device exemption study,
Gornet et al.48 collected Prestige LP data from 20 investigational sites and compared the data with the control ACDF
patients in the initial Prestige ST FDA IDE study.35 Clinical
outcomes data included NDI, SF-36, Neck and Arm Pain scale,
work status, ROM, disc height, adverse events, additional
procedures, and neurologic status. Clinical and radiographic
evaluations were completed preoperatively, intraoperatively,
and postoperatively up to 24 months. Signiicant improvements were achieved with respect to NDI, neck/arm pain,
SF-36, and neurologic status in both the Prestige LP and
ACDF groups by 1.5 months and were sustained at 24 months
postoperatively. Mean angular motion with the Prestige LP
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ProDisc-C
he FDA IDE trial for ProDisc-C was a prospective, randomized, controlled multicenter trial that studied patients with
single-level symptomatic cervical disc disease between C3–C7
who were unresponsive to 6 weeks of conservative treatment,
with a total of 209 patients enrolled: 106 underwent ACDF,
and 103 underwent TDA with ProDisc-C. Both groups showed
signiicant improvement from baseline, but there was no statistical signiicance in the improvement between groups at 24
months. Device success, deined as lack of revision surgeries at
the index level, was 98.1% in the ProDisc-C group and 91.5%
in the ACDF group; this diference was statistically signiicant
(P < .05). Overall success was 68.3% in the ACDF group compared to 72.3% in the ProDisc-C group, demonstrating noninferiority of the ProDisc-C cervical disc arthroplasty.
Zigler et al.49 reported the 5-year interim results for the
ProDisc-C IDE study, which demonstrated that ProDisc-C
patients had statistically signiicantly reduced neck pain
intensity and frequency when compared to the ACDF-treated
group. here were no reports of device failures or implant
migration 5 years postoperatively, and ProDisc-C patients had
a lower rate of reoperation compared with ACDF patients
(2.9% vs. 11.3%, respectively), which was also statistically
signiicant.
Kelly et al.50 compared adjacent segment motion in patients
following TDA with ProDisc-C and those treated with ACDF.
Nearly complete elimination of motion was observed at the
index level in patients who underwent ACDF, while a small
but statistically signiicant increase in ROM (1.01 degrees) was
observed in the TDA group. his study demonstrated no
signiicant diference in adjacent-segment ROM between the
two groups. Long-term clinical follow-up is necessary to
determine whether diferences in adjacent-segment motion
may ultimately afect the prevalence of adjacent-segment
disease in those treated with ProDisc-C arthroplasty or ACDF.

Bryan Disc
Heller et al.51 conducted a prospective, randomized, multicenter study as part of the 2009 FDA IDE trial investigating
the safety and eicacy of TDA using the Bryan Cervical Disc.
he investigational group included 242 patients treated with
arthroplasty; the control group included 221 patients who
underwent single-level ACDF. Patients completed clinical and
radiographic follow-up at regular intervals for 24 months.
Pain and function were assessed using NDI and SF-36 scores,

as well as numerical rating scales for neck and arm pain. While
both groups showed improvement compared to preoperative
scores, the investigational group demonstrated signiicantly
favorable results in several outcomes, including NDI, neck
pain, and return to work. Arm pain scores, SF-36 physical and
mental components, and rates of neurologic success, while
signiicantly reduced in both treatment groups compared
with preoperative levels, did not show signiicant diferences
between groups. At 24 months postoperatively, overall success
was achieved in 82.6% of the TDA group and 72.7% of the
ACDF group, which was statistically signiicant.51
Sasso et al.52 reported 48-month follow-up to the pivotal
FDA clinical trial, including 319 subjects (181 arthroplasty,
138 fusion). While at every time point the two groups were
signiicantly improved from their respective preoperative state
with regard to the NDI, the arthroplasty group was signiicantly superior when compared to the arthrodesis group. At
every time point postoperatively, the percentage of the arthroplasty group with reduction of greater than 15 points in NDI
scores was signiicantly higher than that of the fusion group,
with NDI success achieved in 90.6% of the TDA cohort and
79.0% of the ACDF cohort. Neurologic success rates at 48
months were similar to those observed at the 24-month time
point, and diference in mean rates between the two groups
was not statistically signiicant. Mean cervical spine motion
in the single-level TDA group increased from 6.5 degrees
at baseline to 8.08 degrees at 24 months and 8.5 degrees at
48 months; this increase was signiicant at all time points
ater 3 months. Ryu et al.53 completed an in vivo prospective
study of patients treated with single-level BRYAN disc arthroplasty investigating whether artiicial disc replacement could
maintain physiologic kinematics at the index and adjacent
levels, concluding that there is minimal change in the device
kinematic behavior at early follow-up and that kinematics
of the BRYAN Disc are predictable and durable at 5 years
postoperatively.

Mobi-C
he Mobi-C cervical disc prosthesis remains the only FDAapproved prosthesis for two-level cervical disc arthroplasty.54
Twenty-three patients were included in a retrospective study
on single-level TDA that showed statistically signiicant
improvements in VAS arm and neck pain scores at 6-month
follow-up. All patients were able to return to work within 1
month postoperatively, and there were no complications
observed. Cervical mobility was preserved at the index and
adjacent levels at 6-month follow-up. Park et al. retrospectively
studied a cohort of 53 patients who underwent operative treatment (21 treated with single-level TDA and 32 treated with
ACDF) for cervical disc herniations.55 his study demonstrated
statistically signiicant improvements in return to work and
shorter mean hospital stays in the TDA patients. While there
were no postoperative complications in the group treated with
the Mobi-C prosthesis, there were ive instances of cage subsidence in the fusion group.
In a prospective study analyzing sagittal balance in 40
patients ater TDA, Guérin et al. demonstrated maintenance
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device was maintained at 12 months (7.9 degrees) and
24 months (7.5 degrees). Neurologic success at 24 months
was 93.5% in the investigational group and 83.5% in the
control group. he authors of the study supported Prestige LP
superiority on overall success and as a safe and eicacious
alternative to ACDF for cervical DDD with radiculopathy
and/or myelopathy. In mid-2014, Medtronic announced FDA
approval to market the Prestige LP Cervical Disc System for
the treatment of single-level cervical disc disease (radiculopathy and/or myelopathy).
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of ROM, cervical lordosis, and sagittal alignment 2 years
postoperatively.56 his study also showed statistically signiicant improvements in NDI, VAS, and SF-36 scores for patients
who underwent TDA with Mobi-C. Beaurain et al. reported
the intermediate results of an ongoing multicenter prospective
study of 76 patients treated with Mobi-C TDA.57 he study
showed improvements in NDI, VAS arm and neck pain
indices, and SF-36 scores, all of which were statistically
signiicant. hrough radiologic evaluation, the authors demonstrated preservation of segmental motion, with lexionextension ROM of treated levels averaging 9.9 degrees
preoperatively and 9 degrees at 2 years postoperatively.
In regard to two-level TDA, Davis et al. published the
results of a prospective, randomized, FDA IDE trial that
compared Mobi-C TDA to ACDF for two-level contiguous
cervical DDD with 2-year follow-up.58 Of 330 patients enrolled
in the study, 225 (68%) were treated with two-level TDA while
105 (32%) underwent ACDF. Both groups demonstrated statistically signiicant improvements in NDI and VAS arm and
neck pain scores when compared to preoperative values. he
TDA group experienced signiicantly greater improvement in
the NDI score when compared to the fusion group. he ACDF
group also demonstrated a higher reoperation rate (11.4% vs.
3.1% reoperation ater TDA).
While one-level Mobi-C TDA is noninferior, but not
superior, to one-level ACDF, and two-level Mobi-C TDA may
be superior to two-level ACDF, long-term studies are necessary to evaluate outcomes and to elucidate complications
associated with the device. Critics would also argue that
substantial evidence beyond the indings of studies with signiicant conlict of interest is still lacking.59

Future Direction
Several of the aforementioned studies published in the last
decade, regardless of arthroplasty device, have attempted to
demonstrate that cervical TDA reduces the incidence of
adjacent-segment degeneration in the cervical spine. However,
there is a growing segment of the current literature critical of
the data comparing TDA to ACDF with regard to the incidence
of adjacent-segment disease (ASD) postoperatively. Points of
contention include short follow-up period, cohort size, disproportionate numbers of subjects among treatment groups, and
parameters used for assessing the incidence of ASD.
Nunley et al. studied 173 patients among the FDA IDE
trials for four separate disc replacement devices, with the
primary objective of identifying the incidence of and factors
inluencing ASD ater TDA.60 Patients included in the analysis
demonstrated one- and/or two-level symptomatic cervical
DDD, had failed at least 6 months of active conservative
management, and completed at least 4 years’ follow-up. his
study identiied a 3.1% annual incidence of symptomatic ASD
ater cervical TDA, regardless of patient’s age, sex, smoking
habits, and implant device. Meanwhile, patients participating
in the control arm treated with ACDF had a 2.8% annual
incidence of ASD—a diference that was not statistically
signiicant.

In addition to a lower incidence of ASD, the proposed
beneits of TDA include better function (per NDI, pain assessment, SF-36, and neurologic status) and a lower incidence of
reoperation. Yin et al. performed a meta-analysis of functional
scores, reoperation rates, and major complications following
TDA, identifying 2227 patients from 10 randomized controlled
trials.61 Fewer major surgical complications (including implant
wear, migration, dislodgement and subsidence, grat donor
site morbidity, and grat extrusion) occurred in TDA patients
than in fusion patients; this diference was statistically signiicant. While segmental motion at the index level was retained
in the setting of TDA, motion at adjacent levels was not greater
than that of the fusion group. Furthermore, there was not a
statistically signiicant diference in reoperation rates at adjacent levels ater TDA or fusion at 4 to 5 years’ mean follow-up.
Verma et al. described similar results in a meta-analysis of 6
prospective studies, including IDE and non-IDE trials with at
least 2 years’ follow-up.62 In a sample size of 1586 patients (777
ACDF, 809 TDA) and 70% follow-up, there was no detectable
diference in reoperation rates between groups.
While the FDA IDE trials remain a primary source of truly
randomized, collected, and validated data, independently
funded, blinded, long-term follow-up prospective studies are
necessary to further compare the efects that motionpreserving devices and fusion methods have on adjacent
spinal levels. he fact that osteopenia and concurrent lumbar
DDD signiicantly increase the risk of ASD has been established in the literature. However, the theoretical assumption
that motion-sparing TDA may signiicantly reduce the incidence of future ASD when compared to ACDF requires
further corroboration.

Biomechanics
he goals of TDA with respect to biomechanical parameters
are as follows: restoration of physiologic kinematics and
mobility while avoiding spinal instability; protection of biologic structures including adjacent discs, facet joints, and
ligaments from overloading; restoration of correct spinal
alignment; and device stability and response to wear debris.33
he most studied parameter concerning spinal kinematics
ater TDA is ROM, that is, the rotation from one extreme to
the other of the physiologic range of rotation of a speciic
motion. he majority of ex vivo studies that quantify motion
alternations ater TDA ind a general preservation of motion
at the index level, with ROMs nearly similar to physiologic
values regardless of prosthesis design.6,63–65
Normal cervical spine motion exhibits AP translation
during lexion and extension. he cervical spine motion segments are complex joints, each consisting of three compartments: the disc and two facets. Disc prosthesis design must
consider the three compartments as well as the multiple ligamentous structures of the cervical spine.
Biomechanical studies suggest that the semiconstrained
design (ball-in-trough) of the PRESTIGE cervical disc provides for normal kinematics in all ROMs. However, DiAngelo
et al. reported that a constrained design (ball-in-socket), such
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correlation between angular ROM at adjacent or index levels
and standard outcome measures of success in the investigational group. hese data were not analyzed in the control. his
study showed that the Bryan disc maintains mobility at the
level of the prosthesis over 24 months. No conclusions with
regard to the adjacent segments could be statistically reached
at this early follow-up interval.
In an in vitro biomechanical analysis, Gandhi et al.67 found
that ater single-level arthroplasty, the motion at implanted
levels increased in all directions. he Prestige LP disc demonstrated increased motion by 26% in lexion-extension, 33% in
lateral bending, and 6% in axial rotation. TDA with the Bryan
disc demonstrated an increase of 25% in lexion-extension, 8%
in lateral bending, and 1% in axial rotation.67
PEARLS
1. Disc arthroplasty is the most favorable intervention when
degenerative conditions of the anterior cervical spine are largely
limited to pathology of the disc with a sparing of degeneration
of the facet joints.
2. During the procedure, the surgeon should intermittently relax
retraction to allow recovery of surrounding soft tissues. This has
been suggested to decrease the duration and severity of
postoperative dysphagia.
3. Care should be taken to size the disc prosthesis appropriately.68
A prosthesis should be selected that optimally covers the
vertebral body endplates on AP and lateral luoroscopic views.
Implant-speciic sizing and alignment guides should be used
judiciously.
4. Proper orientation of the implant is crucial to a successful
outcome.68 The AP luoroscopic view should be oriented so that
the spinous process is equidistant between the pedicles of the
cranial and caudal vertebral bodies. The surgeon should ensure
that the midline is well marked after it has been determined
luoroscopically and should be careful not to stray from the
midline during implant preparation. The surgeon should ensure
that the implant is directly in the center of the disc space on the
AP view. Implant-speciic instrumentation should be employed
for the purposes of endplate preparation and distraction.
PITFALLS
1. Lack of meticulous hemostasis has been implicated as a factor
in HO.
2. Care should be taken not to overdistract the posterior facets
during implantation of the device.

KEY POINTS
1. Cervical disc arthroplasty is proposed as a safe, efective
alternative to ACDF in patients with symptomatic cervical
radiculopathy or myelopathy related to cervical DDD.
2. Cervical arthroplasty is designed to preserve motion and
avoid some of the limitations and morbidity of cervical
fusion, such as pseudarthrosis, bone graft harvest and
allograft issues, anterior cervical plating, and cervical
immobilization.
3. In addition to the primary goal of relief of symptoms from
cervical DDD, the technique of cervical arthroplasty has been
theorized to provide an advantageous biomechanical
environment that may counter the adjacent-segment
degeneration that has been observed in patients treated
with ACDF.
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as that of the ProDisc-C prosthesis, failed to reproduce normal
motion in extension.63 he ball-in-socket design does not
reproduce the natural AP translation seen in the normal
motion of the facet joint. he complexity of the cervical spine
requires a “balance” of all the signiicant structures, including
facets and ligaments.
he most signiicant efect of this change in balance is in
extension. When the spine goes into lexion, the facets “unshingle” and reduce their involvement in constraining the
motion of the functional spine unit. When the spine goes into
extension, the facets “shingle” and become more involved in
constraining the motion. With a constrained facet joint and a
constrained disc joint, one would expect to see binding or
limited motion (also known as kinematic conlict), as one joint
works against the other. his binding would give rise to decreased motion or increased stress on the system.
Balancing the kinematics in the functional spine unit is
crucial. A constrained disc replacement may be unable to
provide the normal kinematics of the cervical spine. AP
translation is anatomic and must be allowed to restore normal
motion. he Prestige Cervical Disc was shown to maintain
normal kinematics through all ROMs. Similar results would
be expected from the Bryan Cervical Disc system because it
is also semiconstrained and allows for AP translation in
lexion and extension.
Sasso and colleagues66 studied the kinematics of cervical
motion from patients enrolled in a prospective, randomized,
multicenter clinical trial. Radiographic data, including lexion,
extension, and neutral lateral radiographs, were obtained
preoperatively and at regular postoperative intervals up to 24
months. All patients had received either a single-level anterior
cervical plate (Atlantis anterior cervical plate, n = 221) or a
single-level artiicial cervical disc (Bryan Cervical Disc prosthesis, n = 242) at C3 to C7. Cervical vertebral bodies were
tracked to calculate the functional spinal unit motion parameters. Parameters measured included lexion-extension ROM
and translation. hese data were recorded at the index surgical
level and, if visible, at the functional spinal units cranial and
caudal to it.
More motion was retained in the disc replacement group
than the plated group at the index level, a statistically signiicant inding. At 24 months, the arthroplasty group retained an
average of 7.95 degrees (average, 6.43 degrees preoperatively).
In the control ACDF cohort, the average ROM in the fusion
group was 1.11 degrees at the 3-month follow-up and gradually decreased to 0.87 degrees at 24 months (average, 8.39
degrees preoperatively). In the Bryan cohort, index-level
functional spinal unit translation averaged 0.36 mm at 24
months, a data point that was statistically unchanged from the
irst postoperative measurement of translation at 3 months.
No investigational devices showed radiographic evidence of
subsidence at 24 months, and no HO was observed in the
BRYAN cohort.
Angular ROM at adjacent levels cranial and caudal to the
index surgical functional spinal unit was measured and was
not statistically diferent between the two cohorts preoperatively. At 24 months, these diferences were unchanged in
both groups (statistically similar). here was no consistent
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4. At 24 months, arthroplasty seems to compare favorably with
traditional ACDF in prospective randomized multicenter trials
examining the outcomes of devices including the Bryan,
Prestige ST, and ProDisc-C devices.
5. Intermediate-term and long-term follow-up are crucial to the
assessment of devices used in this technique because the
short-term data may not be an appropriate representation of
the primary and secondary outcomes for motion-sparing
technologies.
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horacic disc herniation is an uncommon disease. Diagnosis
is oten diicult owing to myriad presenting symptoms.
Advances in diagnostic methods, speciically magnetic resonance imaging (MRI), have led to earlier diagnosis of both
symptomatic and asymptomatic disc herniation. he natural
history of thoracic disc herniation is unclear because improved
diagnostic methods identify an increasing prevalence of
asymptomatic thoracic herniated discs. he vast majority of
thoracic disc herniations remain asymptomatic and are treated
nonoperatively. However, surgery generally is regarded as the
treatment of choice for a symptomatic herniated thoracic disc
with myelopathy to prevent the sequelae of spinal cord compression. he prognosis associated with surgical decompression has improved dramatically with selection of surgical
approach and the advent of techniques for disc excision
without cord manipulation.

Historical Background
In 1838, Key1 wrote the irst report of a thoracic herniated disc
causing spinal cord compression. Middleton and Teacher2
reported the second case 73 years later. he irst reported
surgical treatment of a thoracic herniated disc was in 1922 by
Adson, who performed a laminectomy and disc removal.3 In
their classic 1934 monograph on ruptured intervertebral discs,
Mixter and Barr4 described four cases of thoracic disc herniation; two of three patients treated surgically via laminectomy
were rendered paraplegic, emphasizing the challenge in the
management of the disease. In the ensuing years, many reports
helped deine the disease and document that treatment by
laminectomy was unpredictable and very risky.3,5–16
he costotransversectomy approach was introduced by
Menard17 in 1900. Capener18 later modiied the procedure for
use in the treatment of Pott disease. At Alexander’s suggestion,
Hulme19 was the irst to use this approach in the management
of a herniated thoracic disc. Hulme reported his experience
with six patients treated by costotransversectomy and showed
that it was a safer, more efective approach than laminectomy.
In a later literature review of 49 surgical cases using costo-

transversectomy, Arce and Dohrmann20 noted that 82% of
patients improved, the condition was unchanged in 14% of
patients, and only 4% of patients experienced worsening
of their condition.
Hodgson and Stock21 popularized the anterior approach to
the spine for the treatment of Pott disease. In 1958, Crafoord
and colleagues22 reported the irst transthoracic procedure on
the spine for a herniated disc. hey performed a fenestration,
or windowing, of the disc without any attempt at disc removal
or cord decompression. he one patient described in their
article did well. Simultaneous reports by Perot and Munro23
and Ransohof and colleagues24 in 1969 established transthoracic spinal cord decompression as a viable alternative to
costotransversectomy. he posterolateral approach to the
thoracic disc space was described by Carson and colleagues25
in 1971 and was modiied by Patterson and Arbit26 in 1978.
All the surgical approaches have undergone minor
modiications, including the application of microsurgical
techniques.27–29 Developments in the use of video-assisted
thoracoscopic surgery (VATS) have provided an additional
option in surgical treatment of a symptomatic thoracic herniated disc.30–33 Each technique has advantages and disadvantages, and all but laminectomy are currently acceptable.
he diagnostic use of MRI has had a profound inluence
on the treatment of thoracic disc herniation.34–42 At most
centers, MRI has replaced myelography as the standard for the
diagnosis of this condition. Because MRI is rapid, noninvasive,
and increasingly available, its use is likely to decrease delay in
diagnosis and lead to earlier treatment and perhaps improved
prognosis. A new challenge is likely to be avoiding overdiagnosis and unnecessary operations on asymptomatic lesions.41,43

Epidemiology
he true incidence of thoracic herniated discs is unknown;
many cases go unrecognized, or patients are asymptomatic.
Most patients are in the fourth through sixth decades of life
(Fig. 45.1).3,6,44,45 In a review of 288 cases reported in the literature, Arce and Dohrmann44 noted a slight male preponderance
(1.5 : 1), although most series show an approximately even sex
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FIG. 45.1 Distribution of 280 cases of thoracic disc herniation according to
age. (From Arce CA, Dohrmann GJ. Herniated thoracic disks. Neurol Clin.
1985;3:383–392.)

distribution.5,11,46,47 Cases have been reported in patients
ranging in age from 11 to 75 years.25,48,49
Historically, only 0.15% to 4% of all symptomatic
protrusions of an intervertebral disc are in the thoracic
spine.3,5,6,12,44,50–52 Surgically, thoracic disc excision accounts for
0.2% to 1.8% of all operations performed on symptomatic
herniated discs.5,29,39,44,53–56 In 1950, Love and Kiefer47 reported
on 17 cases seen over 26 years. Logue12 reported a thoracic
herniated disc in 11 of 250 discectomies (4%). Otani and
colleagues51 later reported symptomatic thoracic disc herniation in 15 of 857 discectomies (1.8%) over a 15-year period.
In a cadaveric study, Haley and Perry57 showed that 11% of
unselected autopsies revealed protruded thoracic discs; 2 of 99
specimens in their series had discs protruding 4 to 7 mm into
the canal. he prevalence of herniated thoracic discs with an
associated neurologic deicit has been estimated to be 1 per 1
million population.25,42,47,52,58
Improvements in imaging techniques have resulted in an
increased detection of thoracic abnormalities and, concurrently, of herniated thoracic discs. Ryan and colleagues59
reviewed 270 patients undergoing computed tomography
(CT) of the thorax for suspected malignancy and found four
(1.5%) who had asymptomatic calciied herniated thoracic
discs. In a retrospective review of combined CT and myelography in 360 patients, Awwad and colleagues60 found 54 herniations of a thoracic disc in 40 patients (11%) who were
asymptomatic. In their study, 88% of the asymptomatic
thoracic discs showed some deformity of the spinal cord;
there was no single feature or combination of features clearly
separating asymptomatic from symptomatic thoracic herniated discs.
he advent of MRI and its inherent sensitivity has increased
further the reported incidence of thoracic disc herniations.
Williams and colleagues41 retrospectively reviewed 48 patients
who underwent MRI for oncologic evaluation and reported a
thoracic herniated disc in seven (15%). Ross and colleagues39
diagnosed 20 cases (16 conirmed) by MRI in a 2-year period
compared with the initial report of Love and Kiefer47 in 1949

of 17 cases seen over a 26-year period. Wood and colleagues42
reported that 66 of 90 asymptomatic individuals (73%) had
positive anatomic indings at one or more thoracic levels.
Findings included herniation of a disc in 33 subjects (37%),
bulging of a disc in 48 (53%), an annular tear in 52 (58%), and
deformation of the spinal cord in 26 (29%). hese investigators
reported no association between age and the prevalence of
disc herniation. Compared with the MRI indings of 18
patients treated operatively for thoracic disc herniations in
their study, the overall prevalence of these indings in the
group that had thoracic pain was not signiicantly diferent
from the asymptomatic population.
Williams and colleagues41 suggested that thoracic disc
herniation may be common enough to be considered a normal
variant on MRI. More recently, Niemelainen and colleagues61
reported that degenerative thoracic MRI changes were less
common than previously reported. In a cross-sectional study
of men 35 to 70 years old from the Finnish Twin Cohort study,
only 9.2% of subjects had posterior disc bulging. Anterior disc
bulging was much more common, found in 45.2%. he presence of anterior disc bulging was positively correlated with age
(r = 0.15 to 0.23, P < .005). Moderate to severe disc height
narrowing ranged from 5.4% to 9.5% by level in the thoracic
spine.

Etiology
Most authors favor degenerative processes as the major cause
of thoracic disc herniation.3,20,57 his theory is supported by
the higher incidence of herniation in the thoracolumbar spine,
where greater degenerative changes occur.34,40,62 In a review of
MRI indings and their relationship to thoracic and lumbar
disc degeneration in a cohort of 232 subjects, Videman and
colleagues40 noted that moderate and severe osteophytes were
most common at the T11–T12 level (20.7% of subjects); upper
endplate irregularities were most common at levels T8–T12,
typically in the middle of the endplates in the thoracolumbar
spine compared with more peripheral endplate changes in the
lumbar spine. hese results were later supported by Niemelainen and colleagues,61 who reported moderate to severe disc
height narrowing in 21.4% of subjects.
he role of trauma as a cause of herniated thoracic discs is
controversial. A history of trauma can be elicited in 14% to
63% of patients.35,45 he mean prevalence in 10 random series
was 34%. In some patients, the causal relationship is undeniable; in others, trauma may have been an aggravating factor
or purely coincidental. he degree of reported trauma responsible for herniation ranges from minor twisting strains and
chiropractic manipulation to major falls or motor vehicle
accidents.63
Several authors35,54,64 have suggested an association between
Scheuermann disease and herniated thoracic discs. he
primary pathogenic process of the disease or secondary disc
degeneration may be the factors promoting herniation. Wood
and colleagues42 noted that endplate changes consistent with
Scheuermann disease were more prevalent in their symptomatic patient group than in the asymptomatic population.
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he pathogenesis of neurologic compromise secondary to
herniated thoracic discs is believed to be a combination of
direct neural compression and vascular insuiciency.2,3,6,12,26
Middleton and Teacher2 suggested this in a case reported in
1911. Severe back pain developed while this patient was liting
a heavy object. Approximately 20 hours later, he felt a sudden
severe pain shoot from his chest to his feet and he became
almost completely paraplegic. he patient died 16 days later
of urosepsis. he autopsy revealed a herniated thoracic disc
opposite a section of cord that was compressed, degenerated,
and hemorrhagic. A thrombosed vessel was found in the
section of cord showing the most hemorrhage.
Several anatomic features make the thoracic cord vulnerable to manipulation and trauma.26 he thoracic spinal canal
is small, and most of its available space is occupied by the
cord. he blood supply to the cord is tenuous in this region,
especially in the “critical zone” of T4–T9.65 In addition, thoracic disc protrusions are more common centrally than laterally, are oten calciied, and may adhere to or penetrate the
dura.3,12,16,20,23,66,67
he theory of direct compression causing neural compromise is supported by the report by Logue12 of a patient who
died ater a 14-month course of progressive paraplegia. he
autopsy showed extreme distortion of the cord, but the anterior spinal artery and vein were patent and showed no evidence
of damage. Kahn68 suggested that, in addition to direct anterior
compression by the herniated disc, the dentate ligaments may
resist posterior displacement of the cord, leading to traction
and distortion of neural structures.
Vascular insuiciency has been the explanation for unusual
cases, such as cases with transitory paresis and instances in
which the segmental level of involvement was higher than
expected from the location of the herniated disc.3,6 Signiicant
neural deicits may be caused by herniations that appear too
small to cause signiicant compression. his theory also helps
explain patients who show no improvement ater complete
decompression and patients who had an abrupt onset of
paraplegia in the presence of a chronic calciied disc. he
theory is supported by patients in whom the disc herniation
has been shown to cause anterior spinal artery thrombosis.12
Doppman and Girton69 performed an angiographic study
on animals on the efect of laminectomy in the presence of
acute anterior epidural masses. hey found that when decompression restored normal arteriovenous hemodynamics, the
animals were neurologically intact despite signiicant cord
distortion. When either the artery or the vein remained
obstructed, however, the animals remained paraplegic.

in the sagittal plane and transverse plane. Additional factors
may include size of the lesion, duration of compression, degree
of vascular compromise, size of the bony canal, and health of
the spinal cord.
In symptomatic cases, the condition is dynamic and can
progress.9 Tovi and Strang16 outlined the usual chronologic
progression, which begins with thoracic pain followed by
sensory disturbances, weakness, and inally bowel and bladder
dysfunction. Arce and Dohrmann20 conirmed this pattern in
their review of the literature: of 179 patients who described
their initial symptoms, 57% described pain, 24% described
sensory disturbance, 17% described motor weakness, and 2%
described bladder dysfunction (Table 45.1). By the time of
presentation, 90% of the patients had signs and symptoms of
cord compression, 61% had motor and sensory complaints,
and 30% had bowel or bladder dysfunction (Table 45.2). he
duration of symptoms before presentation ranged from hours
to 16 years in one series.3 In a report of 55 patients initially
treated conservatively, Brown and colleagues70 reported anterior bandlike chest pain as the most common early symptom
in 67% of patients; lower extremity complaints were present
in 20% of patients and ranged from paresthesia (4%) to frank
muscle weakness (16%). Additional symptoms included
intrascapular pain (8%) and epigastric pain (4%).
horacic pain can be midline, unilateral, or bilateral,
depending on the location of the herniation. In some cases,
there may be no pain. Coughing and sneezing may aggravate
pain, as with herniated discs in the cervical and lumbar
regions. With herniation of the T1 disc, the pain may be in
the neck and upper extremity, and simulate a cervical disc
problem, causing upper extremity numbness, intrinsic muscle
weakness, and Horner syndrome.5,26,71
When the herniation is in the midthoracic spine, radiation
of pain into the chest or abdomen can simulate cardiac or
abdominal disease, clouding an already complex clinical

TABLE 45.1

Initial Symptoms of Protruded Thoracic Disc

Symptom

No. Patients (%)

Pain

102 (57)

Sensory

42 (24)

Motor

31 (17)

Bladder

4 (2)

From Arce CA, Dohrmann GJ. Herniated thoracic disks. Neurol Clin. 1985;3:383–392.

TABLE 45.2

Presenting Features of Thoracic Disc Herniation

Feature
Motor and sensory signs and symptoms

Clinical Presentation
here is extreme variation in the clinical presentation of
patients who have a herniated thoracic disc. his variation
explains why no clear-cut syndrome has been identiied. he
signs and symptoms may depend on the location of herniation

No. Patients (%)
131 (61)

Brown-Séquard syndrome

18 (9)

Sensory signs and symptoms only

33 (15)

Motor signs and symptoms only

13 (6)

Radicular pain only

20 (9)

Bladder or sphincter features

65 (30)

From Arce CA, Dohrmann GJ. Herniated thoracic disks. Neurol Clin. 1985;3:383–392.
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picture. In the four cases reported by Epstein,7 one patient
underwent an unnecessary thoracotomy for excision of a
pericardial cyst, hysterectomy and salpingo-oophorectomy
were performed in another patient, and a third patient almost
underwent an abdominal exploration for endometriosis before
the true cause of her symptoms was identiied. Pain from a
lower thoracic disc herniation may radiate to the groin or
lank and simulate ureteral calculi or renal disease.62,72,73
Abdominal wall paresis and abdominal hernia have also been
presenting signs for thoracic disc herniations.74,75 Herniated
discs at the lowest thoracic levels can impinge on the cauda
equina and on the distal spinal cord, causing lower extremity
pain or weakness and mimic a herniated lumbar disc.76,77 On
physical examination, lexion of the neck may induce back or
root pain with lesions below the midthoracic level.25 A thorough neurologic examination is mandatory; the examiner
should pay close attention to long tract signs and other evidence of myelopathy. Cases of unexplained abdominal pain or
lower extremity complaints with normal abdominal and
lumbar imaging should be evaluated for the possibility of
thoracic disc herniation.78,79
Some investigators believe that the occurrence of pronounced sensory changes with relatively minor motor deicits
is highly suggestive of a herniated thoracic disc.25,80 Sensory
disturbances, motor weakness, sphincter dysfunction, and gait
abnormalities should direct the examiner’s attention to the
nervous system as the source of the problem.

Level and Classiication of Herniation
hree-fourths of cases occur between T8 and L1; the peak is
at T11–T12, where 26% to 50% of herniations occur (Fig.
45.2).20,40 Herniations are uncommon in the upper thoracic
spine.20,26,71 Haley and Perry57 found a similar distribution in
their cadaveric study of 99 spines and theorized that the
increased incidence in the thoracolumbar area is due to the
greater degree of motion in this region. he reason that
the incidence at T11–T12 is greater than that at T12–L1 (9%)
may be the facet orientation. Malmivaara and colleagues81
believed that the coronally oriented facets in the upper thoracolumbar region have less torsional resistance than the sagittally oriented facets at T12–L1; thus, the T11–T12 disc is
exposed to greater stress and has a high likelihood of
degeneration.
Herniated thoracic discs can be classiied by location or by
symptoms. Most authors describe the location of the herniation as central, centrolateral, or lateral, and roughly 70% of the
cases are either central or centrolateral.20,60 In a comparison of
characteristics on CT myelography of asymptomatic and
symptomatic herniated thoracic discs, Awwad and colleagues60
reported that 90% of herniations were central or parasagittal
versus lateral in asymptomatic patients, whereas 80% were
central or parasagittal in symptomatic patients. No identiiable
radiographic features could reliably classify a herniated thoracic disc as symptomatic or asymptomatic. Abbott and Retter5
classiied cases by symptoms and reported that lateral protrusions cause root compression, and that patients have radicular
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FIG. 45.2 Levels of thoracic disc protrusion in 280 cases. (From Arce CA,
Dohrmann GJ. Herniated thoracic disks. Neurol Clin. 1985;3:383–392.)

pain and minimal or no signs of cord compression. Patients
with central disc herniation in the upper and middle thoracic
spine can have signs of myelopathy caused by spinal cord
compression. Protrusions at T11 and T12 compress the conus
medullaris and cauda equina, and may cause pain referred to
the lower limbs and sphincter disturbance.
Few cases of intradural herniation of thoracic discs have
been reported, suggesting that the incidence is low.3,8,16,26,82–86
Love and Schorn3 reported a series of 61 cases in which seven
(11%) showed disc erosion through the anterior dura. In a
review of the literature, Epstein and colleagues83 noted that 5%
of all intradural disc herniations were found in the thoracic
spine. Similar to the cervical spine, the low incidence was
attributed to the lack of signiicant dural adhesions of the
thoracic dura to the posterior longitudinal ligament and
anulus ibrosus. Patients with intradural thoracic disc herniations tended to present with a higher incidence of BrownSéquard syndromes and paraplegia.44 In most cases, the
presence of an intradural thoracic disc herniation is not
identiied preoperatively. CT myelography seems to have a
higher sensitivity to detect this than MRI even with the addition of gadolinium.82
he exact incidence of multilevel herniations is
unknown.5,14,35,87 Arseni and Nash6 reviewed the literature in
1960 and found multiple herniations in only 4 of 106 cases
reported. A report by Bohlman and Zdeblick35 suggested,
however, that the incidence may be much higher than previously recognized. Of their 19 patients, three (16%) had herniations at two levels. he sensitivity of MRI may be partially
responsible for this increased frequency.37,39 Ross and colleagues39 reported that three of 13 patients (23%) whose
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Natural History
here are few long-term reports of untreated adults with
herniated thoracic discs. In 1992, Brown and colleagues70
reported a 2-year follow-up on 55 patients found to have
thoracic disc herniation on MRI and concurrent pain; 11
(20%) initially had lower extremity complaints. Initial treatment in 54 patients included bed rest; nonsteroidal antiinlammatory drugs; and controlled physical therapy involving
hyperextension strengthening, postural training, and body
mechanics education. Ultimately, 15 patients (27%) underwent operation. Of the remaining 40 patients treated nonoperatively, 31 (78%) returned to their prior level of activity. Nine
of the 11 patients presenting with lower extremity complaints
of pain or weakness underwent operation; 55% of herniated
discs in the operative group were at or below T9. In contrast,
48% of the discs in the nonoperative group were at T6–T9.
In patients with lower extremity complaints, the natural
history of the disorder is typically one of progression, and
nearly all patients eventually undergo operation for progressive neurologic deicit or unremitting pain.3,11 he most
characteristic chronologic progression of symptoms is pain
followed by sensory disturbance, weakness, and bowel and
bladder dysfunction.16 he course can be extremely variable,
however, and it is unknown whether neurologic signs or
symptoms ever would have developed in patients operated on
for pain alone. Some patients might have improved spontaneously if not subjected to surgical treatment. Haro and colleagues88 reported on two patients with acute onset of
symptomatic thoracic disc herniation with signs of myelopathy
that resolved without surgery. Both patients had lower extremity signs of myelopathy, but neither developed bowel or
bladder dysfunction or progressive motor weakness. Treatment with steroids and prostaglandin E1 led to resolution of
symptoms and resorption of thoracic disc herniation on
follow-up MRI scans.
Arseni and Nash6 described two general patterns for the
time course of symptoms. he irst, which occurs in younger
patients with a history of trauma, is backache that can be
followed by a rapidly evolving myelopathy. In the second
pattern, which typically occurs in patients past middle age

who have degenerative disc disease without any signiicant
trauma, signs and symptoms of cord compression develop
slowly and progressively. Tovi and Strang16 found that when
the irst symptom to develop was unilateral, the course tended
to be one of slow progression with periods of stabilization and
occasional slight remission. Rapid, irreversible progression
generally was noted in cases with a bilateral onset.
Calciication of the disc in children is considered to be a
painful but self-limited process, with eventual resolution of
the pain and resorption of the calciied deposit. It generally
occurs in the cervical spine. About half of cases are preceded
by a history of trauma (30%) or upper respiratory tract infection.89,90 he natural history of herniated calciied thoracic
discs in children was reviewed by Nicolau and colleagues.91
he course was similar to cases without herniation; the patients
improved spontaneously as the calciied fragment resorbed.
he progression is not always benign, however. Two cases in
children have been reported in which myelopathy developed
from cord compression and required operation.13,67
Disc calciication in adults difers from that in children. he
thoracolumbar spine is the most frequent site of calciication,
and the condition is generally asymptomatic unless herniation
of the disc occurs.89 he deposits may accelerate degeneration
by interfering in the biomechanics and nutrition of the disc.89,92
Disc calciication is found on routine radiographs in 4% to 6%
of patients without disc herniation compared with up to 70%
of patients with disc prolapse.12,89 he natural history of disc
herniation in adults has not been conclusively shown to be
altered by disc calciication.

Diferential Diagnosis
Love and Schorn3 reported that before myelography the
correct diagnosis was made in 13 of 61 patients and was
considered in the diferential diagnosis in only 7 others; even
ater myelography, the correct diagnosis was made preoperatively in only 56% of patients. With greater awareness of the
diagnosis and improved imaging techniques now available,
the correct diagnosis should be made before operation in
almost all cases.
he diferential diagnosis of back pain includes spinal
tumors, infection, ankylosing spondylitis, fracture, intercostal
neuralgia, herpes zoster, and cervical and lumbar herniated
discs. Diseases of the thoracic and abdominal viscera may
have a similar presentation. Neurosis is another possibility.
he diferential diagnosis of myelopathy includes demyelinating and degenerative processes of the central nervous system
(CNS), such as multiple sclerosis and amyotrophic lateral
sclerosis.93,94 Intraspinal tumors, brain tumors, and cerebrovascular accidents also should be considered.20,63
In patients who have a neurologic deicit and radiographic
evidence of Scheuermann disease, the diferential diagnosis
includes an extradural cyst or compression from an angular
kyphosis.54,95 In the series by Lesoin and colleagues,54 the mean
age of the patients who had a herniated thoracic disc in association with Scheuermann disease was 44 years, similar to the
population without Scheuermann disease. his is in contrast
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herniation was diagnosed by MRI had multilevel involvement;
Wood and colleagues42 reported multiple disc herniations in
39% of asymptomatic volunteers that were diagnosed by MRI.
hese rates are similar to the indings in the autopsy study by
Haley and Perry,57 in which two of seven patients had more
than one protruded disc.
Van Landingham64 suggested an association between
Scheuermann disease and multilevel herniation. Wood and
colleagues42 noted that endplate changes consistent with
Scheuermann disease were more prevalent in the group with
thoracic pain and disc herniation than in the asymptomatic
population. Conversely, Lesoin and colleagues54 reported six
cases of single-level herniations only in patients with Scheuermann disease, suggesting a lack of signiicant association with
multiple herniations.
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to a mean age of 17 years in three patients in whom neurologic
compromise developed secondary to bony cord compression
at the apex of the kyphosis.95

Diagnostic Evaluation
Spine Radiographs
Plain radiographs of the spine generally are diagnostic only if
they show disc calciication. he calciied disc is not always
the one that is herniated, but the association at least suggests
the diagnosis.3,96 A calciied disc in the canal is pathognomonic
of disc herniation.12,27,28,96 Baker and colleagues96 identiied
two radiographic patterns of calciication (Fig. 45.3). One
consisted of extensive calciication posteriorly in the interspace
and bulging into the canal. he other pattern, which is subtle
and oten overlooked initially, is a small nidus just posterior
to the narrowed interspace. Studies35,59 of adult lumbar discs
have shown that the deposits may be calcium pyrophosphate
dihydrate or calcium hydroxyapatite. he clinical signiicance
of the diferent radiographic patterns or chemical compositions has not been determined.
he proposed association between Scheuermann disease
and herniated thoracic discs has been discussed previously. A
patient found to have kyphosis with vertebral body wedging
and endplate irregularity in association with back pain or a
neurologic deicit should undergo other studies to eliminate
the possibility of a herniated disc. Other radiographic indings, such as narrowing and hypertrophic changes, are nonspeciic and are not helpful in the diagnosis.3,12,96

Myelography
he thoracic spine is diicult to image by myelography because
of the thoracic kyphosis and superimposition of mediastinal

A

structures. Myelography alone is diagnostic in only 56% of
cases and has a false-negative rate of 8%.3 A complete block is
found in 10% to 15% of cases.16,96 Myelography is performed
by injecting water-soluble contrast agent in the lumbosacral
canal, removing the spinal needle, and placing the patient
supine so that the contrast agent pools in the dependent thoracic kyphosis.36 Anteroposterior and lateral ilms are essential.
A herniated disc appears as a central illing defect at the level
of the disc space (Fig. 45.4). Central protrusions produce discrete oval or round illing defects. In large protrusions, a
complete block occurs with a blunt, convex leading edge.12,96
Lateral discs produce triangular or semicircular indentations
with displacement of the cord to the opposite side (Fig. 45.5).96
Evaluation of cerebrospinal luid (CSF) at the time of myelography is nonspeciic.9 he protein content is increased in less
than 50% of patients and helps only to focus attention on the
central nervous system. It generally is in the range of 50 to
100 mg/dL but may be greater than 400 mg/dL.53 Currently,
myelography is most helpful in localizing lesions to allow
directed CT and in preparation for operation.35,97

Computed Tomography
Enhanced CT ater myelography with a water-soluble contrast
agent is an extremely valuable technique, which has been the
diagnostic standard (Fig. 45.6).35,36,39,44,50,60 When combined
with standard myelography, CT not only improves sensitivity
and accuracy, but also detects intradural penetration of
the disc.44,83
CT alone may be helpful when the disc is calciied (Fig.
45.7), but it is not as sensitive as CT with intrathecal injection
of a contrast agent.65 he criterion for diagnosis of a herniated
disc by CT is a focal extension of the disc beyond the posterior
aspect of the vertebral body with spinal cord compression or
displacement.39

B

FIG. 45.3 Plain radiographs can be used to diagnose herniated discs only when calciication is seen within the
spinal canal. (A) Large calciied disc within canal (arrows) is nearly obscured by overlying ribs (see Figs. 45.7 and
45.8, respectively for computed tomographic and magnetic resonance images from the same patient). (B) Tiny
nidus of calcium is visible in the canal posterior to the narrowed 11th interspace (arrow).
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FIG. 45.4 Oval illing defects in the opaque column of an iophendylate (Pantopaque) myelogram resulting
from central protruded thoracic discs. Note the midline position of the spinal cord in all cases. (A) Tiny
protrusion visible at the T9 interspace. (B) Small protrusion at T12. (C) Moderately large, slightly obstructing
protrusion at T12. (D) Large, severely obstructing protrusion at T12. (E) Upper margin was outlined only when
oil lowed caudad (arrows). (F) Completely obstructing protrusion at T12. Note the blunt, convex leading edge
of column. (From Baker HL Jr, Love JG, Uihlein A. Roentgenologic features of protruded thoracic intervertebral
disks. Radiology. 1965;84:1059–1065.)
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A

B

C

D
FIG. 45.5 Filling defects in the opaque column of an iophendylate (Pantopaque) myelogram resulting from a
lateral protruded thoracic disc. Note the lateral displacement of the spinal cord in several cases. (A) Small lateral
protrusion at T11. (B) Moderately large, slightly obstructing protrusion at T10. (C) Large obstructing protrusion
at T9. (D) Completely obstructing protrusion at T10. Note the pointing of the column and deviation of the
spinal cord to the left. (From Baker HL Jr, Love JG, Uihlein A. Roentgenologic features of protruded thoracic
intervertebral disks. Radiology. 1965;84:1059–1065.)

Magnetic Resonance Imaging
MRI has revolutionized the diagnostic evaluation of thoracic
disc disease. Most centers rely on MRI almost exclusively, but
others still perform myelography and CT when operative
treatment is being considered.35–37 MRI is a rapid, noninvasive
outpatient procedure that does not use ionizing radiation and
causes no morbidity. It is a sensitive and speciic technique
that makes it easy to obtain sagittal sections of the entire
thoracic spine.36,37,39 Findings on MRI are similar to indings
of myelography and CT, but it is necessary to use information
from sagittal T1-weighted and T2-weighted and axial
T1-weighted images to achieve similar sensitivity (Fig. 45.8).39
MRI is a highly technical procedure; the expertise of
the radiologist and the design of the scanner determine the
accuracy of the test to a great degree. here are pitfalls of
MRI, such as partial volume averaging (owing to the relatively
large section thickness), the CSF low void sign (regions of

low signal intensity within the luid owing to its pulsatile
motion), signal dropout from calciied discs, chemical shit
artifacts from marrow fat, and mismapped signal from
cardiac motion.36,39,98 Addition of gadolinium as a contrast
agent has been reported to help in diferentiating between
thoracic disc herniations and small meningiomas; herniated
disc material does not enhance, whereas spinal meningiomas show a very early, homogeneous, and intense uptake of
contrast agent.38
Despite improved imaging and increased sensitivity, indings of thoracic disc herniation on MRI must be interpreted
with caution and closely correlated with clinical indings.
Several reports noted signiicant disc protrusion and spinal
cord deformation in 30% of asymptomatic individuals.42,60 In
their large MRI series, Wood and colleagues42 noted that the
overall prevalence of thoracic disc herniation in the group
with thoracic pain was not signiicantly diferent from the
asymptomatic population.
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FIG. 45.6 Postmyelography computed tomographic scan showing a large,
right centrolateral herniated disc at T8–T9.

A

B

FIG. 45.7 Computed tomographic scan showing calciication of a
centrolateral herniated thoracic disc.

C

FIG. 45.8 Magnetic resonance image of the same patient in Fig. 45.7 showing a large, calciied, herniated
thoracic disc at T11–T12. (A) T1-weighted sagittal image. (B) T2-weighted sagittal image. (C) T1-weighted axial
image.

Discography
he general sensitivity but lack of speciicity of thoracic MRI
in diagnosing painful thoracic disc disease sometimes may
require the supplemental use of provocative discography to
identify a speciic thoracic disc pain source. In a retrospective
review, Schellhas and colleagues99 showed thoracic discography as a safe and reliable technique.
In a controlled prospective study, Wood and colleagues100
compared MRI and discography in asymptomatic and symptomatic individuals. In asymptomatic volunteers, the mean
pain response with discography was 2.4 out of 10. On discography, 27 of 40 discs were abnormal, with endplate irregularities, annular tears, or herniations. Ten discs read as initially
normal on MRI showed annular pathology on discography. In
symptomatic patients with chronic thoracic pain, the pain
response with discography was 6.3 out of 10. Of the 49 discs

studied in this group, 55% had a concordant pain response,
39% had a discordant pain response, and 6% had no pain. On
MRI, 21 of 49 discs appeared normal; however, on discography, only 10 were judged as normal. he only correlative
pathology seemed to be Scheuermann endplate pathology, as
seen on MRI, and Schmorl nodes as seen on discography.
In a systematic review of the literature, Buenaventura and
colleagues101 reported there is limited evidence to support the
role of discography for the diagnosis of chronic thoracic discogenic pain. Given the general prevalence of degenerative
thoracic disc pathology in asymptomatic individuals, discography apparently should be reserved for individuals with
interdiscal pathology on MRI and thoracic axial pain unresponsive to an appropriate duration of nonsurgical treatment.
Additionally, results from discography can be highly variable
based on the examiner. Consideration should be given to
the possibility of needle penetration by discography and
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deleterious efects from the contrast agent leading to progressive degenerative changes as reported clinically in the lumbar
spine as well as in vitro studies.102,103

he majority of thoracic disc herniations remain asymptomatic and are even considered a normal incidental inding. In
these cases, observation is the treatment of choice. Indications
for surgery include (1) progressive myelopathy, (2) lower
extremity weakness or paralysis, (3) bowel or bladder dysfunction, and (4) radicular pain refractory to conservative measures. Brown and colleagues70 reported that 77% of patients
with radicular pain as the primary presentation improved ater
a course of physical therapy. In cases of radicular presentation
only, some authors believe that if the protrusion is far lateral
with nerve root compression only, the situation is not urgent,
and the decision to operate should be based on the degree of
pain.7 Conversely, there have been reports of lateral lesions
causing severe neurologic deicits from compression of a
major medullary feeder vessel.55 Small herniations also should
be respected because abrupt, severe, and irreversible deicits
can occur. Some investigators have concluded that there is no
relationship between the size of the herniation and the gravity
of the clinical picture.11,27
In cases of myelopathy and lower extremity involvement,
most authors recommend early decompression. In cases of late
treatment, favorable results are still possible despite signiicant
delays and the presence of major neurologic deicits.35 A less
aggressive approach may be taken in children because the
natural history of the disorder seems to be diferent.91
he surgical management of this disorder has evolved in
recent years. Laminectomy with disc excision was the benchmark approach 30 years ago, but has been abandoned because
of the risk of neurologic deterioration (Fig. 45.9). Ater the

introduction of alternative techniques of decompression,
Ravichandran and Frankel104 noted a signiicant decrease in
admission to spinal cord injury centers of patients with paralysis ater treatment of herniated thoracic discs. In a review of
135 cases, Arce and Dohrmann20 found that ater laminectomy
58% of the patients were improved, 10% were unchanged, 28%
were worse, and 4% had died. here is also evidence that
patients who do not improve or who are made worse by laminectomy are less likely to be helped by later anterior decompression.93 he best results are achieved in patients who have
lateral lesions above T11, who have minimal neurologic deicits, who have a sot disc, and who are operated on early ater
the onset of symptoms.3,7,16,23,84,105,106
Patients with myelopathy caused by ossiication of the
posterior longitudinal ligament have worse rates of recovery.105 Although laminectomy is still occasionally advocated
for lateral lesions, most authors think that the procedure is
contraindicated.28,107 Singounas and Karvounis108 described
good results in patients treated by decompressive laminectomy alone without attempted disc removal. Several studies8,12
described disastrous results with this technique, however.
Studies in animals found consistent neurologic deterioration
ater decompressive laminectomy alone for anterior epidural
masses.69,109
Costotransversectomy is an efective technique for managing herniated thoracic discs (Fig. 45.10).10,45,110 Disc excision is
performed through a paramedian incision with the patient
prone10 or in a modiied lateral decubitus position.110 he
paraspinal muscles are either retracted medially or split transversely.10,45 he posterior portion of each rib on the side of the
herniated disc is excised, and the pleura is mobilized and
relected anterolaterally. he transverse processes and remaining head and neck of each excised rib are removed. he
intervertebral foramen is located by tracing the intercostal
nerve medially. he foramen is enlarged by partial removal of
the corresponding pedicles, and the dural sac is exposed. A

FIG. 45.9 Attempted decompression by laminectomy would require
manipulation of the cord and a high risk of neurologic deterioration.

FIG. 45.10 Decompression by costotransversectomy is possible without
manipulation of the cord.

Treatment
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cavity is created in the posterior aspect of the bodies and disc,
allowing gentle removal of disc fragments through the defect
without manipulation of the spinal cord.10,45,111,112
Transthoracic spinal cord decompression has been shown
to be a viable alternative to costotransversectomy (Fig.
45.11).23,24 Advantages include a more direct approach to the
lesion and better visualization, facilitating excision of central
herniations and herniations with intradural penetration.
Disadvantages of the procedure include the potential complications associated with a thoracotomy.
Although many complications have been described ater
thoracotomy for other disorders, few have been reported
ater discectomy.20,23,24,35,46,93,113,114 he results of transthoracic
decompression are similar to results of costotransversectomy.
In 53 cases collected from the literature, 52 patients improved,
and 1 was unchanged. Bohlman and Zdeblick35 reported the
outcome in 19 patients treated by costotransversectomy or
transthoracic decompression. he two poor outcomes in their
series were in cases treated by costotransversectomy. hey
concluded that the transthoracic approach with its superior
exposure was the preferred procedure. Lubelski and collegues
compared results of the lateral extracavitary versus costotransversectomy approaches to the thoracic spine and found similar
rates of complications, but slightly increased rates of blood
loss and hospital stay with the more invasive extracavitary
approach.115
Some authors23,24,49,84,116 recommended preoperative angiography to determine the location of the artery of Adamkiewicz and other major medullary feeder vessels. If such a vessel
is found at the level of the disc herniation, the spine could be
approached from the opposite side. Alternatively, by carefully
avoiding dissection in the neural foramina, this problem can
be obviated without the need for an arteriogram. here is
generally abundant collateral circulation in the region of the
neural foramina that provides blood low to the cord even with
ligation of the artery of Adamkiewicz.65,117,118 We routinely
ligate the segmental vessels adjacent to the herniated disc

midway between the foramina and the aorta, and have not
observed any untoward efects (Fig. 45.12).93
he patient is placed in the lateral decubitus position. A
lateral prolapse is best approached from the ipsilateral side; a
midline herniation may be approached from either side. In the
upper or middle thoracic spine, the right side has the advantage of avoiding the great vessels and the heart. here also is
statistically less risk to the artery of Adamkiewicz because this
vessel is on the let in approximately 80% of patients.65 When
the herniation is in the lower thoracic spine, a let thoracotomy
is preferred because it is easier to mobilize the aorta than the
vena cava, and the liver does not crowd the ield.23,35
he level of rib resection is chosen to give the most direct
access to the afected disc (see Fig. 45.12A). A horizontal line
drawn on a chest radiograph from the disc space to the chest
wall intersects the rib that should be resected. his is generally
one to two ribs above the afected disc in the middle and lower
thoracic spine.84 In the upper thoracic spine, the exposure is
limited by the scapula; it is generally necessary to excise the
ith or sixth rib, then work craniad.
he recommended extent of bone and disc removal varies
from a relatively small trough in the posterior aspect of the
disc to complete discectomy with partial corpectomy of
the adjacent bodies (see Fig. 45.12B).23,28,35,84,93 We believe
that the latter approach is safer because it provides the greatest degree of visualization and allows complete discectomy
without disturbing the foraminal vessels. In either case, great
care is taken to perform the decompression without any
manipulation or pressure to the spinal cord.
Fusion is indicated when stability is compromised by the
decompression and in cases associated with Scheuermann
disease.45 When only a small amount of bone and disc is
excised, fusion generally is not recommended.23,28,35,84 Conversely, with complete discectomy, fusion is mandatory (see
Fig. 45.12C). In addition to providing stability, fusion may
limit local pain secondary to motion of the degenerated
segment. Recurrence of thoracic disc herniation has not been
reported, but complete discectomy and fusion theoretically is
the best way to prevent this complication. At the conclusion
of the procedure, a chest tube is placed and attached to waterseal suction. If fusion has been performed, a thoracolumbosacral orthosis brace should be used.
Otani and colleagues49 described a modiication of the
transthoracic procedure in which the pleura is dissected away
from the chest wall ater rib excision. his modiication allows
the approach to be entirely extrapleural. heir results were
similar to results in other series of transthoracic decompressions. he advantage of the technique is the avoidance of a
chest tube postoperatively. Claims of a lower incidence of
pulmonary complications may be more theoretical than real
because few such complications have been reported, but the
reduction in pain caused by the chest tube is a deinite
advantage.
A posterolateral approach was described by Carson and
colleagues25 in 1971 (Fig. 45.13). hey performed a complete
laminectomy of the vertebrae adjacent to the herniated disc
combined with a medial facetectomy and excision of the
transverse process. A T-shaped incision through the erector
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FIG. 45.11 Transthoracic decompression allows the most direct approach
to the lesion without manipulation of the cord.
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FIG. 45.12 (A) Exposure provided by the transthoracic approach. The great vessels are mobilized by ligation of
the segmental vessels midway between the aorta and neural foramina. A malleable retractor may be placed for
protection of the great vessels. (B) Complete discectomy and partial corpectomy of adjacent vertebral bodies
provides excellent visualization and allows complete decompression without disturbance of collateral vessels
within the neural foramina. (C) Fusion is indicated when stability is compromised by decompression. (Courtesy
the Mayo Foundation.)
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B
FIG. 45.13 Posterolateral decompression. (A) Removal of central herniation would require some manipulation
of the cord. (B) Lateral herniations may be approached by this technique without manipulation of the cord.
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Video-Assisted Thoracoscopic Surgery
he continuing evolution of VATS has provided experienced
surgeons an alternative approach for thoracic disc herniation
decompression. he VATS technique was irst described by
Mack and colleagues122 in 1993 for the drainage of thoracic
paravertebral abscess. In 1994, Horowitz and colleagues123
reported the clinical application of VATS for the treatment
of thoracic disc herniation. Subsequently, several authors
reported larger clinical series documenting the outcome of
VATS-treated thoracic disc herniation.1,19,30–32,56,124–126

Reported advantages of VATS include reduced perioperative morbidity from minimal surgical dissection and avoidance of rib resection or spreading, enhanced visualization for
the operating surgeons and support team, reduced postoperative pain with improved ventilatory excursion, shorter hospitalization and rehabilitation, and consequent decreased overall
medical costs.1,26 Disadvantages of VATS include the required
coordination of two operative surgeons, an acquired technical
skill set with a steep learning curve, specialized thoracoscopic
instrumentation, and the required delation of the ipsilateral
lung for the procedure to be successful.
Indications for VATS application for thoracic disc herniation are similar to the indications for the anterior thoracic
approach. he procedure can be performed in patients ranging
in age from pediatric to geriatric. he minimally invasive
nature of the VATS approach and consequent reduced postoperative pain and inspiratory splinting make this approach
applicable in patients less able to tolerate the physiologic
efects of open thoracotomy, such as patients with chronic
obstructive pulmonary disease or interstitial ibrosis. Patients
with contraindications for VATS include patients intolerant
of single-lung ventilation and patients with severe or acute
respiratory insuiciency, high airway pressures with positivepressure ventilation, and pleural scarring. Relative contraindications include previous tube thoracostomy or previous
thoracotomy. For technical details of the VATS technique, see
Chapter 25.
In addition to numerous case reports, several authors have
reported on large series of thoracic disc herniation treated by
VATS.30,32,56,124,125 In 1998, Regan and colleagues32 reported
their preliminary experience in 29 patients. Mean operative
time was 175 minutes. he surgical complication rate was
14%, primarily from intercostal neuralgia and atelectasis. At
1-year follow-up, 76% of patients related satisfactory results;
24% of patients reported dissatisfaction or no change.
In a further extension of their series, Anand and Regan30
reported outcomes on 100 consecutive cases with minimal
2-year follow-up. In 100 patients, 117 discs were excised; 40
patients underwent fusion: 27 with autologous rib strut and
13 with a threaded interbody fusion cage. Mean operative time
was 173 minutes, mean blood loss was 259 mL, and average
length of stay was 4 days. he surgical complication rate was
21%; 75% of the complications were pulmonary related
(pleural efusion, pneumothorax, atelectasis, and pneumonia).
Intercostal neuralgia occurred in six patients (6%) early in the
series and declined subsequent to use of sot lexible intercostal
trocars. One patient incurred a 2500-mL blood loss; open
conversion to thoracotomy was done in one patient. Five
patients underwent reoperation: four for secondary fusion
secondary to discogram-positive intractable axial pain and
one for pseudarthrosis with a threaded interbody fusion
device that was removed and replaced with a rib grat strut.
At inal follow-up, 88 patients were available for evaluation.
Of the 68 who responded to the patient satisfaction survey,
18% rated their procedure satisfaction as excellent, 54% as
good, 16% as fair, and 12% as poor. Oswestry scores improved
with 36% of patients with preoperative scores greater than 50
and 23% of patients with preoperative scores less than 50.
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muscle of the spine allowed an oblique approach to the anterior epidural space. Patterson and Arbit26 modiied the
approach in 1978 to include the removal of the facet and
pedicle of the vertebra caudal to the protruded disc through a
straight midline incision. he central portion of the disc is
removed by creating a cavity. he protruded material is excised
by reduction of disc and bone into the cavity before removal.
Ater anterior decompression, a complete laminectomy can be
performed. Le Roux and colleagues53 reported the results of
the transpedicular approach and use of the operative microscope in 20 patients; all patients symptomatically improved
postoperatively, 40% became asymptomatic, and no complications were noted.
Lesoin and colleagues27 reported good results with a slightly
more extensive exposure in which the transverse process,
articular facets, and portions of the adjacent pedicles are
removed. he extent of bone removal requires that a fusion be
performed; these authors recommended unilateral Harrington
rod instrumentation. Spinal deformity has been reported to
occur ater posterolateral decompression without fusion.15 In
the 45 cases in the literature, 40 patients noted improvement
(89%), the condition was unchanged in 3 patients, and it was
worse in 1 patient; 1 patient died.30 Some authors claim that
intradural disc herniation can be dealt with much more easily
with this approach than with any other; however, approaching
anterior dural erosion by this technique requires some degree
of manipulation of the cord.99
Zhuang and collegues119 reported on a posterior transfacet
approach to thoracic disc herniations. A complete laminectomy was performed, and bilateral facet joints were removed.
he disc was exposed and removed bilaterally through the
intervertebral foramen. he anterior thecal sac was released
posterior to the longitudinal ligament and anulus with a
down-biting curette. he superior and inferior portions of the
vertebral bodies were then removed as needed with an
L-shaped osteotome to allow access to central calciied thoracic discs. his remaining portion of the disc could then be
safely removed with down-biting curettes. his technique was
performed on 27 patients with excellent recovery in 12
patients, good in 6, fair in 5, and unchanged in 1. No patients
were worse postoperatively.
Other, less common approaches have also been described
for upper thoracic disc herniations. Ulivieri and colleagues120
described a transmanubrial osteomuscular-sparing approach
for T1–T2 disc herniations. A transvertebral herniotomy has
also been reported for a T2–T3 lesion.121
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Patient satisfaction was greatest in patients with preoperative
indings of myelopathy or lower extremity radicular pain or
both and least in patients with pure thoracic radicular pain as
the preoperative presentation.
Kim and colleagues124 reported on the use of VATS in 20
consecutive patients with various thoracic pathologies. hese
investigators found VATS to be an efective minimally invasive
technique, but with a steep learning curve.
McAfee and colleagues56 reported on the incidence of VATS
complications in a series of 78 consecutive patients, 41 of whom
underwent VATS for thoracic discectomy. Six patients showed
a transient postoperative intercostal neuralgia; the incidence
diminished with subsequent use of sot trocars. Atelectasis
or efusion resulting in a prolonged hospital stay was seen
in ive patients. Blood loss greater than 2500 mL occurred
in two patients. Penetration of the right hemidiaphragm
occurred in one case, with mild parenchymal laceration to
the liver repaired thoracoscopically without postoperative
sequelae. Intraoperative conversion to open thoracotomy was
required in one patient secondary to scarring from a previous
costotransversectomy.
Hur and collegues126 used VATS combined with an O-arm
CT-based navigation system for treatment of 10 patients with
thoracic disc herniation. hey reported the addition of 29.4
minutes for the use of the image guidance system, but reported
no complications in their series. Additional reported advantages of combining VATS with computer guidance were
improved visualization of the operative ield, improved surgical planning, optimization of the surgical approach involving
the establishment of correct drilling trajectory, and safe
decompression of the spinal cord.
Methodologic review of VATS emphasizes the necessity of
initial portal placement at the midaxillary sixth or seventh
intercostal space to avoid injury to vital organs. he recommended use of sot trocar portals and a meticulous technique

emphasizing the constant visualization of all instrumentation
tips was believed to be cardinal in the reduction of VATSassociated complications. Gille and colleagues125 reported on
the results of VATS in 18 cases of hard thoracic disc herniation. In 11 of the patients, there was no deinitive plane
between the calciied disc and the dura. Seven patients
developed a dural tear with a high risk of CSF istula. Four of
these seven patients required revision surgery.

Minimally Invasive Techniques
here have been several more recent reports of using minimally invasive techniques for the surgical treatment of thoracic
disc herniations.127–131 In a cadaveric and initial clinical study,
Lidar and colleagues129 reported the minimally invasive technique to be safe and efective. hese investigators used a series
of sequentially larger tubular dilators inserted on the lateral
border of the rib head to allow visualization of the space
between the costotransverse joint and caudal border of the
costovertebral joint (Fig. 45.14). he joints are disarticulated,
and the rib is freed and cut 2 cm distal to the costotransverse
joint. he neurovascular bundle is identiied and gently
retracted. he transverse process is removed. he working
tube is inserted deeper and medially. he pedicle is removed,
starting at the foramen, allowing access to the disc.
he feasibility of this technique was irst veriied using four
cadaveric specimens. Following that, Lidar and colleagues129
used the technique on 10 patients with myelopathy secondary
to thoracic disc herniation. he mean operative time was 171
minutes (range, 150 to 220 minutes), mean blood loss was
215 mL (range, 60 to 350 mL), and all patients had a one-night
hospital stay and returned to work within 4 weeks. here were
no documented operative or postoperative complications.
Smith and collegues131 reported on a series of 16 patients
with thoracic disc herniation treated with a minimally
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FIG. 45.14 (A) Intraoperative radiograph detailing minimally invasive approach through a dilated tube with a
curette placed on the inferior border of the rib head. (B) Schematic drawing showing the working area of the
tube. The arrow shows the desired discectomy level. The oval shows the working tube placement. The vertical
line inside the oval shows the skin incision. (From Lidar Z, Lifshutz J, Bhattacharjee S, et al. Minimally invasive,
extracavitary approach for thoracic disc herniation: technical report and preliminary results. Spine J.
2006;6:157–163.)
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Summary
Symptomatic herniated thoracic discs are uncommon lesions
that usually afect middle-aged adults. Diagnosis is diicult
owing to myriad symptoms, and there is no clear-cut clinical
syndrome. he natural history is unclear; improved diagnostic
techniques have identiied an increasing prevalence of asymptomatic herniated thoracic discs. he natural history of
symptomatic patients generally is progression, oten starting
with pain followed sequentially by sensory, motor, gait, and
sphincter disturbances. Many patients complain of pain only;
others present with painless myelopathy.
Most herniations occur in the lower thoracic region; central
protrusions are more frequent than lateral protrusions. Multiple herniations and intradural penetration are uncommon.
In most cases, the cause is a degenerative process, but a history
of trauma can be elicited in approximately one-third of cases;
an association with Scheuermann disease has been suggested
by several authors. he pathogenesis of neurologic compromise in thoracic disc herniation is believed to be a combination of direct neural compression and vascular insuiciency.
he diferential diagnosis is long and requires careful consideration. Radiologic evaluation is essential for the diagnosis,
but plain ilms are helpful only if disc calciication is present.
Myelography, CT, and MRI are considered standard diagnostic
tools, although no speciic imaging features can reliably classify a herniated disc as symptomatic or asymptomatic.
Laminectomy is no longer indicated for treatment of thoracic disc herniation because of a high risk of neurologic
deterioration and the fact that it may compromise the results
of later anterior decompression. Discectomy may be performed
by various surgical approaches: costotransversectomy, transthoracic, posterolateral, or video-assisted. he most rational
way to manage the problem may be to select the approach best
suited to the disease that is present and to the surgeon’s experience. Posterolateral techniques are ideal for lateral lesions and
may be the best choice for herniated discs with coexistent
stenosis.132 he transthoracic approach permits the best visualization for central lesions. Upper thoracic lesions are more
diicult to approach through the chest and may be managed
best by costotransversectomy. Depending on the experience
of the surgeon, video-assisted approaches can provide an
alternative with reportedly less surgical morbidity. Newer
minimally invasive approaches are also being developed that
may ofer less pain and quicker recovery.
he prognosis of patients who have herniated thoracic
discs treated surgically is favorable, and early operative inter-

vention is advised in cases of myelopathy or refractory radicular pain. he techniques are exacting, however, and still carry
a signiicant risk of neurologic deterioration.
PEARLS
1. Of asymptomatic adults, 73% have positive anatomic indings,
including 37% with disc herniation and 29% with spinal cord
deformation.
2. Disc calciication can be seen in 70% of patients with thoracic
disc prolapse.
3. For symptomatic central thoracic disc herniation, the
transthoracic approach is probably the safest.
PITFALLS
1. Surgical treatment of thoracic disc herniation by laminectomy
has a 28% chance of worsening symptoms.
2. Blood supply to the spinal cord is tenuous in the thoracic spine,
especially from T4 to T9, and ligation of blood vessels within the
neural foramina should be avoided whenever possible because
this may cause paralysis.

KEY POINTS
1. The true incidence of thoracic herniated discs is unknown; many
cases are unrecognized, or patients are asymptomatic.
2. Surgically, thoracic disc excision accounts for 0.2% to 1.8% of all
operations performed on symptomatic herniated discs.
3. The pathogenesis of neurologic compromise secondary to
herniated thoracic discs is believed to be a combination of
direct neural compression and vascular insuiciency.
4. A thorough neurologic examination is mandatory; the examiner
should pay close attention to long tract signs and other
evidence of myelopathy.
5. Indications for surgery include progressive myelopathy, lower
extremity weakness or paralysis, bowel or bladder dysfunction,
and radicular pain refractory to conservative measures.
6. The recommended extent of bone and disc removal varies from
a relatively small trough in the posterior aspect of the disc to
complete discectomy with partial corpectomy of adjacent
bodies.
7. Reported advantages of VATS include reduced perioperative
morbidity from minimal surgical dissection and avoidance of rib
resection or spreading, enhanced visualization for the operating
surgeons and support team, reduced postoperative pain with
improved ventilatory excursion, shorter hospitalization and
rehabilitation, and consequent decreased overall medical costs.
8. The prognosis of patients who have herniated thoracic discs
treated surgically is favorable, and early operative intervention is
advised in cases of myelopathy or refractory radicular pain.

KEY REFERENCES
1. Anand N, Regan JJ. Video-assisted thoracoscopic surgery for
thoracic disc disease. Spine. 2002;27:871-879.
The authors describe the technique and clinical outcome of
video-assisted thoracic disc decompression.
2. Arce CA, Dohrmann G. Herniated thoracic disks. Neurol Clin.
1985;3:383-392.
This review of the literature details the clinical presentation and
progression of thoracic disc herniation.
3. Bohlman HH, Zdeblick TA. Anterior excision of herniated thoracic
discs. J Bone Joint Surg Am. 1988;70:1038-1047.
This article describes the technique of transthoracic disc
decompression and clinical outcomes.
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invasive thoracic microendoscopic discectomy technique.
he approach was performed with a tunular retractor system
placed through a muscle dilating technique and visualization
through an endoscope. No complications were reported, with
a mean operative time of 153 minutes per level and hospital
stay of 21 hours. Reported outcomes were excellent or good in
13 (81%), fair in 1 (6%), and poor in 2 (13%). he two poor
outcomes were related to neurologic diagnoses, not to the
surgical approach or procedure.
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4. Brown CW, Defer PA, Akmakjian J, et al. The natural history of
thoracic disc herniation. Spine. 1992;17:S97-S102.
The clinical method and the outcome of nonoperative thoracic disc
herniation treatment are presented.
5. Currier BL, Eismont FJ, Green BA. Transthoracic disc excision and
fusion for thoracic herniated discs. Spine. 1994;3:323-328.
This article is a summary of the early experience of the authors of
this chapter using the transthoracic approach for treating patients
with symptomatic thoracic herniated discs.
6. Wood KB, Garvey TA, Gundry C, et al. Magnetic resonance
imaging of the thoracic spine. J Bone Joint Surg Am. 1995;77:
1631-1638.
A clinical review is provided of MRI-detected thoracic disc herniation
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REFERENCES
1. Key CA. On paraplegia: depending on disease of the
ligaments of the spine. Guys Hosp Rep. 1838;3:17-24.
2. Middleton GS, Teacher JH. Injury of the spinal cord due
to rupture of an intervertebral disc during muscular efort.
Glasgow Med J. 1911;76:1.
3. Love JG, Schorn VG. horacic disk protrusions. JAMA. 1965;
191:627-631.
4. Mixter WJ, Barr JS. Rupture of the intervertebral disc with
involvement of the spinal canal. N Engl J Med. 1934;211:
210-218.
5. Abbott KH, Retter RH. Protrusions of thoracic intervertebral
disc. Neurology. 1956;6:1-10.
6. Arseni C, Nash F. horacic intervertebral disc protrusion: a
clinical study. J Neurosurg. 1960;17:418-430.
7. Epstein JA. he syndrome of herniation of the lower
thoracic intervertebral discs with nerve root and spinal cord
compression: a presentation of four cases with a review of the
literature, methods of diagnosis, and treatment. J Neurosurg.
1954;11:525-538.
8. Fisher RG. Protrusions of thoracic disc: the factor
of herniation through the dura mater. J Neurosurg.
1965;22:591-593.
9. Hawk WA. Spinal compression caused by enchondrosis of
the intervertebral ibrocartilage with a review of the recent
literature. Brain. 1936;59:204-224.
10. Huang T, Hsu RW, Sum C, et al. Complications in
thoracoscopic spinal surgery: a study of 90 consecutive
patients. Surg Endosc. 1999;19:346-350.
11. Kite WC Jr, Whitield RD, Campbell E. he thoracic herniated
intervertebral disc syndrome. J Neurosurg. 1957;14:61-67.
12. Logue V. horacic intervertebral disc prolapse with
spinal cord compression. J Neurol Neurosurg Psychiatry.
1952;15:227-241.
13. Peck FC Jr. A calciied thoracic intervertebral disk with
herniation and spinal cord compression in a child: case
report. J Neurosurg. 1957;14:105-109.
14. Svien HJ, Karavitis AL. Multiple protrusions of intervertebral
disks in the upper thoracic region: report of case. Mayo Clin
Proc. 1954;29:375-378.
15. Terry AF, McSweeney T, Jones HWF. Paraplegia as a sequela
to dorsal disc prolapse. Paraplegia. 1981;19:111-117.
16. Tovi D, Strang RR. horacic intervertebral disk protrusions.
Acta Chir Scand Suppl. 1960;267:6.
17. Menard V. Etude Pratique sur le Mal de Pott. Paris: Masson;
1900.
18. Capener N. he evolution of lateral rachiotomy. J Bone Joint
Surg Br. 1954;36:173-179.

19. Hulme A. he surgical approach to thoracic intervertebral
disc protrusions. J Neurol Neurosurg Psychiatry. 1960;23:
133-137.
20. Arce CA, Dohrmann G. Herniated thoracic disks. Neurol
Clin. 1985;3:383-392.
21. Hodgson AR, Stock FE. Anterior spinal fusion: a preliminary
communication on the radical treatment of Pott’s disease and
Pott’s paraplegia. Br J Surg. 1956;44:266-275.
22. Crafoord C, Hiertonn T, Lindblom K, et al. Spinal cord
compression caused by a protruded thoracic disc: report of a
case treated with anterolateral fenestration of the disc. Acta
Orthop Scand. 1958;28:103-107.
23. Perot PH Jr, Munro DD. Transthoracic removal of midline
thoracic disc protrusions causing spinal cord compression.
J Neurosurg. 1969;31:452-458.
24. Ransohof J, Spencer F, Siew F, et al. Case reports and
technical notes on transthoracic removal of thoracic disc:
report of three cases. J Neurosurg. 1969;31:459-461.
25. Carson J, Gumpert J, Jeferson A. Diagnosis and treatment of
thoracic intervertebral disc protrusions. J Neurol Neurosurg
Psychiatry. 1971;34:67-68.
26. Patterson RH Jr, Arbit E. A surgical approach through the
pedicle to protruded thoracic discs. J Neurosurg. 1978;48:
768-772.
27. Lesoin F, Rousseaux M, Autricque A, et al. horacic disc
herniations: evolution in the approach and indications. Acta
Neurochir (Wien). 1986;80:30-34.
28. Safdari H, Baker RL. Microsurgical anatomy and related
techniques to an anterolateral transthoracic approach to
thoracic disc herniations. Surg Neurol. 1985;23:589-593.
29. Signorini G, Baldini M, Vivenza C, et al. Surgical treatment of
thoracic disc protrusion. Acta Neurochir (Wien). 1979;49:
245-254.
30. Anand N, Regan JJ. Video-assisted thoracoscopic surgery for
thoracic disc disease: classiication and outcome study of 100
consecutive cases with a 2-year minimum follow-up period.
Spine. 2002;27:871-879.
31. Regan JJ, Mack MJ, Picetti GD. A technical report on
video-assisted thoracoscopy in thoracic spine surgery:
preliminary description. Spine. 1995;20:831-837.
32. Regan JJ, Ben-Yishay A, Mack MJ. Video-assisted
thoracoscopic excision of herniated thoracic disc: description
of technique and preliminary experience in the irst 29 cases.
J Spinal Disord. 1998;11:183-191.
33. Rosenthal D, Rosenthal R, de Simone A. Removal of a
protruded thoracic disc using microsurgical endoscopy: a new
technique. Spine. 1994;19:1087-1091.
34. Blumenkopf B. horacic intervertebral disc herniations:
diagnostic value of magnetic resonance imaging.
Neurosurgery. 1988;23:36-40.
35. Bohlman HH, Zdeblick TA. Anterior excision of herniated
thoracic discs. J Bone Joint Surg Am. 1988;70:1038-1047.
36. Chambers AA. horacic disk herniation. Semin Roentgenol.
1988;23:111-117.
37. Francavilla TL, Powers A, Dina T, et al. MR imaging of
thoracic disk herniations. J Comput Assist Tomogr. 1987;11:
1062-1065.
38. Parizel PM, Rodesch G, Baleriaux D, et al. Gd-enhanced MR
in thoracic disc herniations. Neuroradiology. 1989;31:75-79.
39. Ross JS, Perez-Reyes N, Masaryk TJ, et al. horacic disc
herniation: MR imaging. Radiology. 1987;165:511-515.
40. Videman T, Battie MC, Gill K, et al. Magnetic resonance
imaging indings and their relationships in the thoracic and

Chapter 45 Thoracic Disc Disease

42.

43.
44.

45.

46.
47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61. Niemelainen R, Battie MC, Gill K, et al. he prevalence
and characteristics of thoracic magnetic resonance imaging
indings in men. Spine. 2008;33:2552-2559.
62. Tahmouresie A. Herniated thoracic intervertebral disc: an
unusual presentation: case report. Neurosurgery. 1980;7:
623-625.
63. Landreneau RJ, Hazelrigg SR, Mack MJ, et al. Post-operative
pain-related morbidity: video-assisted thoracic surgery versus
thoracotomy. Ann horac Surg. 1993;56:1285-1289.
64. Van Landingham JH. Herniation of thoracic intervertebral
discs with spinal cord compression in kyphosis dorsalis
juvenilis (Scheuermann’s disease). Case report. J Neurosurg.
1954;11:327-329.
65. Dommisse GF. he blood supply of the spinal cord: a
critical vascular zone in spinal surgery. J Bone Joint Surg Br.
1974;56:225-235.
66. Hochman MS, Pena C, Ramirez R. Calciied herniated
thoracic disc diagnosed by computerized tomography.
J Neurosurg. 1980;52:722-723.
67. Maccartee CC Jr, Griin PP, Byrd EB. Ruptured calciied
thoracic disc in a child. J Bone Joint Surg Am. 1972;54:
1271-1274.
68. Kahn EA. he role of the dentate ligaments in spinal cord
compression and the syndrome of lateral sclerosis.
J Neurosurg. 1944;4:191-199.
69. Doppman JL, Girton M. Angiographic study of the efect
of laminectomy in the presence of acute anterior epidural
masses. J Neurosurg. 1976;45:195-202.
70. Brown CW, Defer PA, Akmakjian J, et al. he natural history
of thoracic disc herniation. Spine. 1992;17(suppl 6):S97-S102.
71. Gelch MM. Herniated thoracic disc at T1-2 level associated
with Horner’s syndrome. J Neurosurg. 1978;48:128-130.
72. Fransen P, Collignon F, Van Den Heule B. Foraminal disc
herniation h9-h10 mimicking abdominal pain. Acta Orthop
Belg. 2008;74:881-884.
73. Ozturk C, Tezer M, Sirvanci M, et al. Far lateral thoracic disc
herniation presenting with lank pain. Spine J. 2006;6:201-203.
74. LaBan MM, Gorin G. A thoracic disc herniation presenting as
an abdominal hernia. Am J Phys Med Rehabil. 2007;86:601.
75. Stetkarova I, Chrobok J, Ehler E, et al. Segmental abdominal
wall paresis caused by lateral low thoracic disc herniation.
Spine. 2007;32:E635-E639.
76. Deitch K, Chudnofsky C, Young M. T2-3 thoracic disc
herniation with myelopathy. J Emerg Med. 2009;36:138-140.
77. Papapostolou A, Tsivgoulis G, Papadopoulou M, et al.
Bilateral drop foot due to thoracic disc herniation. Eur J
Neurol. 2007;14:E5.
78. Cho HL, Lee SH, Kim JS. horacic disk herniation
manifesting as sciatica-like pain. Neurol Med Chir (Tokyo).
2011;51:67-71.
79. Lara FJP, Berges AF, Quesada JQ, et al. horacic disk
herniation, a not infrequent cause of chronic abdominal pain.
Int Surg. 2012;97:27-33.
80. Kuhlendahl H. Der horakale Bandscheibenprolaps als
extramedullarer Spinaltumor und in seinen Beziehungen zu
internen Organsyndromen. Arztl Wochenschr. 1951;6:154-157.
81. Malmivaara A, Videman T, Kuosma E, et al. Facet joint
orientation, facet and costovertebral joint osteoarthrosis, disc
degeneration, vertebral body osteophytosis, and Schmorl’s
nodes in the thoracolumbar junctional region of cadaveric
spines. Spine. 1987;12:458-463.
82. Almond LM, Hamid NA, Wasserberg J. horacic intradural
disc herniation. Br J Neurosurg. 2007;21:32-34.

S E C T I O N

41.

lumbar spine: insights into the etiopathogenesis of spinal
degeneration. Spine. 1995;20:928-935.
Williams MP, Cherryman GR, Husband JE. Signiicance of
thoracic disc herniations demonstrated by MR imaging.
J Comput Tomogr. 1989;13:212-214.
Wood KB, Garvey TA, Gundry C, et al. Magnetic resonance
imaging of the thoracic spine. J Bone Joint Surg Am. 1995;77:
1631-1638.
Williams MP, Cherryman GR. horacic disc herniation: MR
imaging [letter]. Radiology. 1988;167:874-875.
Arce CA, Dohrmann G. horacic disc herniation: improved
diagnosis with computed tomographic scanning and a review
of the literature. Surg Neurol. 1985;23:356-361.
Benson MKD, Byrnes DP. he clinical syndromes and surgical
treatment of thoracic intervertebral disc prolapse. J Bone Joint
Surg Br. 1975;57:471-477.
Albrand OW, Corkill G. horacic disc herniation: treatment
and prognosis. Spine. 1979;4:41-46.
Love JG, Kiefer EJ. Root pain and paraplegia due to
protrusions of thoracic intervertebral disks. J Neurosurg.
1950;7:62-69.
Brennan M, Perrin JCS, Canady A, et al. Paraparesis in a
child with a herniated thoracic disc. Arch Phys Med Rehabil.
1987;68:806-808.
Otani KI, Yoshida M, Fujii E, et al. horacic disc herniation:
surgical treatment in 23 patients. Spine. 1988;13:1262-1267.
Alvarez O, Roque CT, Pampati M. Multilevel thoracic disk
herniations: CT and MR studies. J Comput Assist Tomogr.
1988;12:649-652.
Otani K, Manxoku S, Shibaski K, et al. he surgical treatment
of thoracic and thoracolumbar disc lesions using the anterior
approach. Spine. 1977;2:266-275.
Russell T. horacic intervertebral disc protrusion: experience
of 67 cases and a review of the literature. Br J Neurosurg.
1989;3:153-160.
Le Roux PD, Haglund MM, Harris AB. horacic disc
disease: experience with the transpedicular approach
in twenty consecutive patients. Neurosurgery. 1993;33:
58-66.
Lesoin F, Leys D, Rousseaux M, et al. horacic disk
herniation and Scheuermann’s disease. Eur Neurol.
1987;26:145-152.
Mansour H, Hammoud F, Vlahovitch B. Brown-Séquard
syndrome caused by foramen and calciied disk herniation
responsible for direct compression of Adamkiewicz’s artery.
Neurochirurgie. 1987;33:478-481.
McAfee PC, Regan JR, Zdeblick T, et al. he incidence of
complications in endoscopic anterior thoracolumbar spinal
reconstructive surgery: a prospective multicenter study
comprising the irst 100 cases. Spine. 1995;20:1624-1632.
Haley JC, Perry JH. Protrusion of intervertebral discs: study
of their distribution, characteristics and efects on the nervous
system. Am J Surg. 1950;80:394-404.
Ridenour TR, Haddad SF, Hitchon PW, et al. Herniated
thoracic disks: treatment and outcome. J Spinal Disord.
1993;6:218-224.
Ryan RW, Lally JF, Kozic Z. Asymptomatic calciied herniated
thoracic disks: CT recognition. AJNR Am J Neuroradiol.
1988;9:363-366.
Awwad EE, Martin DS, Smith KR Jr, et al. Asymptomatic
versus symptomatic herniated thoracic discs: their frequency
and characteristics as detected by computed tomography ater
myelography. Neurosurgery. 1991;28:180-186.

803

VI

804 THORACIC AND LUMBAR DISC DISEASE
83. Epstein NE, Syrquin MS, Epstein JA, et al. Intradural disc
herniations in the cervical, thoracic, and lumbar spine: report
of three cases and review of the literature. J Spinal Disord.
1990;3:396-403.
84. Fidler MW, Goedhard ZD. Excision of prolapse of thoracic
intervertebral disc: a transthoracic technique. J Bone Joint
Surg Br. 1984;66:518-522.
85. Isla A, Roda JM, Benscome J, et al. Intradural herniated
dorsal disc: case report and review of the literature.
Neurosurgery. 1988;22:737-738.
86. Jeferson A. he treatment of thoracic intervertebral disc
protrusion. Clin Neurol Neurosurg. 1975;78:1.
87. Chin LS, Black KL, Hof JT. Multiple thoracic disc
herniations. Case report. J Neurosurg. 1987;66:290-292.
88. Haro H, Domoto T, Maekawa S, et al. Resorption of
thoracic disc herniation: report of 2 cases. J Neurosurg Spine.
2008;8:300-304.
89. Bullough PG, Boachie-Adjei O. Atlas of Spinal Diseases.
Philadelphia: JB Lippincott; 1988.
90. Sonnabend DH, Taylor TKF, Chapman GK. Intervertebral
disc calciication syndromes in children. J Bone Joint Surg Br.
1982;64:25-31.
91. Nicolau A, Diard F, Darrigade JM, et al. Posterior herniation
of a calciied disc in children: a report of two cases. J Radiol.
1985;66:683-688.
92. Weinberger A, Myers AR. Intervertebral disk calciication in
adults: a review. Semin Arthritis Rheum. 1978;8:69-75.
93. Currier BL, Eismont FJ, Green BA. Transthoracic disc
excision and fusion for thoracic herniated discs. Spine. 1994;3:
323-328.
94. Roosen N, Dietrich U, Nicola N, et al. Case report: MR
imaging of calciied herniated thoracic disk. J Comput Assist
Tomogr. 1987;11:733-735.
95. Ryan MD, Taylor TKF. Acute spinal cord compression in
Scheuermann’s disease. J Bone Joint Surg Br. 1982;64:
409-412.
96. Baker HL Jr, Love JG, Uihlein A. Roentgenologic features
of protruded thoracic intervertebral disks. Radiology.
1965;84:1059-1065.
97. Alberico A, Sahni KS, Hall JA Jr, et al. High thoracic disc
herniation. Neurosurgery. 1986;19:449-451.
98. Enzmann DR, Griin C, Rubin JB. Potential false-negative
MR images of the thoracic spine in disk disease with
switching of phase and frequency encoding gradients.
Radiology. 1987;165:635-637.
99. Schellhas KP, Pollei SR, Dorwart RH. horacic discography: a
safe and reliable technique. Spine. 1994;19:2103-2109.
100. Wood KB, Schellhas KP, Garvey TA, et al. horacic
discography in healthy individuals: a controlled prospective
study of magnetic resonance imaging and discography in
asymptomatic and symptomatic individuals. Spine. 1999;24:
1548-1555.
101. Buenaventura RM, Shah RV, Patel V, et al. Systematic review
of discography as a diagnostic test for spinal pain: an update.
Pain Physician. 2007;20:147-164.
102. Gruber HE, Rhyne AL 3rd, Hansen KJ, et al. Deleterious
efects of discography radiocontrast solution on human
annulus cell in vitro: changes in cell viability, proliferation,
and apoptosis in exposed cells. Spine J. 2012;12(4):329-335.
103. Carragee EJ, Don AS, Hurwitz EL, et al. Does discography
cause accelerated progression of degeneration changes in
the lumbar disc: a ten-year matched cohort study. Spine.
2009;34(21):2338-2345.

104. Ravichandran G, Frankel HL. Paraplegia due to intervertebral
disc lesions: a review of 57 operated cases. Paraplegia. 1981;
19:133-139.
105. Aizawa T, Sato T, Sasaki H, et al. Results of surgical treatment
for thoracic myelopathy: minimum 2-year follow-up study in
132 patients. J Neurosurg Spine. 2007;7:13-20.
106. Yi S, Kim H, Shin HC, et al. Outcome of surgery for
a symptomatic herniated thoracic disc in relation to
preoperative characteristics of the disc. Acta Neurochir
(Wien). 2007;149:1139-1145.
107. Fessler RG, Sturgill M. Review: Complications of surgery for
thoracic disc disease. Surg Neurol. 1998;49:609-618.
108. Singounas EG, Karvounis PC. horacic disc protrusion
(analysis of 8 cases). Acta Neurochir (Wien). 1977;39:
251-258.
109. Bennett MH, McCallum J. Experimental decompression of
the spinal cord. Surg Neurol. 1977;8:63-67.
110. Simpson JM, Silveri CP, Simeone FA, et al. horacic disc
herniation: re-evaluation of the posterior approach using a
modiied costotransversectomy. Spine. 1993;13:1872-1877.
111. Chesterman PJ. Spastic paraplegia caused by sequestrated
thoracic intervertebral disc. Proc R Soc Med. 1964;57:87-88.
112. Garrido E. Modiied costotransversectomy: a surgical
approach to ventrally placed lesions in the thoracic spinal
canal. Surg Neurol. 1980;13:109-113.
113. Hulme A. he surgical approach to thoracic intervertebral
disc protrusions. J Neurol Neurosurg Psychiatry. 1960;23:
133-137.
114. Amini A, Apfelbaum RI, Schmidt MH. Chylorrhea: a
rare complication of thoracoscopic discectomy of the
thoracolumbar junction. J Neurosurg Spine. 2007;6:563-566.
115. Lubelski D, Abdullah KG, Mroz TE, et al. Lateral
extracavitary vs. costotransversectomy approaches to the
thoracic spine: relections on lessons learned. Neurosurgery.
2012;71(6):1096-1102.
116. Maiman DJ, Larson SJ, Luck E, et al. Lateral extracavitary
approach to the spine for thoracic disc herniations: report of
23 cases. Neurosurgery. 1984;14:178-182.
117. DiChiro G, Fried LC, Doppman JL. Experimental spinal cord
angiography. Br J Radiol. 1970;43:19-20.
118. Lazorthes G, Gouzae A, Zadeh JO, et al. Arterial
vascularization of the spinal cord: recent studies of
the anastomotic substitution pathways. J Neurosurg.
1971;35:253-262.
119. Zhuang QS, Lun DX, Xu ZW, Dai WH, Liu DY. Surgical
treatment for central calciied thoracic disk herniation: a
novel L-shaped osteotomy. Orthopedics. 2015;38(9):
e794-e798.
120. Ulivieri S, Oliveri G, Petrini C, et al. Transmanubrial
osteomuscular sparing approach for T1-T2 thoracic disc
herniation. Minerva Chir. 2008;63:421-423.
121. Kawahara N, Demura S, Marukami H, et al. Transvertebral
herniotomy for T2/3 disc herniation—a case report. J Spinal
Disord Tech. 2009;22:62-66.
122. Mack MJ, Regan JJ, Bobechko WP, et al. Present role of
thoracoscopy for diseases of the spine. Ann horac Surg.
1993;56:736-738.
123. Horowitz MB, Moossy JJ, Julian T, et al. horacic discectomy
using video assisted thoracoscopy. Spine. 1994;19:1082-1086.
124. Kim SJ, Sohn MJ, Ryoo JY, et al. Clinical analysis of
video-assisted thoracoscopic spinal surgery in the thoracic
or thoracolumbar spinal pathologies. J Korean Neurosurg Soc.
2007;42:293-299.

Chapter 45 Thoracic Disc Disease

129. Lidar Z, Lifshutz J, Bhattacharjee S, et al. Minimally invasive,
extracavitary approach for thoracic disc herniation: technical
report and preliminary results. Spine J. 2006;6:157-163.
130. Sheikh H, Samartzis D, Perez-Cruet MJ. Techniques for the
operative management of thoracic disc herniation: minimally
invasive thoracic microdiscectomy. Orthop Clin North Am.
2007;38:351-361.
131. Smith JS, Eichholz KM, Shaizadeh S, et al. Minimally
invasive thoracic microendoscopic diskectomy: surgical
technique and case series. World Neurosurg. 2013;80(3-4):
421-427.
132. Ungersbock K, Perneczky A, Korn A. horacic
vertebrostenosis combined with thoracic disc herniation: case
report and review of the literature. Spine. 1987;12:612-615.

S E C T I O N

125. Gille O, Soderlund C, Razaimahandri HJC, et al. Analysis of
hard thoracic herniated discs: review of 18 cases operated by
thoracoscopy. Eur Spine J. 2006;15:537-542.
126. Hur JW, Kim JS, Cho DY, et al. Video-assisted thoracoscopic
surgery under O-arm navigation system guidance for the
treatment of thoracic disk herniations: surgical techniques
and early clinical results. J Neurol Surg A Cent Eur Neurosurg.
2014;75(6):415-421.
127. Bartels RH, Peul WC. Mini-thoracotomy or thoracoscopic
treatment for medially located thoracic herniated disc? Spine.
2007;32:E581-E584.
128. Chi JH, Dhall SS, Kanter AS, et al. he mini-open
transpedicular thoracic discectomy: surgical technique and
assessment. Neurosurg Focus. 2008;25:E5.

805

VI

This page intentionally left blank

S E C T I O N

46

C H A P T E R

Lumbar Disc Disease
Makarand V. Risbud
Gunnar B.J. Andersson

Introduction
he location of the anatomic pain generator in patients with
low back pain is oten diicult to discern. Pain can originate
from several anatomic structures within the spine, making it
diicult for both the patient and physician to localize. he
intervertebral disc (IVD) is a widely accepted source of chronic
low back pain (LBP). A study reviewing magnetic resonance
images (MRIs) of patients with persistent LBP showed disc
degeneration in 87% of participants.1 Additionally, patients
with severely degenerate discs are 3.2 times more likely to have
LBP.2 Despite this robust link between disc degeneration and
back pain, degeneration is a normal consequence of aging that
does not routinely cause discomfort, even with a corresponding reduction in biomechanical function.3,4 However, there is
still much work to be done to identify the underlying pathology that distinguishes painful degenerate disc disease from
nonpainful age-related changes.
Common subgroups of LBP of IVD origin include lumbar
disc herniation, internal disc disruption, and degenerative disc
disease. Lumbar disc herniation causes an acute onset of pain,
while degenerative disc disease is linked to chronic LBP.
Degenerative disc disease also contributes to the pathogenesis
of secondary spinal disorders such as spinal stenosis and
degenerative spondylolisthesis. Improved understanding of
the pathophysiology of IVD disorders has led to a resurgence
of enthusiasm in the development of new pharmacobiologics
and treatment techniques for this common disorder. New
advances in physical therapy and operative technologies, such
as IVD replacement and minimally invasive surgical techniques, are challenging traditional methods of treatment.
his chapter discusses the anatomy, pathophysiology,
diagnosis, and treatment of primary disc disorders, namely
internal disc disruption (IDD) and degenerative disc disease
(DDD). Disorders arising secondarily from the IVD are
beyond the scope of this chapter.

Natural History
Sixty to eighty percent of the adult population can be expected
to experience LBP at some point during their lifetime. he

annual incidence of back pain in the adult population is 15%,
and its point prevalence is about 30%.5 By the age of 30 years
almost half the population will have experienced a substantive
episode of LBP.6 Fortunately, the vast majority of symptoms
are short lived; it is generally believed that 80% to 90% of
patients with episodes of LBP will recover within 6 weeks of
onset regardless of the type of treatment.7
Even though resolution of symptoms is the common and
expected outcome, there is also a high recurrence rate. Crot
et al.8 reported that although 90% of subjects stopped pursuing treatment for their symptoms within 3 months, most still
had substantial LBP and related disability. In addition, only
25% of the patients who sought consultation for LBP had fully
recovered within12 months. In a survey of the British general
population, 38% of adults reported a signiicant episode of
LBP within a 1-year period, of which one-third had experienced symptoms for longer than 4 weeks.9 Inability to return
to work within 3 months of symptom onset is a poor prognostic indicator. Only 20% of patients still disabled ater 1 year
will return to work, and only 2% return ater 2 years.10
he clinical onset and course of LBP may be prolonged for
many patients and may best be represented as a continuum
of back-related disability and distress.11 A signiicant number
of patients presenting with acute LBP have a prior history of
chronic back pain.12 he strongest predictive factor for a new
episode of LBP is a previous episode.13,14
he natural history of DDD is largely unknown. Smith
et al.15 reported on the outcome of 25 discogram-positive
patients treated nonoperatively and found that 68% of patients
improved by the 3-year minimum follow-up. Although 60%
of the patients were involved with worker’s compensation and
32% were being treated for psychiatric diagnoses, this study
suggests that at least two-thirds of those with discogenic pain
improve with conservative therapy. he retrospective study
design and small sample size limit the conclusions, and since
only patients with signiicant symptoms typically undergo
discography, the natural history of untreated, less-severe cases
of symptomatic DDD is likely to result in more improvement
than the cited study.
In their classic description, Kirkaldy-Willis et al.16 classiied
the degenerative process into three distinct phases: dysfunction, instability, and stabilization. In the irst phase the disc
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loses its normal function as the degenerative process begins.
his is followed by a period of relative instability as degeneration progresses with intermittent episodes of pain. During
the instability phase abnormal motion can occasionally be
seen on lexion-extension radiographs; however, the spinal
segments during this phase of degeneration more oten show
no demonstrable radiographic instability. he inal phase—
stabilization—results when the spinal segment has reached a
new equilibrium because of loss of height and compression
of disc tissue; at this point the patient typically no longer
has episodes of back pain. A problem with this theory is that
patients who meet either the radiographic diagnostic criteria
of DDD—loss of height, osteophytes, or even olisthesis—or
show the MRI signs of disc degeneration—signal changes when
compared with adjacent levels—can be completely symptom
free. Waris et al.,17 in a study with 17 years of follow-up MRIs,
showed that young patients with DDD did show radiographic
evidence of progression, but it was not signiicantly associated
with LBP or a higher rate of surgery.

cells are evident. Although a deining characteristic of the cells
is the presence of numerous cytoplasmic processes, a remarkable inding is that the cells contain few, if any, mitochondria.
Moreover, since the nucleus pulposus has no blood supply, the
oxygen tension within the disc is very low. hese limitations
have prompted one study group to note that nucleus pulposus
cells “tune” their metabolism to the available oxygen supply.21
In this case, nucleus pulposus cells rely to a large extent on the
glycolytic pathway to generate metabolic energy.22
With respect to the extracellular matrix, nucleus pulposus
cells secrete aggrecan as well as collagen II and, to a very small
extent, collagen I. he matrix also contains collagen IX and
XI, and collagen X has also been reported to be present during
degeneration. Because of the presence of hydrophilic aggrecan,
the disc exhibits a high osmotic pressure. he high water
content of a healthy nucleus pulposus, as evidenced by the
intense bright signal on T2-weighted MRI, is responsible for
supporting compressive loads.

Anulus Fibrosus

Relevant Anatomy
he major functional role of the IVD is mechanical; it supports the compressive load of the torso while allowing for
polyaxial lexion, extension, and torsion. Although the movement capable of a single spinal motion segment is quite
limited, the range of motion supported by the 24 presacral
motion segments of the spine in its entirety is remarkable.
Found between two rigid vertebral bodies, the disc allows this
movement while simultaneously supporting compressive
loads. he discs themselves are complex organs comprising
central proteoglycan-rich nucleus pulposus surrounded circumferentially by ibrocartilaginous anulus ibrosus. he
nucleus pulposus is bound caudally and cephalically by the
cartilage end plates of the contiguous vertebrae. Major characteristics of these tissue components of the disc are highlighted below.

Nucleus Pulposus
he central nucleus pulposus is derived from the embryonic
notochord, and notochordal cells remain in the tissue ater
birth and into adult life. During development, the nucleus is
highly cellular; ater birth and an initial period of cell growth,
the number of cells declines. In the adult, the cell density
is very low.18 he histology of the nucleus pulposus cells is
unique and complex; large cells are arranged mainly in clusters
separated by an abundant extracellular matrix. Among the
large notochordal cells, much smaller cells, possibly derived
from the notochordal sheath, can also be seen.19 he large
cells appear to have numerous vacuoles, which have prompted
some to describe them as “physaliphorus.”20 Transition electron microscopic analysis showed that the nucleus pulposus
contained cell clusters embedded in a proteoglycan-collagen
matrix. he cells exhibit a well-deined Golgi system, an extensive endoplasmic reticulum, and a complex vesicular system
illed with beaded structures. Neither necrotic nor apoptotic

Compressive deformation of the nucleus pulposus is limited
circumferentially by the anulus ibrosus, which experiences
the compressive loads of the torso as hoop stress. Since the
anulus ibrosus experiences tensile stress as opposed to compression, its anatomy and biochemical composition are distinct
from the nucleus pulposus. he anulus is not a homogeneous
tissue; it is divided into an inner region and an outer, or
peripheral, ibrous zone.23 he outer anulus ibrosus is composed of very well-deined collagen I ibers that bundle to
form long parallel concentric lamellae. Marchand and Ahmed24
showed that the number of iber bundles varies from 20 to 62.
he thickness of lamellae varies both circumferentially and
radially. Age, location, and vertebral type also inluence lamellar architecture. he central anulus ibers insert into the end
plate cartilage, whereas those at the periphery anchor to the
vertebral bone.
he inner anulus ibrosus represents approximately 50% of
the total radial thickness. Many consider the inner anulus a
transition zone because it difers substantially from the outer
region. Compared with the outer anulus ibrosus, where the
cells are elongated and fusiform aligned with the long axis of
the ibrils, the cells of the inner anulus are spherical in shape
and more closely resemble chondrocytes. hese cells are few
in number with short processes. A further diference between
the inner and outer anulus is their chemical composition. he
inner anulus contains collagen I and II as well as versican.
Although aggrecan is present in both regions of the anulus,
decorin and biglycan are found mainly in the outer anulus.
he other protein of signiicance is elastin, which accounts for
2% of the dry tissue weight and aids the anulus in its role of
withstanding cyclic tensile forces.

End Plate Cartilage
he third component of the disc is end plate cartilage, which
is located at the junction of the vertebral body and the disc.
his thin layer of hyaline-like cartilage is most thick in the
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by Semenza and others, it is now evident that the key molecule regulating energy metabolism and survival activity
under hypoxia is hypoxia-inducible factor 1 (HIF-1),37 a
member of the basic helix-loop-helix (bHLH)–PER-ARNTSIM family of proteins. HIF-1 is composed of a constitutively expressed β-subunit and a regulatory α-subunit. he
α-subunit is stable under hypoxia but is rapidly degraded
in normoxia.38 Transactivation of HIF-1 target genes
involves dimerization of the two subunits and binding to
an enhancer, the hypoxia-response element in target genes.
HIF-1 serves as a key transcription factor that regulates the
expression of glycolytic enzymes, and enzymes that control
the activity of the tricarboxylic acid cycle and oxidative
phosphorylation.37,39,40 Additional target genes include those
that contribute to apoptosis, autophagy, and matrix synthesis pathways.41-43 Details of these relationships are shown
schematically in Fig. 46.1. Other isoforms of HIF exist, the
most important being HIF-2α. Recent evidence suggests that
HIF-1α and HIF-2α are not redundant, and that the relative importance of each of the homologues, in response to
hypoxia, varies among diferent cell types.44 In addition to
these genes, the Sox family of transcription factors that are
essential for the development and function of the nucleus
pulposus are hypoxia and HIF sensitive.45-48 However, the
relationship between Sox proteins and HIF in the hypoxic
niche of the IVD is not yet clearly demonstrated. he inluence of HIF on cell function is vast, warranting further
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Deining the IVD Niche: Molecular Characters
One overriding aspect of disc cell biology is that nucleus
pulposus and cells residing in the inner anulus are removed
from the blood supply. Blood vessels originating in the vertebral body traverse the supericial region of the end plates, but
none of these vessels iniltrates the nucleus pulposus. Gruber
and colleagues31 showed that the anulus is avascular except for
small capillary beds in the dorsal and ventral surfaces, and this
vasculature never enters the nucleus pulposus.32,33 he lack of
penetrating vasculature suggests that the disc is a low-oxygen
environment. Studies have conirmed that this logic holds
true in vivo. Experimental measurements done in canine
discs34 as well as modeling studies by Bartels et al.35 indicate
that the pO2 within the disc is indeed low. hus, it is now
widely recognized that the nucleus pulposus cells reside in a
hypoxic niche.36
However, this raises an important question: How do
cells survive in this unique niche? Due to pioneering studies

Energy/glucose
metabolism
(PFKFB, enolase-1
Glut-1, -3)

Cell proliferation
self-renewal
(Hes1, Hey1)

Matrix genes
(Sox-9, Col-2)

Radical dismutation
(SOD2, Frataxin)

Cell survival,
autophagy and apoptosis
(Galectin-3, VEGF-A, CCN2)
FIG. 46.1 Functional activity of hypoxia-inducible factor (HIF) target genes.
Critical functions include energy metabolism, angiogenesis, cell survival,
autophagy and apoptosis, matrix synthesis, proliferation, self-renewal and
diferentiation, radical dismutation, and pH regulation. Many of these
functions are critical for survival and functioning of the nucleus pulposus
cells in the avascular niche of the intervertebral disk. Hypoxia/HIF-sensitive
proteins that are identiied in the nucleus pulposus cells are shown in
parentheses. (Modiied from Risbud MV, Schipani E, Shapiro IM, et al.
Hypoxic regulation of nucleus pulposus cell survival: from niche to notch.
Am J Pathol. 2010;176[4]:1577–1583.)
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newborn and thins with age. It serves as an interface between
the sot nucleus pulposus and the dense bone of the vertebrae
as well as a biomechanical barrier that prevents the disc from
applying pressure directly to the bone. In addition, the end
plate cartilage plays a role in maintaining nucleus pulposus
cell viability and controlling biosynthetic activities.18,25 In the
adult human, the width of the end plate is up to 1 mm. It
contains chondrocytes embedded in an aggrecan-rich and
collagen II extracellular matrix. Although the cells do not
undergo terminal diferentiation, collagen X may be present
in the central region of the end plate, perhaps in relationship
to focal areas of endochondral bone formation. he end plate
transitions into bone through a region of calciied cartilage.
Work in rabbit and rat models suggests that end plate chondrocytes may contribute a cell fraction that makes up some
of the nucleus pulposus and the anulus ibrosus in normal
development and during injury.26,27 However, cell lineage
studies are required before a deinitive contribution of such
a homeostatic mechanism is understood. he presence of the
cartilage layer provides the motion segment with its jointlike
characteristics.
In his review on the end plate, Moore28 noted that vascular
channels penetrate the cartilage during development, but at
maturity the vessels become narrow or even obliterated. It is
likely that this change impacts the nutrient supply to both the
cartilage and the disc. Nachemson et al.29 showed that, at the
tissue periphery, the cartilage is much less permeable to lowmolecular-weight dyes. Supporting this, Crock and Yoshizawa30
showed that the central region of the end plate, where there is
a high concentration of channels, is freely permeable to small
molecules. Clinically, it is not uncommon to note that the
central region undergoes sclerosis or mineralization with
alterations in the mechanical properties of the cartilage. When
this occurs, nucleus pulposus tissue can be forced through the
end plate into the underlying bone of the vertebrae. his
phenomenon is referred to as Schmorl’s nodes, which Schmorl
himself considered to be linked to degenerative changes at the
cartilage-bone interface.
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study, but it is evident that this protein is responsible for
nucleus pulposus survival in the hypoxic disc.
A number of reports showed that there is a robust HIF
response by nucleus pulposus cells. he response is evident
across species; more importantly, HIF-1α activity is unresponsive to the oxemic state of the tissue.22,36,49 Accordingly,
when compared with most other tissues, there are important
underlying diferences in the HIF status and reactivity of
disc cells. HIF-1α expression and activity is always “on.” his
unique response suggests that stabilization of HIF-1α in
nucleus pulposus cells ensures that transcriptional activity is
a major governor of their function. he second HIF homologue, HIF-2α, is robustly expressed by nucleus pulposus
cells. Like HIF-1α, steady-state protein levels are similar in
both hypoxia and normoxia, suggesting that it is stabilized
as well.50 Recent work by Merceron and colleagues51 has
unequivocally demonstrated that HIF-1 is indispensable for
nucleus pulposus cell survival in vivo. Conditional deletion
of HIF-1α in mouse notochord by FoxA2-driven Cre recombinase results in massive apoptotic cell death in the nucleus
pulposus at birth, likely due to energetic failure by decreased
glycolysis. Eventually the nucleus pulposus is replaced with
a ibrocartilaginous tissue with inferior biomechanical properties. Interestingly, lineage-tracing studies clearly showed
the notochordal lineage of the nucleus pulposus cells, and
their replacement with nonnotochordal cells, likely migrate
into the tissue from the inner anulus or end plate cartilage
(Fig. 46.2). hus, because of the necessity of HIF-1α in
maintaining nucleus pulposus cell survival and function, the
constitutive expression of HIF-1α is considered a marker of
their phenotype.52 Before leaving this topic, it is important
to comment that a growing body of literature now points to
a unique relationship between HIF-1α and the O2-sensing
prolyl hydroxylase, enzymes that control HIF-α stability and
activity. HIF is a key player in nucleus pulposus cell function
and survival. Consequently it is likely that disturbance in the
HIF–prolyl hydroxylase circuit would compromise cell function and exacerbate disease.
Another important niche condition that deines the IVD is
the high proteoglycan content accounting for the elevated
water content in these tissues; the percentage water of the
nucleus pulposus and anulus ibrosus is approximately 77%
and 70%, respectively.53 Several reports indicate that the IVD
is hyperosmolar when compared with other tissues. Values
reported vary from 430 to 496 mOsm.54,55 his unusually high
extracellular osmotic pressure afects both cell function and
matrix synthesis. Ishihara and colleagues were the irst to
demonstrate this relationship in disc tissue using bovine
nucleus pulposus explants.54 How extracellular osmolarity
regulates the expression levels of speciic matrix molecules has
received intense study in recent years. In human nucleus
pulposus and anulus cells, expression levels of aggrecan and
collagen II were increased in cells under hyperosmotic conditions (500 mOsm), whereas collagen I expression was downregulated.56 Similarly, in bovine nucleus pulposus cells, an
increase in medium osmolarity from 300 to 500 mOsm
increased aggrecan expression and decreased levels of matrix
metalloproteinase (MMP)-3 mRNA.57 To relate osmolarity to

A

B
FIG. 46.2 Progressive disappearance of the nucleus pulposus (NP)
postnatally in mice with conditional deletion of HIF-1α in NP. (A)
Hematoxylin and eosin staining of newborn (a,b) and at 1 month (c,d) and 4
months (e,f ). Results are shown for control (Foxa2Cre;HIF-1αf/+) and mutant
(Foxa2Cre;HIF-1αf/f ) mice. Bar = 50 µm. (B) Safranin O staining of NP at 1
month (a,b) in control (HIF-1αf/f ) and mutant (Foxa2Cre;HIF-1αf/f ) mice. Bar =
100 µm. (Modiied from Merceron C, Mangiavini L, Robling A, et al. Loss of
HIF-1α in the notochord results in cell death and complete disappearance
of the nucleus pulposus. PLoS One. 2014;9:e110768.)

loading, rabbit discs were cultured under hyperosmotic conditions (485 mOsm 8 h/day); although loading did not inluence
proteoglycan content or disc cell viability, ater 28 days in
culture the raised osmotic pressure prevented aberrant overexpression of collagen I and appeared to inluence aggrecan
expression.58
Loading of the hydrostatically pressurized IVD results in
minute-to-minute luctuations in extracellular osmolarity.59,60
From this perspective, it is not surprising that tonicity enhancer
binding protein (TonEBP), the only known mammalian
transcription factor responsive to changes in osmolarity, is
robustly expressed in both nucleus pulposus and anulus ibrosus tissues.61 Importantly, decreased expression of TonEBP
correlated to increased evidence of cell death, suggesting that
this protein is necessary for nucleus pulposus cell viability
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Changes in Disc Structure With Aging
and Degeneration
Changes that almost universally occur in the IVD with aging
include reduction in disc volume, shape, and content. Alterations in gene expression and transcription factors may be
responsible for cell senescence within the disc. hese senescent
cells lose biochemical and synthetic capabilities, which ultimately diminishes the ability of the disc to recover from
deformation and renders the matrix more vulnerable to progressive fatigue failure. he nucleus pulposus gradually
becomes less hydrated, and by the third decade of life there is
usually already a signiicant decline in the number of viable
cells and a loss of proteoglycans.
he early degenerative process afects the nucleus pulposus
and the end plate more than the anulus ibrosus. Both anabolic
and catabolic processes are upregulated during the early stages
of degeneration; however, anabolic repair processes fail to
keep up with the catabolic processes and matrix degeneration
ensues over time. As the process progresses, the inner layers
of the anulus and the nucleus pulposus gradually become
indistinguishable and change into a stif desiccated ibrocartilaginous material.
he number of arterioles supplying the peripheral disc
diminishes signiicantly as remaining blood vessels are obliterated by calciication of the cartilaginous end plates. Loss of
end plate vascularity and porosity leads to a reduction in the
inlux of nutrients and elux of waste products. Lactate levels
rise locally within the hypovascular disc secondary to increased
production and decreased removal. Cell apoptosis occurs as a
result of decreased tissue pH,66 and the biosynthetic reparative
capability of the disc is thus further impaired.

hinning and microfracture of the end plate alter its
difusion properties. his may allow rapid outlow of luid
through the cartilage end plate upon loading, thereby rendering the hydrostatic pressure mechanisms involved in load
transference less efective and uniform. Focal elevations in
shear stresses at the disc level may further adversely afect
the disc structure and result in anular damage. Over time
cracks develop between and through the anular lamellae.
Eventually communicating channels may develop between
the peripheral layers of the anulus and the nucleus, and disc
material can then herniate through these issures. he weakened anulus can develop a full-thickness defect and allow
near-complete herniation of the nucleus pulposus, particularly when the disc is loaded in lexion and torsion.
he degenerative process resulting from matrix changes
and internal structural disruption sets the stage for abnormal
motion at the degenerated segment. Changes in disc structure
alter the loading response and alignment of the spinal column.
hese changes can inluence the facet joints, ligaments, and
paraspinal muscles, which may also become pain generators.
However, pain does not always correlate with morphologic
changes in the disc and mechanical compression.67 MacNab68
described traction osteophytes around the vertebrae originating 2 mm from the anterior end plate at the site of attachment
of the outermost anular ibers. hese osteophytes were thought
to be signs of abnormal biomechanics caused by traction at
the insertion of the anular ibers into the vertebral bodies.
Subsequent studies found these osteophytes to be inconsistently present.
hus multiple factors lead to disc degeneration, including
insuicient nutritional supply, reduction in the amount of
viable cells, degradative enzymatic activity, and cell senescence and apoptosis. Alteration in loading patterns between
the end plate and disc leads to anular damage and the
potential for herniation. Perturbation of the disc also leads
to degeneration and pain in other segmental structures
such as the facet joints, ligaments, and paraspinal muscles.
he initiating event(s) leading to the onset of degeneration
remains unknown.

Associated Factors
Various risk factors have been implicated in the pathogenesis of lumbar disc degeneration. Hangai et al.,69 in a recent
review of factors associated with IVD degeneration in the
elderly, cited increased age, high body mass index, occupational liting, sporting activities, and factors associated with
atherosclerosis as risk factors. Multiple studies have demonstrated genetic contributions to degenerative LBP.70 Battié
et al.71 estimated the familial contribution to IVD degeneration to be between 34% and 61%. Cigarette smoking has also
been implicated and appears to have an adverse vasoconstrictive and atherosclerotic efect on the nutrition of the
IVD.72,73 Interestingly. efects of cigarette smoking on disc
degeneration seem to be gender speciic, with males, but
not females, being prone to smoking-induced pathology.74,75
Type of occupation has also been demonstrated to have
an adverse efect on lumbar spinal segment degeneration,

S E C T I O N

in the hypertonic milieu of the disc. Later studies showed
that TonEBP controls expression of critical matrix-related
targets as well as the water channel AQP2.62,63 Analogous to
the importance of HIF for the survival of the disc due to its
hypoxic niche, TonEBP may prove to play a central role in
disc survival in the hypertonic stress. For detailed discussion
of osmosensing in intervertebral disc see recent review by
Johnson et al.64
In addition to the above niche conditions, the IVD is also
largely aneural, with innervation in a healthy disc limited to
the peripheral ibers of the anulus. he sinuvertebral nerve
innervates the disc, posterolateral ligament, ventral dura,
posterior anulus, and blood vessels. It is composed of a sensory
branch from the ventral root and a sympathetic branch from
the gray rami communicans near the distal pole of the dorsal
root ganglion. he sinuvertebral nerve is believed to have
three segmental levels of overlap, which makes it diicult to
localize pain originating in the disc, dura, and posterolateral
ligament. Nakamura et al.65 treated 33 patients with a selective
L2 nerve root block and showed good relief of back pain.
hese authors hypothesized that the main aferent pathways
of pain from lower lumbar IVDs in patients with discogenic
back pain are sympathetic in nature and are mediated through
the L2 nerve root via the sinuvertebral nerve; this hypothesis
has yet to be validated, however.
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increasing the risk of symptomatic DDD. Studies have implicated occupations that require repetitive liting or pulling,
prolonged sitting76 (such as motor vehicle driving77), and
whole-body vibration.78
Arun et al.79 used serial postcontrast MRI to study the
efect of prolonged mechanical load on difusion into the
IVD. hese authors reported that 4.5 hours at a load corresponding to 50% body weight signiicantly retarded the diffusion of small solutes into the center of the IVD, and 3
hours in an unloaded recovery phase were required to
return the difusion rate to that seen in the unloaded disc.
Prolonged mechanical load can therefore cause a disruption
of difusion that may accelerate disc degeneration; however,
this hypothesis is yet to be conirmed clinically.
he genetic predisposition to lumbar DDD and lifetime
exposures were studied in a classic monozygotic twin study
by Battié et al.71 hey reviewed 115 male identical twin pairs
for exposures to common risk factors such as occupation,
recreational activities, driving, and smoking. Disc degeneration was determined by MRI and clinical evaluation. In the
upper lumbar spine only 7% of the variability was explained
by occupation, 16% by age, and 77% by familial aggregation.
In the lower lumbar spine recreational physical loading
explained 2% of variability, age explained 9%, and familial
aggregation explained 43%. he authors concluded that primarily genetic and other unexplained factors result in DDD,
whereas commonly implicated environmental factors have
only modest efects. In a 5-year follow-up study of the same
twin population, the authors reairmed that genetics have a
dominant role in the progression of DDD, whereas occupational liting and leisure activity had only modest efects.80
he important role of genetic factors has been corroborated
in other twin studies81,82 but appears to be less of an explaining factor for back pain in older populations.83
Several gene loci have been determined to be associated
with increased risk for DDD. Type IX collagen was one of the
irst gene loci identiied with some aberrant alleles imparting
a 3- or 4-fold increase in relative risk.84-86 More recent publications also implicate collagen type XI, interleukin-1, aggrecan, the vitamin D receptor, MMP-3, and corticotropin-like
immediate lobe peptide as candidate genes.87 In a metaanalysis of 4600 subjects using disc space narrowing and
osteophyte growth as a continuous trait, Williams et al.88
identiied four signal nucleotide polymorphisms with a P
value < 5 × 10-8. Among these identiied signal nucleotide
polymorphisms was a polymorphism in the intron of the
Parkinson protein 2, E3 ubiquitin protein ligase (PARK2)
gene on chromosome 6 (rs926849) signiicantly associated
with lumbar disc degeneration, a subset of the patients also
exhibited diferential methylation at one CpG island in the
PARK2 promoter, providing additional evidence indicating
the importance of this gene to DDD. Another study looking
at 4043 DDD patients and 28,599 controls identiied
carbohydrate sulfotransferase 3 (CHST3) as a susceptibility
gene for disc degeneration based on enhanced microRNA
binding. CHST3 catalyzes proteoglycan sulfation.89 he discovery of these genetic risk factors has yet to inform new

useful diagnostic and treatment modalities, but they ofer
novel unbiased insight into the pathophysiology of disc
degeneration.

Pathophysiology
Internal Disc Disruption
Henry Crock coined the term “internal disc disruption” in
1970 and deined it as a painful increase in biologic activity
of the IVD ater injury with normal radiographic, computerized tomographic, and myelographic examinations but an
abnormal discogram.67 IDD as a cause of discogenic back
pain remains controversial. he advent of MRI has dramatically improved the suspect presence of this entity; IDD presents as a dark disc with relatively preserved height and
contour. Pain in IDD is believed to be caused by mechanical
and chemical stimulation of nociceptors within the anulus
or on the surface layers of the anulus and the overlying ligamentous tissue. he hallmark of IDD is the absence of disc
herniation, prolapsed disc material, segmental instability, or
other radiographic abnormality.67,90 Nerve root irritation,
radicular pain, and neurologic deicits are also absent.
Radiographic changes associated with DDD—such as significant disc space narrowing, end plate osteophyte formation,
end plate sclerosis, and gas formation within the disc
space—are not seen in IDD.91 MRI (dark disc), and positive
discography (concordant pain in the abnormal level, not at
normal adjacent levels) are required to make the diagnosis
of IDD. Because of the poor sensitivity and speciicity of discography, there are many disbelievers of the existence of
IDD as a clinical entity. It is important to note that there is a
growing consensus spearheaded by Carragee that discography may accelerate disc degeneration, loss of disc height,
and overall progression of pathology and symptoms.92
Advanced imaging technologies ofer a noninvasive way to
measure degeneration in intact discs. T1ρ MRI imaging can
discriminate painful from nonpainful discs, and T1ρ values
strongly correlate with in vivo opening pressure measurements obtained by discography.93

Degenerative Disc Disease
he relationship between DDD and LBP is not well understood. Two potential sources that have been implicated as
contributors to discogenic pain are sensitization of nerve
endings by release of chemical mediators and neurovascular
ingrowth into the degenerated disc. he precise pathophysiologic mechanism for chemically mediated induction of
hyperalgesia within the disc has yet to be fully elucidated.
Radial anular tears provide a route for nuclear material and
noxious chemicals to leak from the disc and contact the
dural sac and nerve roots; some studies have shown that
autologous nucleus pulposus alone has the capacity to
produce a robust inlammatory response. he presence of
nerve endings in the disc is a controversial topic; abundance
of neurovascular ingrowth into the degenerate disc has been
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Deining Features of the Degenerating Disc
Both nucleus pulposus and anulus ibrous cells are able to
secrete a variety of inlammatory cytokines in response to
various noxious stimuli and altered mechanics. During the
degenerative process, disc cells secrete elevated levels of
tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β),
IL-6, and IL-17. hese cytokines stimulate the production
of additional cytokines, induce matrix catabolism, alter cell
protein synthesis, and afect the biophysical properties of
nucleus pulposus cells. Matrix destruction is mediated by
cytokine-induced expression of MMP and a disintegrin and
metalloproteinase with thrombospondin motifs (ADAMTS).95
his system amounts to a positive feedback loop in which disc
degeneration stimulates cytokine production, which in turn
stimulates more disc degeneration and cytokine production.
IL-1β and TNF-α are the two most widely studied cytokines in the pathogenesis of disc degeneration. IL-1β is synthesized in an inactive pro-IL-1β form and activated by
caspase-1 before secretion. IL-1β binds to IL-1β receptor that
acts through the myeloid diferentiation primary response
gene 88 (MYD88) to induce expression of matrix-degrading
enzymes.52,96 Expression of both IL-1β and its receptor
increases in correspondence to the severity of disc disease. Not
only does IL-1β signaling induce matrix catabolism by inducing matrix-degrading enzymes, signaling also interferes with
aggrecan and collagen II synthesis.97 TNF-α, on the other
hand, is synthesized as a type II transmembrane cytokine.
TNF-α-converting enzyme cleaves the membrane-bound
portion to generate secreted TNF-α. Nuclear factor-κB light
chain enhancer of activated B cells and mitogen-activated
protein kinase pathways are the two primary downstream
targets of TNF-α signaling in disc cells (see Fig. 46.1).52
Importantly, in addition to transcriptional induction of several
catabolic mediators, TNF-α promotes ADAMTS-5 processing
and activation by elevating cell surface levels of syndecan-4, a
heparan sulfate proteoglycan.98 A recent study has also shown
the critical contribution of syndecan-4 in controlling TNF-α–
mediated transcriptional induction of MMP-3.99 In addition
to their well-described catabolic functions, higher levels of
inlammatory cytokines TNF-α and IL-6 have been shown to
cause cell death in dorsal root ganglion neurons.100 Moreover,
IL-6 and IL-8 are correlated with painful degenerate discs.101
Both IL-1β and TNF-α also upregulate nerve growth factor,
with IL-1β also inducing the expression of brain-derived
neurotrophic factor and substance P.102-104 hus, not only could
these neurotrophic factors cause pain by dorsal root ganglion
sensitization and through retrograde signaling, but substance
P has been shown to upregulate synthesis of inlammatory
cytokines (IL-6, IL-8, and TNF-α), further exacerbating to
progression of disc degeneration.105 Although it is evident that
inlammatory phenotype characterizes degenerate discs, little
is known about how the inlammation is initiated and sustained to give rise to chronic LBP.

Subclinical Bacterial Infection of the Spinal
Motion Segment as a Possible Initiator of Low
Back Pain
here is growing interest and controversy in the notion that
subclinical anaerobic bacterial infection could play a role in
symptomatic disc degeneration. his subclinical infection
is in contrast to LBP from overt discitis, in which 80% of
patients present with elevations in erythrocyte sedimentation
rate and 50% present with a fever.106,107 Changes in end plate
radiologic appearance may lead to clues to identifying patients
who have bacteria-mediated LBP. Modic et al.108 used MRI
to detect changes in vertebral bone marrow associated with
DDD. Type 1 changes were described as decreased signal
intensity on T1-weighted images with increased signal intensity on T2-weighted images; type 2 changes were described as
increased signal intensity on T1-weighted images with slightly
increased intensity on T2-weighted images. Fat appears bright
and increases the signal intensity on T1-weighted images,
whereas water increases signal intensity on T2-weighted
images. Consequently, painful type 1 changes are associated
with edema in the vertebral bodies. More recently, Jensen
et al.109 showed that these same Modic type 1 changes are
strongly correlated with LBP. Albert et al.110 proposed that
anaerobic bacteria, predominantly Propionibacterium acnes,
might be responsible for radiologic changes associated with
LBP. he discs in their study infected with anerobic bacteria
were signiicantly more likely to have Modic type 1 changes
than discs infected with aerobic bacteria or discs with no
detectable infection.110 (Of note, whenever bacterial culture is
taken from a surgical sample, there is a chance of environmental contamination, which could have afected these authors’
results.) However, they found a diference between the aerobic
and anaerobic bacteria groups. Simple environmental contamination would not likely favor anaerobic bacteria over the
more commonly aerobic skin lora. Moreover, other studies
have also found anaerobic bacteria in nucleus material, thus
adding strength to the notion that the hypoxic conditions in
the inner anulus and nucleus pulposus may be preferable for
survival and colonization of anerobic microorganisms.111,112
he hypothesis that subclinical bacterial infection can
cause LBP is further supported by the ability of antibiotic
treatment to resolve back pain in patients with Modic type 1
changes. In a double-blind, randomized, controlled clinical
trial, Albert et al.113 found that a 100-day course of
amoxicillin-clavulanate resulted in signiicant improvement
in both disability and pain of patients with LBP. his is one
of the most strikingly successful experimental treatments for
LBP to date; however, along with the possible shortcomings
of their earlier study, there are possible confounding efects
of amoxicillin-clavulanate. here is some evidence suggesting that clavulanate has antiinlammatory action in the
treatment of ulcerative colitis and analgesic properties
during morphine withdrawal in mice, which could lead to a
misinterpretation of this clinical study.114,115 It is important
to note that treating back pain with long-term antibiotics
also raises global health concerns by exacerbating the
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less substantiated by recent studies.94 Some of the important
features of the degenerating disc are described below.
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FIG. 46.3 Signaling pathways driving inlammation. Toll-like receptor (TLR), RAGE, and interleukin-1 (IL-1) all
initiate their inlammatory efects through MYD88 with subsequent recruitment of members of the IRAK family
that activate TRAF6. Tumor necrosis factor-α can stimulate the cell in both its soluble and membrane bound
form by activating TNFR1 and TNFR2, respectively. TNFR1 ligand binding results in a conformational change
leading to the recruitment of TRADD, RIP1, TRAF2, and CIAP1/2. Ligand binding to TNFR2 results in the
recruitment of similar downstream factors. All ive of these receptor pathways converge on nuclear factor
(NF)-κB and mitogen-activated protein kinase (MAPK) activation to induce their inlammatory and catabolic
efects. AGEs, advanced glycation end products; DAMP, damage-associated molecular patterns; LPS,
lipopolysaccharide; PAMPs, pathogen-associated molecular patterns. (Reproduced from Gorth DJ, Shapiro IM,
Risbud MV. Discovery of the drivers of inlammation induced chronic low back pain: from bacteria to diabetes.
Discov Med. 2015;20[110]:177–184.)

already serious problem of antibiotic resistance.116 Despite
these limitations, subclinical bacterial infection is a promising new theory of LBP. Additional investigation into the
underlying mechanisms linking anaerobic bacterial infection
to LBP could enhance our collective understanding of the
disease and identify treatments directly targeting the pathways contributing to painful disc degeneration.

Damage-Associated Molecular Patterns as
Mediators of Chronic Inlammation and Low
Back Pain
Some endogenous molecules and their atypical cleavage
products have the ability to stimulate sterile inlammation in
the disc. his family of molecules, collectively called damageassociated molecular patterns (DAMPs), include fragments of

commonly found extracellular matrix molecules such as hyaluronan and ibronectin as well as high-mobility group protein
B1 (HMGB1), a protein involved in chromatin assembly.
Hyaluronic acid fragments (12–24 mer) have been reported
to enhance the production of IL-1β, IL-6, IL-8, and matrixdegrading enzymes MMP-1, MMP-3, and MMP-13. hese
efects are mediated by Toll-like receptor-2 (TLR2) signaling
and can be inhibited by high-molecular-weight hyaluronan.117
he TLR2 signaling cascade activated by hyaluronan fragments is the same MyD88-IRAK-TRAF6–dependent cascade
activated by both lipopolysaccharide and CpG sequence
DNA binding (Fig. 46.3).118,119 It is interesting to note that by
binding TLR2 instead of TLR4 or CD44, hyaluronan fragments stimulate nucleus pulposus cells in a manner that more
closely resembles macrophages than chondrocytes, hinting at
the unique nature and origin of these cells.120-122
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Systemic Metabolic Syndrome as a Driver of Disc
Inlammation and Low Back Pain
Obesity and diabetes are two epidemics in Western society
that increase the risk of developing painful disc degeneration.
Beyond the greater forces that the spinal motion segments of
an obese individual experiences, diabetes creates a niche environment that can drive disc degeneration. Advanced glycation
end products (AGEs) associated with diabetes can accelerate
disc degeneration by inducing catabolism and promoting
inlammation. Although diabetes and obesity are linked,
recent research has attempted to isolate the efects of diabetes
from the efects of obesity by comparing both obese SpragueDawley rats to diabetic obese UCD-T2DM rats while using
lean rats as an additional control. he diabetic rats alone had
an elevated AGE concentration, which was associated with
diminished glycosaminoglycan and water content of discs.
hese compositional changes resulted in an experimentally
consistent decrease in disc mechanics.131 In a separate study,
Tsai and colleagues showed that treatment with AGEs of both
rat and human nucleus pulposus cells caused a dose-dependent
increase in MMP-2, extracellular signal-related kinases (ERK)
activity, and elevation in advanced AGE-speciic receptor
(RAGE) mRNA expression, which all could lead to enhanced
NF-κB activation.132 Inhibiting RAGE-induced disc degeneration ofers an accessible possible therapeutic target; both the
antiinlammatory pentosan-polysulfate and AGE inhibitor

pyridoxamine are already Food and Drug Administration
(FDA) approved compounds and have been shown to reduce
the deleterious efects of streptozotocin-induced diabetes on
disc health in mice.133 Independent of the aberrant reactions
caused by hyperglycemia leading to AGE production, elevated
blood glucose concentration, common to diabetes, has been
shown to inhibit nucleus pulposus cell proliferation in vitro,
which could further alter cellular homeostasis in the disc.134
Although in vitro data and in vivo studies suggest that diabetes
contributes to disc degeneration, the clinical data have not
been as conclusive. A study evaluating nine pairs of monozygotic twins discordant for insulin-dependent diabetes mellitus
did not show increased incidence of disc degeneration in the
diabetic twin.134a A larger study focusing on non–insulindependent diabetes showed no increase in diabetic patient
disc disease when controlled for body mass index.134b Taken
together these studies suggest that diabetes, obesity, and their
mechanical and metabolic consequences may compromise
disc health and promote degeneration.

Efect of Disc Degeneration on Nerves
Degradative changes can occur within nerve roots exposed to
nuclear material even in the absence of mechanical compression.90,135-137 Weinstein et al.138 investigated the reproduction of
pain on discography and concluded that various neurochemical changes within the disc are expressed by sensitized anular
nociceptors. hese nociceptors are terminal nerve endings of
sensory neurons that selectively respond to painful stimuli by
the release of substance P.139 hese chemicals are leaked into
the epidural space and transported into the axons of the exiting
nerve roots. Within the nerve root they alter the excitability
of type C nerve ibers and initiate the production of inlammatory agents such as prostaglandins as well as inlammatory
cytokines, which results in radicular pain.68,140,141
In addition to material from the nucleus pulposus many
other substances in the degenerated disc have been implicated
in pain generation. he role of nitric acid and phospholipase
A2 in irritation of nerve roots has been well documented.140,142-145
Phospholipase A2 has been implicated in multiple aspects:
direct activation of nociceptors, nerve injury from degradation of cell membrane phospholipids, and nerve injury from
inlammatory mediators created from the arachidonic acid
cascade (i.e., prostaglandins and leukotrienes).146-148 Burke
et al.149 reported on the elevation of inlammatory mediators
within the disc such as IL-6, IL-8, and prostaglandin E2. Other
studies have demonstrated the presence of inlammatory
cytokines in the facet joints,150 suggesting facet involvement of
a pain generator via a biochemical mechanism as well. Ohtori
et al.151 reported on ingrowth of nerve tissue immunoreactive
for TNF and neuronal marker protein gene peptide 9.5 (PGP)
in 18 surgically harvested vertebral end plates of patients with
Modic type 1 and 2 changes who had undergone surgery.
heir indings suggest that axon ingrowth into the vertebral
end plate in association with Modic changes was induced by
TNF and may be related to pain generation.
Neurovascular proliferation within and around degenerated disc elements has been proposed as another mechanism
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HMGB1 is another DAMP that is receiving attention in the
disc ield. HMGB1 is both passively released from necrotic
cells and secreted by monocytes. It likely exerts its inlammatory function by binding to TLR2/4 as well as RAGE receptors.122,123 It is important to note that redox status of HMGB1
is shown to play an important role in the biologic outcomes it
produces.124 Delivery of anti-HMGB1 reduces pain and TNF
expression ater application of nucleus pulposus tissue to DRG
in a rat model.125 Fibronectin fragments are another possible
inlammatory mediator in disc degeneration. Fibronectin
fragments are absent in infant human IVDs, but increase in
concentration with aging and severity of disc degeneration.126
Delivery of a 30-kDa ibronectin fragment into rabbit lumbar
discs induced a degenerative phenotype similar to spontaneous human disc degeneration; it caused a signiicant decrease
in disc height and proteoglycan synthesis.127 hese efects
could be due to increased MMP-9 and MMP-13 expression
along with decreased collagen II and aggrecan expression
observed in vitro ater stimulation with ibronectin fragments.128 In contrast to signaling through RAGE and TLR,
ibronectin fragments exert their catabolic efects through
integrin α5β1.129 he enhanced catabolism caused by ibronectin fragments could also be a result of their outcompeting
CCN2 for α5β1 binding. CCN2 causes context-dependent
efects in the disc, promoting aggrecan expression and inhibiting the catabolic efects of IL-1β when bound to α5β1 and,
conversely, possibly through HSPGs, promoting catabolism.130
hus, atypical matrix cleavage products may interfere with
disc homeostasis, pushing the homeostatic balance more
toward catabolism.
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of pain generation. Normal IVDs have sparse innervation
and vascularity that is solely distributed within the outer
lamellae (3 mm) of the anulus ibrosus,152,153 whereas degenerated discs have signiicant neurovascular ingrowth within
the inner anulus and nucleus pulposus,154 although this
observation remains a subject of controversy with the ield.
Immunoreactive staining and acetylcholinesterase studies
have demonstrated penetration of nerve ibers within the
inner third of the anulus in association with neovascularized
granulation tissue.142,152 Peng et al.155 recently reported on a
histological study of 19 IVDs harvested from surgery compared with normal control discs. he distinctive histologic
characteristic of painful discs was a zone of richly innervated vascular granulation tissue extending from the outer
anulus to the nucleus along the edges of issures. Proliferation of vascular channels and sensory nerve endings rich in
the calcitonin gene-related peptide (CGRP) has also been
observed in the end plate region and vertebral body adjacent
to the degenerated disc. hese indings suggest a role for the
vertebral end plate and body as additional pain generators in
DDD.156
Other recent studies suggest that the sensory nerve supply
within the IVD is similar to visceral innervation patterns,157
with CGRP immunoreactive ibers that pass through the
sympathetic trunks.158 his visceral pattern of innervation is
potentially susceptible to central sensitization, which may
further complicate chronic LBP with psychosomatic overtones.159 Psychosocial and chronic non–back pain syndromes
have been implicated in recent publications as having a signiicant efect in patients with LBP.160-164

Clinical Picture
Internal Disc Disruption
he diagnosis of IDD is not readily apparent on a routine
clinical workup. he patient is typically a younger individual
between the ages of 20 and 50 years, with recurrent or persistent back pain. here may be a history of antecedent trauma
or a forceful provocative event such as heavy liting, or unexpected lexion or compression force on the lumbar spine, but
more oten the pain is gradual in onset with no associated
event or date.
he pain is characterized as a deep, dull ache in the lower
lumbar region, exacerbated by rotation, lexion, and sidebending movements and partially relieved by rest. Sitting
intolerance may be a primary complaint, and pain is oten
relieved in a lateral recumbent position. Occasionally there is
a complaint of pain in the buttock or posterior thigh, but there
is a conspicuous lack of radiculopathic symptoms. In the rare
instances of associated leg pain it is usually a late inding and
pain does not follow any dermatomal pattern. O’Neill et al.,165
in a study involving intradiscal electrothermal annuloplasty in
25 patients, showed that stimulation of the IVD may result in
low back and referred leg pain in patients presenting with
symptoms of IDD. he distal distribution of pain was found
to depend on the intensity of stimulation, and occasional pain
extending below the knee was produced.

Physical examination of these patients reveals decreased
range of motion of the back and tenderness of the paraspinal musculature but is otherwise normal. he straight-leg
raise test may reproduce back pain but not leg pain. LBP
may also be reproduced at 20 to 30 degrees of lexion when
rising from a lexed position. he sensorimotor examination
is unremarkable, and deep tendon relexes are normal and
symmetric.

Degenerative Disc Disease
Patients with DDD typically present with a history of persistent LBP over the lumbosacral spine, sacroiliac joints, and
radiating into the buttocks and posterior thighs. Symptoms
are oten exacerbated with sitting and prolonged walking;
signs of neurologic claudication in the legs are not seen unless
associated with concomitant lumbar stenosis. Radicular
symptoms are rarely seen in the early stages of the disease. In
end-stage DDD signiicant disc collapse may result in foraminal stenosis and late-onset radicular symptoms.
he physical examination is typically unremarkable except
for point tenderness over the lumbar spine in the midline and
over the sacroiliac joints. Range of motion of the lumbar spine
may be reduced, most speciically in lexion. Extreme lexion
usually causes signiicant discomfort as well as returning to
upright from a lexed position. Extension is usually the least
painful maneuver and may actually relieve pain. he straightleg raise test may elicit some posterior thigh pain, which is
oten described as a stretching or pulling sensation, but there
is no true radicular pain distal to the knee unless there is
coexisting foraminal stenosis. he sensorimotor examination
is usually unremarkable, and deep tendon relexes are normal
and symmetric.

Diagnostic Imaging
Plain Radiography
Plain radiographs are the recommended initial imaging
modality for patients with LBP. Classic comparative and cost
beneit studies have been performed to determine when and
what radiographs to obtain.166,167 In 1982 Liang et al.168 published a comparison study between performing radiographs
on all patients versus only on patients whose pain did not
improve within 8 weeks of presentation. hey found that risks
and costs did not justify obtaining radiographs on initial
presentation. Scavone et al.169 reviewed the radiographs of 782
patients and found that spot lateral and oblique ilms only
added diagnostic information in 2% of patients. hey recommended that a spine series in patients with LBP should consist
only of anteroposterior and lateral ilms. In general, lexionextension and oblique views are only necessary in patients
suspected of having instability or a pars fracture. he presence
of so-called red lags increase the chances of diagnostic radiographic indings and may prompt the physician to obtain early
radiographic studies (Box 46.1).170
Typical radiographic indings for patients with DDD
include narrowing of the disc space (loss of height), end plate
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Practice Guidelines: Red Flags

Anteroposterior and lateral radiographs are generally not useful in the
acute setting but may be warranted with the following:
• Unrelenting night pain or pain at rest (increased incidence of
clinically signiicant pathology)
• History or suspicion of cancer (rule out metastatic disease)
• Fever above 38°C (100.4°F) for >48 hours
• Osteoporosis
• Other systemic diseases
• Neuromotor or sensory deicit
• Chronic oral steroid administration
• Immunosuppression
• Serious accident or injury (fall from heights, blunt trauma, motor
vehicle accident), not including twisting or lifting injury unless other
risk factors are present (e.g., history of osteoporosis)
• Clinical suspicion of ankylosing spondylitis
Other conditions that may warrant anteroposterior or lateral
radiographs:
• Age >50 years (increased risk of malignancy, compression fracture)
• Failure to respond to 4 to 6 weeks of conservative therapy
• Drug or alcohol abuse (increased incidence of osteomyelitis, trauma,
fracture)
Oblique radiographs are not recommended; they add only minimal
information in a small percentage of cases and more than double the
exposure to radiation.
From Institute for Clinical Systems Improvement (ICSI). Adult low back pain.
Bloomington, MN: ICSI; 2008.

sclerosis, and the presence of osteophytes. hese are, however,
late changes occurring when the degeneration is advanced.
Degenerative spondylolisthesis and scoliosis may occur as
degeneration progresses. Advanced stages of disc degeneration may demonstrate vacuum phenomenon within the discs,
a inding that represents nitrogen collection within voids in
the disc.
he radiographs in patients with IDD typically show
well-preserved height in the IVD and are normal in appearance other than occasional benign spinal alignment changes.
Nonstructural scoliosis and loss of lumbar lordosis may
safely be observed in patients with sciatic list and paraspinal
spasm.

Computed Tomography
Computed tomography (CT) is an excellent method to assess
osseous pathology, but it is generally not the imaging modality
of choice for either IDD or DDD because they are primarily
sot tissue disorders. Injecting contrast material into the vertebral canal (CT myelography) signiicantly improves the
accuracy of the CT scan for demonstrating pathology within
the canal such as masses or stenosis; although they are not a
primary feature of DDD, they frequently occur secondarily.
CT myelography is the diagnostic imaging study of choice in
patients with signiicant scoliosis or those who are unable to
undergo MRI examination due to implanted metal, aneurysm
clips, pacemaker, obesity, or claustrophobia.
CT scanning has largely been replaced by MRI scanning
because the disc is not adequately imaged, and CT exposes the
patient to radiation. As is discussed later, CT is also used in
combination with discography.

Magnetic Resonance Imaging
T1- and T2-weighted MRI is used in standard protocols.
A semiquantitative method is oten used to classify degenerative grades. he 5-scale grading system by Pirrman
combines structural changes with distinction of nucleus and
anulus, signal intensity, and height of the disc. Quantitative
MRI techniques such as relaxation times and T1ρ have the
potential to biochemically assess disc tissue but are currently
rarely used in clinical practice. Difusion of water protons
and contrast agents are other quantitative methods primarily
used in research. MRI spectroscopy is challenging in vivo
but may in the future provide important information about
the source of pain.
MRI is the best imaging modality for visualization and
evaluation of the neuronal and discal elements and is the
most valuable adjunctive diagnostic tool in assessing disc
pathology. he IVDs are a highly unlikely cause of pain if the
patient’s MRI is completely normal and all discs are well
hydrated. General MRI indings indicative of DDD include
loss of water, loss of disc height, disc bulges, and signal or
morphologic irregularity within the nucleus pulposus and
end plates. In addition, MRIs are oten examined for three
speciic types of indings: a high-intensity zone (HIZ) in the
posterior anulus, dark disc with or without loss of height, and
end plate signal changes.
he MRI inding of an HIZ was originally described by
Aprill and Bogduk171 in 1992 and is believed to represent an
anular tear (see Fig. 46.1). Postmortem studies have demonstrated three types of tears that can occur in the anulus: concentric, transverse, and radial.172,173 A concentric tear is a
crescentic or oval cavity created by a disruption in the short
transverse ibers interconnecting the anular lamellae and is
usually not visible on MRI. hese concentric tears are occasionally referred to as delamination. A transverse tear represents a rupture of the Sharpey’s ibers near their attachments
to the ring apophysis at the disc periphery; these tears are
typically thought to be clinically insigniicant. A radial tear
extending from the nucleus pulposus to the outermost
surface of the posterior anulus is manifest on MRI as an
HIZ.174 he HIZ is visualized on T2-weighted spin-echo
images as high-intensity signal located within the anulus
ibrosus that is clearly distinguishable from the nucleus
pulposus.
Decreased signal within the IVD on T2-weighted images
with relative preservation of disc height is a relatively
common inding in asymptomatic individuals. Such a disc
appearance is frequently referred to as dark disc disease;
however, whether these discs constitute a potential pain generator is unclear. In the absence of any psychometric abnormalities, an isolated dark disc in a patient with no other
identiiable causes of back pain is considered by many clinicians to be a source of back pain even though the evidence
is weak to absent.
End plate changes (see Fig. 46.2) that occur with disc
degeneration have been well described by Modic.175 Stage 1
change represents edema and is characterized by decreased
signal on T1-weighted images and bright signal on T2-weighted

S E C T I O N

BOX 46.1

817

VI

818 THORACIC AND LUMBAR DISC DISEASE

images within the end plate. In stage 2, fatty degeneration in
the bone adjacent to the end plates is represented by bright
signal on T1-weighted images and intermediate signal on
T2-weighted images. Lastly, stage 3 changes correspond with
advanced degenerative changes and end plate sclerosis and are
characterized on MRI by decreased signal intensity on both
T1- and T2-weighted images.
When interpreting MRI indings, the clinician must be
careful to consider the high prevalence of clinically falsepositive indings. Abnormal disc indings on MRI are oten
found in clinically asymptomatic individuals. Boden et al.176
showed that approximately 30% of asymptomatic individuals have a major inding on lumbar MRIs. In patients older
than 60 years those abnormal indings are almost universally
present irrespective of symptoms. Jensen et al.177 reported
on 98 asymptomatic patients aged 20 to 80 years and found
that 52% overall had disc bulge in at least one level on MRI.
Stadnik et al.178 showed an unusually high rate of disc bulge
(81%) and anular tears (56%) on MRI in their 30 asymptomatic volunteers.
Abnormal MRI indings in asymptomatic patients are not
indicators of future problems. Borenstein et al.179 reported
on 50 of the 67 patients from the Boden study at a 7-year
follow-up interval and found that incidental MRI indings
were not predictive of the development or duration of LBP.
Jarvik et al.180 studied 148 veterans who had been asymptomatic of LBP for at least 4 months. hey found an incidence of moderate to severe desiccation in at least one disc
in 83%, disc bulge in 64%, and loss of disc height in 58%.
In a 3-year follow-up of the same cohort, the investigators
found no association between the development of new back
pain and incidental MRI indings such as Modic changes,
disc degeneration, anular tears, or facet degeneration. he
single greatest risk factor for developing LBP in the 3-year
interval was depression.160
Jarvik et al.181 also published a report on the use of early
MRI in the primary care setting. A total of 380 patients with
LBP were randomized to receive either initial spine imaging
via rapid MRI or plain radiography. hese authors reported
that substituting rapid MRI for radiographic studies in the
primary care setting ofered little additional beneit to patients
in terms of secondary outcomes measures at 1 year and had
the potential to increase the cost of care by $320 per patient (in
2002 dollars). Carragee et al.182 performed a prospective study
of 200 asymptomatic patients to determine the rate at which
new episodes of LBP are associated with changes on MRI.
On follow-up MRI in 51 patients who had an episode of LBP,
84% had no new inding. he most common new indings
were disc signal loss (dark disc), progressive facet arthrosis,
and increased end plate changes. New indings were not more
common in patients developing back pain ater minor trauma.
he conclusion was that new indings on MRI within 12 weeks
of onset of a serious episode of LBP were unlikely to represent
any signiicant structural change and preexisted the onset.
In consideration of the high prevalence of false-positive
MRI indings, the clinician does well to remember that the
MRI does not stand alone in the evaluation of spinal pathology. Together with the patient’s history, physical indings, and

plain radiographs, selective use of MRI can provide valuable
information on the source of a patient’s lumbar complaints.

Contrast-Enhanced Magnetic Resonance Imaging
he use of intravenous gadolinium diethylenetriaminepentaacetic acid (DTPA) contrast with MRI in the setting of discogenic pain has also been explored. he addition of gadolinium
to a lumbar MRI is known to be useful for diferentiating scar
tissue from recurrent disc herniation, as the latter fails to
enhance while the vascular scar tissue will take up the contrast.
It appears unlikely that gadolinium-enhanced MRI helps
determine if a degenerative disc is painful. Lappalainen
et al.,183 in an animal study of surgically created anular tears,
showed that gadolinium-enhanced MRI did not detect all
tears; speciically the peripheral, small tears were not visualized. Yoshida et al.184 investigated the relationship between
T2-weighted gadolinium-DTPA–enhanced MRI and a positive pain response with discography of 56 lumbar discs in 23
patients with chronic LBP. he sensitivity, speciicity, positive
predictive value, and negative predictive value of the unenhanced T2-weighted images in detecting the symptomatic disc
were 94%, 71%, 59%, and 97%, respectively. With enhancement the corresponding values were 71%, 75%, 56%, and 86%,
respectively.

High-Intensity Zone
he presence of an HIZ indicates the presence of an anular
issure. Aprill and Bogduk185 correlated the inding of an HIZ
with CT discography and found an 86% positive predictive
value for a positive discogram; however, the predictive value
and clinical signiicance of the HIZ on MRI has more recently
been brought into question. he results vary among publications. Multiple authors have found a positive correlation
between the inding of an HIZ and concordant pain on discography similar to the indings of Aprill and Bogduk,186-189
whereas others have documented the correlation but found
unacceptably low sensitivity.190,191
Kang et al.,192 in a study of 62 patients aged 17 to 68 years,
found that only an HIZ in association with disc protrusion
correlated with concordant pain on discography. he speciicity was 98% and positive predictive value was 87%; however,
the sensitivity was low at 46%. An HIZ in association with
either a normal or bulging disc on MRI was not found to be
associated with a positive discogram. Ricketson et al.,193 in a
30-patient study, found no correlation between the presence
of an HIZ on MRI and a concordant pain response on discography; however, they did note that an HIZ was never visualized
in a disc found to be morphologically normal on discography.
Further studies144,187,194-196 attempting to correlate positive HIZ
indings on MRI and painful discography suggest that,
although lumbar IVDs with posterior combined anular tears
are likely to produce pain, the validity of these signs for predicting discogenic lumbar pain is limited.
Although the prevalence is unknown, an HIZ is frequently
seen in asymptomatic individuals.139 Carragee et al.162 reported
the presence of an HIZ in 59% of their symptomatic patient
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Dark Disc
It is quite clear that the majority of patients with a dark disc
are asymptomatic. Dark disc is, however, clearly the sign of a
degenerative process. Milette et al.198 found that loss of disc
height or abnormal signal intensity were highly predictive of
symptomatic tears extending beyond the anulus. Horton and
Datari199 reported a positive discogram in 50% of patients
with dark discs without evidence of an anular tear. An isolated
dark disc with concordant pain on provocative discography
is oten considered to be pathologic in the absence of other
potential sources of pain and in the absence of confounding
psychosocial issues; however, as discussed previously, this
evidence is weak.

Modic End Plate Changes
he various stages of Modic change are thought to be speciically linked with phases of the degenerative disc process.
Toyone et al.200 evaluated the MRIs of 74 patients with Modic
changes and found that type 1 changes tended to be associated
with complaint of LBP and correlated to segmental hypermobility. Other investigators have also described Modic 1 changes
as speciically associated with LBP.201,202 In a recent large retrospective review by hompson et al.,203 Modic changes in 736
patients were correlated to provocative discogram. he authors
found that Modic type 1 changes had a high positive predictive
value (0.81) for a positive discogram. Modic type 2 had a lower
positive predictive value (0.64), and the predictive value of
Modic type 3 was not statistically signiicant.
In the original Modic et al.175 description of vertebral body
marrow changes, conversion between signal characteristics
from type 1 to type 2 was described in ive of six patients over
the course of 14 months to 3 years. Mitra et al.204 performed

a prospective evaluation of 48 patients with Modic type 1
changes. At 12-month to 3-year follow-up, 37% were found
to have progressed to Modic type 2, 15% partially progressed,
and 40% had no change in type but more extensive Modic 1
changes. Type 1 changes are believed by many to represent an
unstable, dynamic phase of the degenerative process and tend
to either convert to a type 2 pattern or become more pervasive.
Modic type 2 changes are thought to be stable and less associated with painful episodes, but there have been reports of type
2 converting back to type 1.205 Kuisma et al.206 reported the
prevelance of Modic changes in 60 patients treated nonoperatively for sciatica to be 23%. In a longitudinal follow-up of
the same patients at 3 years, 14% were noted to have changed
type. hose levels that did not convert to type 2 were found to
have more extensive type 1 changes. Development of a Modic
change at previously unafected levels was found in 6%.
Many authors have explored the correlation between Modic
changes on MRI with positive concordant pain on discography. Sandhu et al.207 found that while both were relatively
speciic for discogenic pain, there was no signiicant correlation between them. Braithwaite et al.208 found that Modic
changes did not predict a positive response on discography;
they concluded that Modic changes may represent a speciic
but relatively insensitive sign of discogenic LBP. Kokkonen
et al.209 observed that contrast injection during discography
relected pain of discogenic origin well, whereas the pain
associated with end plate damage was usually not demonstrated by CT discography. he authors found a stronger
association between end plate degeneration and disc degeneration than between end plate degeneration and anular tears,
which may explain why Modic changes have been found to be
less sensitive for discogenic pain than discography.
Conversely, other studies have found better correlation
between back pain and Modic changes than the correlation
between back pain and discography. Carragee et al.161 reported
on 100 prospectively followed patients recruited from a study
population of asymptomatic persons at high risk for developing disabling back pain. Of all the incidental diagnostic indings, only moderate or severe Modic changes of the vertebral
end plates were found to be weakly associated with subsequent
development of a disabling episode of back pain. Other structural MRI indings as well as concordant pain with discography
correlated only weakly with previous back pain episodes and
had no association with future disability or medical consultations for back pain. Interestingly, psychosocial, neurophysiologic (chronic nonlumbar pain), and occupational factors
strongly predicted future disabling episodes and consultations
for back pain.
Schenk et al.,210 in a cross-sectional study of 109 women
from two groups (nursing or administrative professions),
found that Modic changes and nerve root compromise were
the only MRI indings that were statistically signiicant predictors of LBP. Disc degeneration, disc herniation, HIZs, and
facet arthritis were found in both groups but were not signiicant risk factors for LBP.
Similar indings were reported in a study by Kjaer
et al.,211 in which LBP was correlated to MRI indings in a
random selection of 412 Danish subjects. Although Modic
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population and in 24% of asymptomatic individuals. In the
asymptomatic group, 69% of the discs with an HIZ were positive on discography, whereas 10% of the discs without an HIZ
were positive. he authors also reported that 50% of the discs
with an HIZ were positive on discography in patients with
normal psychometric testing compared with 100% positive
discography results in patients with abnormal psychometric
testing and chronic pain. hey concluded that the presence of
an HIZ does not reliably indicate the presence of symptomatic
IDD due to the high prevalence of the HIZ in asymptomatic
people.
In 2004 Mitra et al.197 followed 56 LBP patients with the
inding of an HIZ longitudinally for 6 to 72 months with MRI.
Changes in the HIZ on follow-up MRI—either an increase in
intensity or spontaneous resolution—were not correlated to
changes in Visual Analog Scale (VAS) score, Oswestry Disability Index (ODI), or symptoms, which again calls into
question the clinical signiicance of the HIZ. Although the
inding of an HIZ on MRI has been found in some studies to
have good speciicity and positive predictive value for concordant pain generation on discography, it has low sensitivity,
high false-positive rates, and therefore questionable clinical
signiicance.
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changes occurred in less than 25% of subjects (16% Modic
type 1 and 7% Modic type 2), this inding had the strongest
correlation with complaints of back pain. When the subjects
were evaluated clinically, the authors found that patients
with both radiographic evidence of DDD and Modic
changes had the best clinical evidence of disc disease. Clinical indings in patients with radiographic evidence of disc
degeneration without Modic changes were not signiicantly
diferent from the baseline population. he authors concluded that a Modic change was a critical inding in relation
to history of LBP and clinical indings.212 In a follow-up
study of the same Danish population, Modic changes correlated with type of occupation, history of smoking, and overweight body habitus. he odds ratio for heavy labor
combined with smoking was 4.9 for the presence of Modic
changes on MRI.213
A recent meta-analysis review of Modic changes by Jensen
et al.214 found that the median prevalence of Modic changes
from all studies was 43% in patients with nonspeciic LBP.
Seven of 10 studies reported a positive association between
LBP and Modic changes with odds ratios between 2.0 and
19.9.

Axially and Vertically Loaded Magnetic Resonance Imaging
Axially loaded MRIs have been used to evaluate patients
alicted with lumbar spinal diseases. he idea is to better
reproduce the anatomy of the disc under physiologic
load. he utility of axially loaded MRI has been primarily
studied in the spinal stenosis and spondylolisthesis patient
populations.215-218 Danielson and Willén219 observed a signiicant decrease in dural cross-sectional area between a psoasrelaxed position and axial compression in extension in 56%
of asymptomatic individuals. he decrease was most pronounced at L4–L5 and greater in older individuals. Saifuddin
et al.220 postulated that lumbar spine MRI with axial loading
may increase the sensitivity for the detection of HIZs;
however, this hypothesis remains untested.Vertical MRI has
also been introduced to represent a loaded spine situation,
but no evidence suggests a role in pure DDD.

Discography
Discography is another diagnostic modality for the evaluation
of the integrity of the lumbar disc. here is signiicant controversy surrounding its usefulness. Some investigators consider
discography to be the single most important tool in the
diagnosis of IDD,138,221 but recent outcome studies222 and a
practice guideline by the American Pain Society223 have recommended against the use of provocative discography in the
diagnosis of discogenic back pain.
Discography is the only widely available physiologic
modality used to determine if a speciic disc is a pain generator. Although several attempts have been made to explain
the pathogenesis of pain provocation during discography,
the precise pathomechanism is not well understood. here
are four components to the evaluation of a discogram: (1)
the pressure and volume of luid injected into the disc, (2)

the morphology of the disc being injected, (3) the subjective
pain response at the level of interest, and (4) the pain
response when adjacent control levels are injected.224,225 he
subjective pain response to low-pressure provocation is
believed to be the most important determinant of disc
derangement; reproduction of the patient’s symptoms upon
injection of the diseased level is essential to a positive test. A
normal disc nucleus can accept 1.0 to 1.5 mL of contrast
media. If 2.0 mL or more of contrast is easily introduced,
some degree of disc degeneration is assumed with contrast
leakage from the nucleus. he use of postdiscography CT
increases the sensitivity for the diagnosis of radial tears of
the anulus226; however, because of low speciicity and sensitivity, postdiscography CT is not as helpful in the diagnosis
of IDD. Most authors feel that to be diagnostic the pain
should be concordant on low-pressure injection and a
normal control disc should be pain free.
Despite being used since 1948, discography remains controversial. In the 1960s, Holt et al.221 and Massie et al.227
reported on the high false-positive rate of lumbar discography,
which was found to be as high as 26% by Holt. Walsh et al.228
later published a rigorous study on the reliability of lumbar
discography. Ten normal volunteers were compared with
seven symptomatic patients. Although 17% of the normal
discs were found to be morphologically abnormal, there were
no positive pain responses. hey concluded that with modern
techniques the false-positive rate of lumbar discography is not
as high as reported by Holt. Derby et al.229 found similar
results in a more recent study of 90 LBP patients and 16
controls. Morphologically, the prevalence of grade III anular
tears was 58% among the asymptomatic control population.
Presumably asymptomatic discs in symptomatic individuals
on pressure-controlled discography demonstrated pain levels
and responses similar to the control group, whereas patients
with true-positive discography demonstrated pain characteristics concordant with their usual symptoms. he authors
concluded that pressure-controlled discography can diferentiate between asymptomatic discs and morphologically
abnormal discs.
Carragee et al.163 studied the false-positive rate of lowpressure discography in a comparison of 69 volunteers with
no signiicant LBP and 52 patients undergoing discography in
consideration for treatment of discogenic pain. Low-pressure
discography was positive in at least one level in 27% of the
LBP patients and in 25% of the controls. he false-positive rate
of discography was 25% and correlated with psychosocial
factors and history of chronic pain of a non–lumbar spine
origin. In another publication from Carragee’s group,164 psychosocial factors and chronic nonlumbar pain, such as cervical
pain and somatization disorder, also correlated with positive
discography in patients asymptomatic for LBP. he authors
concluded that false-positive rates can be low with strict
application of the Walsh protocol228 in patients who do not
have positive psychometric issues or other chronic pain
syndromes.
In contrast to reports of high false-positive rates, two recent
meta-analyses of low-pressure discography reported strong
evidence to support the role of discography in identifying
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in disc and end plate signal, and loss of disc height when
discography is performed.
Although discography has the potential for diagnosing
disc derangement, its reliance on the patient’s subjective pain
response can also be problematic when secondary gain may
be an issue. Psychosocial factors and chronic nonlumbar
pain have also been shown to alter the diagnostic capabilities of the procedure. Finally, consideration of the consistent
reports of the high false-positive rates, as well as new indings of accelerated degeneration in discs that undergo discography, make it diicult to recommend the procedure for
the diagnosis of discogenic back pain. Indeed, the validity of
lumbar discography is very much in doubt, which is underscored by a recent practice recommendation published by
the American Pain Society. he society’s current recommendation is that provocative lumbar discography should not
be used for making the diagnosis of a discogenic source of
pain in the setting of nonradicular LBP.223 he value of using
discography to assess the levels to be operated on in patients
with multilevel disc degeneration has not been adequately
established scientiically.

Treatment
Once a clinician has gathered all the data from the history and
physical examination along with appropriate diagnostic
studies, decisions must be made regarding treatment. All
available information should be used in formulating a treatment plan to ensure a successful outcome. Sole reliance on
individual clinical indings or imaging studies drastically
lowers the success rate because the incidence of disc abnormality in asymptomatic patients approaches 30% to 40% and
increases with advancing age.
In 2009, the American Pain Society published ive practice
guidelines regarding the management of chronic nonradicular
back pain based on the best available evidence for the various
diagnostic and treatment modalities available. hose recommendations are summarized in Box 46.2.223 hese treatment
modalities, along with others not mentioned in the treatment recommendations, are discussed in detail along with
brief summaries of the current supporting and opposing
literature.

Nonoperative Treatment
Nonoperative treatment of lumbar disc disorders has been
extensively discussed in the literature.236,237 Physical therapy,
pharmcology, and spinal manipulations have all been supported by mutliple studies of reasonable quality, but it is dificult to fully evaluate most of these studies because of a
generalized lack of randomized control design, blind observers, compliance measures, and cointerventions. Additionally,
very little of the literature on these nonoperative treatments is
speciic for the diagnosis of IDD or DDD, but rather is generalized to chronic and acute LBP, which may have multiple
etiologies.
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patients with discogenic pain.230,231 Combined data from all
studies demonstrated an overall false-positive rate of 9.3% per
patient and 6.0% per disc. False-positive rates among asymptomatic patients was 3.0% per patient and 2.1% per disc.
Chronic pain was not found to be a confounder, and strength
of evidence was reported as level 2 in support of the diagnostic
accuracy of discography.
Finding a gold standard to which discography results can
be compared remains a problem. Few studies have compared
the use of discography and outcomes ater surgical fusion,
which is perhaps the best measure for the validity of discography. Colhoun et al.,232 in a study of 137 patients, reported
89% favorable outcomes in patients with positive concordant
pain on discography versus 52% favorable outcomes among
those who had no painful response. Madan et al.233 had different indings; 81% of 41 patients who underwent fusion
based on MRI indings had satisfactory outcomes versus
76% of 32 patients who had surgery based on discography.
Perhaps the most rigorous study to date was published by
Carragee et al.234 Success of surgical fusion was compared in
32 patients with single-level positive discogram and a
matched cohort of 34 patients with single-level spondylolisthesis. Seventy-two percent of the spondylolisthesis patients
met the highly efective success criteria for surgery versus
only 27% of patients with discogenic pain. Minimal acceptable success criteria were 91% and 43%, respectively. he
authors calculated a best-case positive predictive value for
discography of 50% to 60% and concluded that provocative
discography was not highly predictive of single-level discogenic back pain.
In an attempt to improve on the poor reliability of discography, interest has turned to functional anesthetic discograms,
also called discoblocks. his is a modiication of discography
in which a local anesthetic, usually bupivacaine, is infused
with the contrast agent into the disc to enhance the diagnostic
capability of the procedure. Relief of pain ater discoblock is
considered diagnostic for discogenic pain. A recent randomized controlled study comparing standard provocative discogram to discoblock in diagnosing discogenic LBP was
published by Ohtori et al.235 Anterior lumbar interbody fusion
procedures were performed in 15 patients who were diagnosed
with discogenic pain by discography and 15 patients diagnosed
by discoblock. Outcome measures (ODI, VAS, and Japanese
Orthopedic Association score) at 3 years’ follow-up showed
statistically signiicantly better results in the group diagnosed
by discoblock.
Regardless of the details of how discography is performed,
some authors have posed the question of potential ill efects
resulting from perforating the lumbar disc. Carragee et al.222
recently published a report on the efect of lumbar discography
in precipitating accelerated degeneration in a matched cohort
study. Ten-year follow-up demonstrated that discs that had
been punctured had a greater progression of disc degeneration
(35% vs. 14% in the control group). here were 55 new disc
herniations in the discography group versus 22 in the control
group. he authors concluded that despite utilizing modern
discography techniques with small-gauge needles, there is still
an increased risk of disc degeneration, disc herniation, changes
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BOX 46.2 American Pain Society Recommendations Regarding
Management of Chronic Nonradicular Low Back Pain
Recommendation 1
• Strong recommendation against use of provocative discography as a
procedure for diagnosing discogenic low back pain (moderatequality evidence).
• Insuicient evidence to evaluate validity of diagnostic selective
nerve root block, facet joint block, medial branch block, or sacroiliac
joint block as diagnostic procedures.
Recommendation 2
• In patients who do not respond to usual, noninterdisciplinary
interventions, clinicians should consider intensive interdisciplinary
rehabilitation with a cognitive/behavioral emphasis (high-quality
evidence).
• Clinicians should counsel patients about interdisciplinary
rehabilitation as an initial treatment option.
Recommendation 3
• Facet joint corticosteroid injection, prolotherapy, and intradiscal
corticosteroid injection are not recommended (moderate-quality
evidence).
• Insuicient evidence to adequately evaluate beneits of local
injections, botulinum toxin injection, epidural steroid injection,
intradiscal electrothermal therapy, therapeutic medial branch block,
radiofrequency denervation, sacroiliac joint steroid injection, or
intrathecal therapy with opioids or other medications.
Recommendation 4
• Clinicians should discuss risks and beneits of surgery including a
speciic discussion about intensive interdisciplinary rehabilitation as
a similarly efective option, the small to moderate average beneit of
surgery over noninterdisciplinary nonsurgical therapy, and the fact
that the majority of patients who undergo surgery do not
experience an optimal outcome (moderate-quality evidence).
Recommendation 5
• Insuicient evidence to adequately evaluate long-term beneits and
harms of vertebral disc replacement.
From Chou R, et al. Interventional therapies, surgery, and interdisciplinary rehabilitation
for low back pain: an evidence-based clinical practice guideline from the American
Pain Society. Spine. 2009;34:1066–1077.

Verbunt et al.243 explored reasons why patients sometimes
use prolonged bed rest in the setting of acute episodes of LBP.
Among the study population of 282 patients, 33% reported
using bed rest, and 8% remained in bed for longer than 4 days.
Behavioral factors, catastrophizing, and fear of injury were
associated with use of prolonged bed rest. History of back pain
and pain intensity was not associated with patient use of
prolonged bed rest. Additionally, patients who used prolonged
bed rest in the early phase of acute LBP were more disabled
ater 1 year.
Patient education and advice to stay active is now the
favored recommendation. A Cochrane Review244 of patient
education and advice to stay active demonstrated strong
evidence that individual instructional sessions of 2.5 hours
are more efective in returning patients to work than no intervention; however, in the setting of chronic back pain, patient
education was less efective than more intensive interventions.
Education sessions of shorter duration or written information
was no more efective than no intervention. Another metaanalysis245 of 39 randomized controlled studies evaluated
whether advice to stay active alone was as efective as advice
in combination with other interventions such as “back school”
or speciic exercise routines. Advice as an adjunct to a speciic
exercise program was the most common form of treatment
in the reviewed studies and was best supported for chronic
LBP. Outcomes among acute LBP patients were generally
poor, but advice to stay active alone was found to be the best
recommendation.
Brox et al.246 published a systematic review of brief education in the clinical setting involving examination, information,
reassurance, and advice to stay active. he authors found
strong evidence that brief education was more efective for
return to work but was no more efective than usual care for
reduction of pain. here was limited evidence that exercise
was more efective than dissemination of a back book or an
educational internet session.

Orthotics
Bed Rest and Advice to Stay Active
he use of bed rest and its duration has long been debated
in the literature. Treatment schedules ranging from 2 days
to 6 weeks have been described.238-240 he currently accepted
recommendation170 is limited bed rest for a maximum of 2
days in patients with acute severe pain because longer durations of bed rest may be detrimental to the patient’s general
health while ofering no beneit to the back pain. Even a
short period of bed rest may not be beneicial. Allen et al.241
published a review of studies of bed rest as treatment for 15
diferent conditions and found that for patients with acute
LBP there was signiicant worsening of outcome measures.
A Cochrane Review of bed rest for treatment of acute LBP
reported high-quality evidence that advice to rest in bed is
less efective than advice to stay active.242 Progressive return
to activity and the initiation of a formal physical therapy or
home exercise program are recommended ater any initial
short period of rest.

Another common conservative management technique
involves the use of lumbar supports. Calmels et al.,247 based on
the results of a randomized clinical trial, recommended the
limited use of a lumbar belt to improve functional status and
pain and reduce medication use. Oleske et al.248 performed a
randomized clinical trial of back supports and patient education in work-related back pain. he authors found no efect
on patient self-report of recovery or lost work time between
brace use and controls, but back supports were found to have
value in preventing recurrence of work-related back pain. A
Cochrane systematic review249 of brace treatment for LBP
failed to ind suicient evidence to support the use of lumbar
supports to treat LBP. Moderate evidence was found that
braces are no more efective than no treatment or physical
training in preventing episodes of back pain.
Shoe insoles have been recommended in the past for both
treatment and prevention of nonspeciic LBP. he most recent
Cochrane systematic review250 of six randomized control trials
reported strong evidence that use of insoles does not prevent
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Physical Therapy
A large number of physical therapy modalities and routines
have been described in the literature. hey include landbased and aquatic programs, speciic protocols and exercise
routines, and group treatment programs—so-called back
schools. Adjunctive modalities include ultrasound, iontophoresis, transcutaneous electrical nerve stimulation, and heat
and cold therapy. Exercise programs commonly use aerobic
exercise, stretching, lexion and extension routines, core
conditioning, and back stabilization protocols. he goal is to
improve core strength, lexibility of the trunk and hip
muscles, and conditioning. Patients oten respond diferently
to physical therapy so treatment programs must be tailored
to the individual. Periods of activity modiication may be
necessary. Patients should also be educated on proper body
biomechanics, lifestyle, and healthy living habits such as
weight control, proper nutrition, stress relaxation, and cessation of smoking.
Several published randomized controlled trials have supported diferent therapy routines or programs. Although a
comprehensive review of all the various programs is not in the
scope of this chapter, some critical updates in recent years are
worthy of discussion. Recent prospective randomized trials
comparing physical therapy to fusion have emphasized the
importance of a multidisciplinary approach with cognitive
therapy, fear-avoidance counseling, and intensive exercise
programs.251-253 A recent systematic review246 found moderate
evidence that fear-avoidance training emphasizing exposure is
more efective than graded activity increase for improvement
of pain, disability, and fear avoidance.
Intensive interdisciplinary rehabilitation with emphasis
on cognitive and behavioral intervention is one of the treatment recommendations by the American Pain Society.223
Interdisciplinary rehabilitation was deined as an integrated
intervention with rehabilitation and a psychological and/or
social or occupational component. Noninterdisciplinary or
“traditional” physical therapy is also eicacious in this patient
population, but no one speciic program, method, or technique
is signiicantly better than another. A recent study of 3094
patients treated with physical therapy for back pain concluded
that the treatment is safe but did not reach minimally efective
clinical level.254
Back schools are another commonly discussed therapy
modality, and there is some indication that low-intensity
back schools may have some eicacy. Heymans et al.,255 in
a randomized controlled trial, found that low-intensity
back school patients experienced fewer sick leave days (68
days) than usual care patients (75 days) and those who
attended high-intensity back school (85 days). Functional
status and kinesiophobia were improved at 3 months, but
there was no diference in pain intensity and perception of
recovery among the groups. In another randomized controlled trial, however, Kaapa et al.256 found no signiicant

beneit of back school compared with physical therapy combined with cognitive therapy at 6-month, 1-year, and 2-year
follow-up.
A 2004 systematic Cochrane Review257 concluded there
was moderate evidence suggesting that back schools in an
occupational setting reduce pain and improve function and
return-to-work status compared with other forms of therapy
such as exercises, manipulation, myofascial therapy, advice,
placebo, and waiting list controls. Brox et al.246 published a
separate systematic review of back schools and found moderate evidence that back schools were no better than waiting
lists, no intervention, placebo, or general exercises for reduction of pain.
A European economic evaluation of a randomized controlled study258 of intensive group therapy found no signiicant
cost diference between intensive group therapy and standard
physiotherapy. here was also no diference in clinical efect
between the groups at 1 year follow-up.259 To date there are no
economic studies of group therapy back schools in the United
States. Although low-intensity back school and programs in a
work setting may have a beneit versus other forms of nonoperative treatment, most of the current literature demonstrates
that back schools ofer little beneit over standard physiotherapy and cognitive therapy.

Adjunctive Modalities
Another treatment option for LBP includes adjunctive physical
therapy modalities such as transcutaneous electrical nerve
stimulation (TENS), electrical muscle stimulation, ultrasound,
and iontophoresis. Poitras and Brosseau260 published a review
of randomized controlled data on the use of TENS and found
that it may be useful for immediate short-term pain reduction
but has little impact on patient perception of disability or
long-term pain control. A 2008 Cochrane Review of TENS
versus placebo261 concluded there is currently not enough
evidence to support the routine use of TENS for the management of chronic LBP.262 here is even less literature available
on the use of iontophoresis and ultrasound in the setting of
discogenic back pain. he few randomized controlled trials
that exist focus on ultrasound in conjunction with other
physical therapy regimens. he eicacy of these modalities as
well as heat and cold treatments in isolation has not been
determined.

Manual Therapy and Complementary/Alternative
Medicine Therapies
Several studies have reported beneicial efects of chiropractic
treatment for acute nonspeciic LBP.263-265 he role of chiropractic manipulations for the treatment of IDD or DDD of the
lumbar spine has not been studied. Chiropractic manipulation
is generally not considered efective in the treatment of chronic
back pain resulting from disorders of the IVDs.266 A Cochrane
Review267 reported there was no evidence that spinal manipulative therapy was superior to general practioner care, analgesics, physical therapy, exercises, or back school in the treatment
of both acute and chronic LBP.
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episodes of LBP. Limited evidence was found that insoles
alleviated LBP, but no conclusions or recommendations were
made for use in the treatment of patients with LBP.

823

VI

824 THORACIC AND LUMBAR DISC DISEASE

Eisenberg et al.268 published a randomized trial of usual
care therapy (nonsteroidal antiinlammatory drugs [NSAIDs],
educational and activity modiication) versus the addition of
the patient’s choice of alternative therapy—chiropracty, acupuncture, or therapeutic massage—in the treatment of acute
LBP. Outcomes using the Roland-Morris scale and subjective
assessment of symptoms demonstrated no statistically signiicant improvement in patients who underwent alternative
therapies. he study did, however, demonstrate an increase in
patient satisfaction with alternative therapy.
Hurwitz et al.269 had similar indings in a randomized
prospective study of 681 patients with chronic LBP comparing
chiropractic care to medical treatment with 18 months of
follow-up. Although less than 20% of the patients experienced
overall relief of pain and diferences in outcome measures
were not clinically signiicant, patients in the chiropractic
group were more likely to perceive that their symptoms had
improved.
Andersson et al.270 compared osteopathic manual therapy
to usual care in patients with a 3- to 6-month history of back
pain and found that the overall results were similar, but the
manual therapy group required fewer medications.
Other alternative medical therapies such as acupuncture,
prolotherapy, and massage have also been evaluated. A
Cochrane Review of acupuncture271 showed superiority to
placebo sham therapy and also a short-term beneit that did
not extend beyond irst follow-up when acupuncture was used
in conjunction with other conventional therapies. However, a
more recent systematic review by Ammendolia et al.272 questioned inconclusive evidence of the success of acupuncture
versus sham acupuncture and called for further randomized
trials to rule out the possibility of a placebo efect.
Prolotherapy is a technique that attempts to regenerate
ligamentous and tendinous structures of the spine via injections of various irritant solutions. he treatment is usually performed in conjunction with spinal manipulation. here is no
consensus on method, type of solution injected, or frequency
of sessions. Most practitioners use various combinations of
saline, dextrose, glycerin, phenol, and lidocaine. Reports
of the eicacy of prolotherapy are conlicted among many
randomized trials and systematic reviews.273-275 No evidence
has been reported for the eicacy of prolotherapy without
cointerventions such as spinal manipulation or exercise.
he eicacy of complementary and alternative modalities
for the treatment of chronic LBP remains in question. he
beneit of spinal manipulative therapy is also controversial but
may improve patient satisfaction with care and perception of
symptoms.

Pharmacotherapy
Judicious use of narcotic pain medications, oral steroids, and
NSAIDs in patients with severe, acute back pain can provide
good pain relief. he majority of patients with painful degenerative discs can be treated adequately on an outpatient basis.
NSAIDs and acetaminophen are common over-the-counter
medications used to treat back pain. A Cochrane Review276
included 65 studies on NSAID use in LBP. NSAIDs were

found to be superior to placebo but had signiicantly more
side efects. here is no documented diference between
type of NSAID, including cyclooxygenase-2 inhibitors.
Acetaminophen has an efect similar to NSAIDs, but it has
less risk of associated side efects when taken as directed
and generally should be tried before NSAIDs. A Cochrane
group concluded that NSAIDs are efective for short-term
treatment of acute and chronic LBP, but the size of the efect
is small.
Opioid formulations are also commonly used to treat back
pain, but considering their widespread use there is a surprising paucity of high-quality randomized controlled data available on their eicacy. A Cochrane meta-analysis277 of opioid
use found only four studies, three of which focused on the use
of tramadol. Pooled data found that tramadol, an atypical
opioid, was more efective than placebo for pain relief and
showed a slight improvement in functional scores. he only
randomized controlled study of classic opioids278 was a comparison to naproxen. Opioids were found to be more efective
for pain relief but were not more efective for improving
function than naproxen. he Cochrane authors concluded
that the beneits of opioids for the treatment of chronic LBP
are questionable, and further well-designed randomized
controlled studies need to be performed. Two systematic
reviews279,280 of opioid use in the setting of chronic LBP have
concluded there is evidence to support the eicacy of opioids
for short-term relief of pain only. here is little evidence for
long-term opioid use, which is fraught with an incidence of
aberrant consumptive behavior approaching 25%.
Opioid pain medication use has many problems, ranging
from minor side efects such as constipation and nausea to
severe complications including respiratory depression, altered
mental status, and insidious issues with tolerance and addiction. Another concern is the combination of opioids and
acetaminophen in commonly prescribed formulations.281
Hepatotoxicity and death from acetaminophen overdose is
rare when the dose is less than 7.5 to 10 g in an 8-hour
period,282 but concern arises when patients inadvertently take
larger doses in the setting of prescription drug abuse. An FDA
advisory committee283 recommended the addition of a boxed
warning on the risk of acetaminophen overdose and also suggested elimination of combination opioid-acetaminophen
formulations. Opioid pain medications should be given for
only a few days in the setting of severe acute back pain. Opioid
prescriptions for patients with chronic back pain are not
recommended.
Oral tapering courses of steroids have been found to
decrease symptoms of LBP in patients with radiculopathy
from disc herniations.175,284 In patients with axial LBP, steroids
are not recommended.285 Steroids can cause gastrointestinal
bleeding; simultaneous use of gastrointestinal protective agents
with oral steroids can reduce the risk of this complication.
Muscle relaxants are another class of medication routinely
used in the treatment of muscle spasm associated with LBP.
heir use should also be limited to very short courses due to
their addictive potential. A Cochrane Review286 of muscle
relaxants for the treatment of back pain included 30 trials
evaluating the use of benzodiazepines, nonbenzodiazepines,
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Nonsurgical Interventional Therapies
Nonsurgical treatment alternatives range from short-term
temporizing measures, such as epidural injections, to procedures designed to be deinitive treatments, such as intradiscal
electrothermal therapy (IDET).

Epidural Spinal Injection
he advantage of epidural injections over oral steroids is the
ability to achieve higher concentrations of steroid at the suspected site of pain while minimizing systemic efects. Epidural
steroids typically work well when administered in the setting
of radicular pain and not well in the setting of axial pain.
Patients with foraminal stenosis secondary to loss of disc
height may beneit from selective nerve root blocks either as
a diagnostic or a therapeutic tool. Many clinicians recommend

epidural steroid injections as second-line therapy in the treatment of lumbar disc disorders. Epidural steroids are commonly administered by three diferent routes: caudal,
interlaminar, and transforaminal. he transforaminal approach
is generally considered best because it achieves a better anterior epidural distribution. Complications from injection exist
but are uncommon.294,295
Reports on the eicacy of epidural injections in the literature are contradictory. Manchikanti et al.296 published preliminary results of a randomized trial of serial caudal epidural
injections in patients with discogenic pain without disc herniation or radiculitis. he authors reported greater than 50%
pain relief in 72% to 81% of patients and 40% reduction in
ODI scores in 81% of patients. hey concluded that caudal
epidural injections with or without steroid are efective in
treating discogenic back pain in more than 70% of patients.
Two other observational studies297,298 by the same authors had
similar indings for the beneicial efects of caudal epidural
injections in the speciic setting of discogenic LBP.
Buttermann299 studied patients with DDD and back pain of
greater than 1 year duration who were candidates for fusion.
here was initial success of treatment in greater than 50% of
patients, but the success rate declined to between 23% and
29% by 1- to 2-year follow-up. he study had a high dropout
rate, with more than two-thirds of the patients seeking another
invasive treatment within 2 years. he authors concluded that
patients with DDD but without spinal stenosis may experience
a short-term beneit from epidural injections, with only onefourth to one-third experiencing long-term improvement in
pain and function. Other earlier studies of both caudal and
transforaminal approaches have reported similar good shortterm results, with up to 59% of patients having greater than
50% improvement in symptoms and function at a 1-year
interval.297,300
A systematic review301 criticized the literature on epidural
injections for a lack of careful control of route of administration and patient diagnosis. In one evaluation of the pooled
data, the only evidence found to support epidural injections
was for short-term symptom relief in nonspeciic LBP. No
well-designed randomized trials were found speciic to discogenic back pain. A 2008 Cochrane Review302 of injection
therapy for LBP failed to ind suicient evidence to make a
recommendation. A systematic review by Chou et al.,303 as
part of the American Pain Society practice recommendations,
found fair evidence that epidural steroid injection is moderately efective for short-term pain relief; however, the literature
supporting its use in nonradicular LBP is sparse and has not
shown signiicant beneit. No speciic recommendation for the
use of epidural steroid injections or the route of administration was made by the pain society.

Intradiscal Injection
Direct intradiscal injection, usually with a steroid solution, is
another intervention that has been described in the literature
for IDD. he desired efect is suppression of an inlammatory
process within the disc, which is thought to be the cause of
the discogenic pain. Intradiscal steroid injections were
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and antispasmotic muscle relaxants. Strong evidence for the
eicacy of muscle relaxants over placebo was reported for
short-term pain relief in the setting of acute back pain. No
diference between the various drugs and classes was discerned. More trials to determine the eicacy of muscle relaxants compared with other analgesics and NSAIDs were
recommended.
he last class of medications commonly prescribed in the
setting of back pain are antidepressants. heir use may be
particularly beneicial in patients presenting with chronic LBP
in association with altered mental status, depression, anhedonia, sleep disturbances, agitation, and anorexia. Clinical
studies287-289 supporting the use of tricyclic antidepressants
(TCAs) have shown an improvement in mood and sleep patterns. Low doses of TCAs also afect membrane potentials of
peripheral nerves, which may be a mechanism by which they
produce pain reduction. A 2003 review290 of antidepressants
in the treatment of chronic LBP found TCAs have a moderate
efect on pain reduction in patients with no history of depression but reported conlicting evidence for improvement in
functional outcomes. Physicians prescribing TCAs should be
aware of potentially serious side efects involving orthostatic
hypotension and cardiovascular perturbations. Selective
serotonin reuptake inhibitors, another common class of antidepressants, failed to show eicacy in the treatment of chronic
LBP and should be reserved for emotional or psychiatric
disturbances related to back pain, not as a primary treatment
for symptoms of back pain.291
Keller et al.292 published a recent meta-analysis of nonsurgical management options for LBP. he authors reported that
behavioral therapy, exercise therapy, and NSAIDs had the
largest efect of those modalities studied. Machado et al.293
published a separate large meta-analysis of placebo-controlled
randomized trials of various forms of nonoperative treatment
for nonspeciic LBP. Small improvements in pain were found
in patients treated with traction, physical therapy, antidepressants, and NSAIDs; moderate improvements were reported in
patients treated with opioid analgesics, muscle relaxants, facet
injections, and nerve blocks.
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reported in an early case series by Fefer,304 in which 47% of
patients reportedly had remission of discogenic symptoms.
Similar results were found by Wilkinson and Schuman.305
Fayad et al.306 reported short-term improvement in VAS score
at a 1-month follow-up with intradiscal steroid injection in
patients with Modic types 1 and 1 to 2 changes on MRI, but
there was no long-term beneit. he only two major prospective randomized trials307,308 of intradiscal steroid injection have
failed to ind a statistically signiicant beneit versus placebo
in the treatment of discogenic back pain. Other authors have
attempted intradiscal injection of various other substances,
including solutions of chondroitin and dextrose,309 hypertonic
dextrose,310 methylene blue,311 and oxygen-ozone gas mixtures.312,313 Although these studies report promising results,
they have yet to be proven eicacious by rigorous randomized
controlled trials.

Thermal Annuloplasty
Intradiscal electrothermal therapy (IDET) involves percutaneous insertion of a thermally controlled catheter into the
IVD, usually the posterior anulus, and heating the tissue to
a speciic temperature (90°C) for a prescribed period of time
(e.g., 20 minutes).
he proposed mechanism of action for these procedures is
twofold: (1) elimination of nociceptive pain ibers and aberrant painful responses to the disrupted disc, and (2) collagen
rearrangement in the anulus with resultant spinal segment
stabilization. he biologic efects are not well understood and
there is a lack of clear consensus regarding the efects on
neuronal deaferentiation, collagen modulation, and spinal
stability. Freeman et al.314 studied the efect of nociceptor
destruction via IDET on experimentally created anular tears
in a sheep model. he authors failed to ind any diference in
the amount of neoinnervation in the anulus between specimens that underwent IDET and those that did not, which calls
into question the theory of deaferentiation of the anulus.
Whether collagen rearrangement with resultant shrinkage and
stabilization of the discal element is a viable mechanism for
IDET also remains in question.315,316 Cadaveric studies of the
efect of IDET on anular collagen have been performed by
Kleinstueck et al.,316 which showed a 10% to 16.7% reduction
in tissue volume immediately adjacent to the electrode.
To destroy nociceptors in the anulus ibrosus temperatures
must be raised to a minimum of 42°C to 45°C.317,318 It is not
possible to generate suicient temperatures in the anulus with
a radiofrequency probe placed in the center of the disc, as
demonstrated by Houpt et al.319 Temperature changes at distances further than 11 mm were insuicient to raise the tissue
temperature of the outer anulus to the 42°C needed for neuronal ablation. Ashley et al.320 compared temperature distribution in the disc between a radiofrequency needle and a
navigable Spinecath. Using this method, they were able to
deliver thermal energy to the anulus more efectively and
achieved suicient temperatures to cause denervation. Karasek
and Bogduk321 have recommended inserting the IDET electrode so as to remain within 5 mm of the outer surface of the
anulus. Placement of the probe in the interlamellar plane

rather than inside the innermost layer of the anulus allows for
suicient heat generation to destroy the nociceptors in the
outer layers of the anulus.
Complications secondary to any of the thermal annulopasty
procedures are rare. here has been one reported case of
postoperative cauda equina syndrome caused by inadvertent
placement of the catheter in the spinal canal,322 and a few
reports of broken catheters with no resultant adverse efect.
here have been no reports of infection, bleeding, or other
equipment- or technique-related complications.
Early uncontrolled clinical trials of IDET were promising,
with improvement in 50% to 70% of patients,137,321,323,324 but
randomized controlled trials have produced conlicting
results. Freeman et al.325 found no signiicant improvement in
outcome measures compared with sham surgery at 6-month
follow-up. he opposite indings were reported by Pauza
et al.326 in patients with discographically diagnosed LBP of
greater than 6 months’ duration. he authors found that 40%
of their patients who underwent IDET experienced at least
50% relief of pain, whereas a signiicant portion of the control
group experienced symptom progression. hey concluded
that the IDET procedure is an efective intervention for a
selective patient population and reported a needed-to-treat
number of ive to achieve 75% relief of pain. Barendse et al.327
reported on a trial of intradiscal radiofrequency thermocoagulation in patients with chronic discogenic back pain. An
8-week follow-up assessment showed no diference from sham
surgery in VAS score, global perceived efect, and ODI outcome
measures.
Andersson et al.328 published a systematic review of IDET
versus spinal fusion in patients with disc degeneration and
disruption. Similar median percentage improvement was
noted between the two interventions for pain severity and
quality-of-life outcomes. Fusion demonstrated better functional improvement but had a higher rate of complications.
he authors concluded that IDET ofers similar symptom
relief with less risk of complications compared with fusion.
Derby et al.,329 in a systematic review, concluded that IDET
is generally safer and cheaper than more invasive surgical
techniques despite the fact that the best evidence available
demonstrates only modest improvement in pain relief and
functional outcomes.
Other systematic reviews of IDET have been more critical.
Helm et al.330 reported level 2 evidence in support of IDET in
the setting of discogenic back pain based on two of the above
randomized trials and a number of observational studies. Two
observational studies were found by the authors in support of
radiofrequency intradiscal thermocoagulation for level 3 evidence. Evidence in support of biacuplasty was lacking and was
assigned as level 3 evidence. Freeman331 published a systematic
review of the literature that criticized generally poor outcomes
even among studies in support of IDET. he author concluded
that evidence for the eicacy of IDET is weak and has not
passed the standard of scientiic proof.
In summary of all nonoperative interventional therapies,
Chou et al.303 published a systematic review as part of the
American Pain Society practice recommendations published
in 2009. he authors reported fair evidence that epidural
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Surgical Treatment
Once all conservative measures have been exhausted or if
symptom nature warrants, surgical intervention may be
required. he most common surgical treatment used for
recalcitrant discogenic back pain and DDD is arthrodesis
(fusion). Lumbar disc arthroplasty is another method approved
by the FDA but is not currently in widespread use. Other
motion-preserving options being investigated include dynamic
stabilization of the motion segment and biologic disc repair.
Chou et al.332 published a systematic review of surgical
treatment for nonradicular LBP as part of the American Pain
Society’s practice recommendations. he authors found fair
evidence that surgical fusion is no better than intensive rehabilitation with a cognitive behavioral emphasis. Surgically
treated patients were noted as performing poorly, with less
than 50% obtaining optimal outcome with fusion. he beneits
of instrumented fusion compared with noninstrumented
fusion were not clear. Fair evidence was found that arthroplasty performs as well as fusion for single-level DDD, but
long-term outcome data were lacking.
he American Pain Society223 practice recommendations,
published in 2009, encourage clinicians to ofer intensive
interdisciplinary rehabilitation as an option with outcomes
similar to surgery in the setting of nonradicular LBP. he
report states that the majority of patients with nonradicular
pain who undergo surgery do not experience an optimal
outcome, which was deined by the pain society as (1) minimal
or no pain, (2) discontinuation of or only occasional use of
pain medications, and (3) return to high-level function. he
society also suggested that there is insuicient evidence at this
time to support disc arthroplasty for patients with nonradicular LBP. Other treatment guidelines also take a cautious view
on spinal fusion for DDD, yet in some patients the symptoms
are so severe that the chance for a good result makes surgical
management attractive, especially when nonoperative treatment has failed.

Spinal Fusion
Surgical treatment for unremitting discogenic back pain has
traditionally been spinal fusion. Most clinicians ind that it is
acceptable to perform spinal fusion for DDD in patients who
have not responded to conservative care. he role of spinal
fusion in the management of IDD is more controversial.333
hree high-quality randomized controlled studies have
evaluated spinal fusion compared with nonoperative treatment in the setting of chronic LBP and DDD. Fritzell et al.334

published a randomized controlled multicenter study of severe
chronic LBP comparing fusion of the lower lumbar spine with
nonsurgical therapy. he study involved a total of 222 operative and 72 nonoperative patients between the ages of 25 and
65 years with chronic LBP of at least 2 years’ duration and
radiologic evidence of disc degeneration at L4–L5, L5–S1, or
both. he nonsurgical group received physical therapy, patient
education, and alternative pain control modalities, such as
TENS units, acupuncture, and injections. Results at 2-year
follow-up were found to be signiicantly better in the fusion
group, with back pain reduced by 33% compared with 7% in
the nonsurgical group. Pain improvement was most signiicant
during the irst 6 months postoperatively but then gradually
deteriorated thereater. Disability according to ODI was
reduced by 25% compared with 6% among nonsurgical
patients, and 63% of surgical patients rated themselves as
“much better” or “better” compared with 29% of nonsurgical
patients. he “net back to work rate” was 36% in the surgical
group and 13% in the nonsurgical group. he early complication rate in the surgical group was 17%. he authors concluded
that surgical treatment of severe chronic LBP provides
improved results compared with nonoperative treatment in
carefully selected patients.
Brox et al.251 published another randomized trial comparing outcomes of lumbar instrumented fusion versus cognitive
intervention and exercise in 64 patients with chronic LBP and
DDD. he critical component of this study was the addition of
cognitive therapy to an intensive rehabilitation program. he
mean change in ODI for the surgical fusion group was from
41 preoperatively to 26 at 1-year follow-up; mean change for
the rehab group was from 42 to 30. he authors reported no
signiicant diference in back pain, use of analgesics, emotional
distress, and life satisfaction between the groups. Return-towork rate at 1 year was 22% in the surgical group and 33%
in the rehab group. he rehab group experienced greater
improvement in fear-avoidance beliefs and ingertip-to-loor
distance, while the surgical group had greater improvement in
associated symptoms of leg pain. he overall success rate for
surgical intervention was rated at 70% and 76% for nonoperative cognitive therapy. he authors concluded that there were
near-equivalent outcomes between the groups, which was
ofset by an 18% complication rate among the surgical group.
he last major randomized clinical trial of surgery versus
nonoperative therapy was published by Fairbank et al.253 he
MRC Spine Stabilization Trial was a randomized controlled
trial comparing surgical treatment and intensive rehabilitation
in 349 patients with chronic LBP. Similar to the Brox study,
the intensive physical therapy program in the MRC trial also
incorporated principles of cognitive behavioral therapy. At
1-year follow-up the mean ODI scores decreased from 46.5 to
34.0 in the surgical group and from 44.8 to 36.1 in the rehabilitation group. No signiicant diferences were found between
the groups in the shuttle walking test and Short Form-36
outcomes. he authors concluded that although the surgical
group enjoyed a small—but statistically signiicant—beneit in
one of the primary outcome measures (ODI), this was contradicted by the additional cost and potential risk of complication
associated with surgery.
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steroid injections are efective for short-term relief of pain.
Good evidence was reported that prolotherapy, facet injection,
intradiscal steroid, and intradiscal radiofrequency thermocoagulation are not efective. For IDET, no conclusions were
made due to the fact that available randomized controlled
trials are conlicting. IDET may best be indicated for less
functionally impaired patients with well-maintained disc
heights and discogenic pain from anular tears.329
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In a separate publication on the MRC trial, Rivero-Arias
et al.335 performed a cost analysis at 2-year follow-up. he cost
per patient over the study time frame in the surgical group
was estimated to be £7830 ($12,450), versus £4526 ($7200) in
the rehabilitation group. here was no signiicant diference
in mean quality-adjusted life-years between the groups. he
authors concluded that surgical treatment was not a costefective use of health care funds compared with therapy,
although the authors pointed out that ultimate costs could
vary depending on the number of patients in either group
that require subsequent intervention ater the 2-year followup period.
Meta-analyses of surgical versus nonoperative treatment
have paralleled the indings of Brox et al.251 and the MRC
trials.253 Ibrahim et al.336 pooled the data from these three
randomized trials and found that a modest improvement in
mean ODI scores among surgical patients should not be used
as justiication for routine operative treatment in light of a 16%
early complication rate. Mirza et al.,337 in a separate systematic
review, concluded that surgical outcomes are equivalent to a
structured rehabilitation program with cognitive behavioral
therapy.
Phillips et al.338 performed a systematic review of fusion in
the treatment of DDD. hey concluded that comparing surgery
to nonoperative treatment obviates the fact that the treatments
generally are performed in sequence, with surgery occurring
when nonoperative treatment has failed. hey further concluded that lumbar spine fusions result in meaningful
improvements in pain and function.

therapy, and stem cell disc regeneration are all viable alternatives but are not yet at the stage where they can be used
clinically with predictable success.341-343 Tissue engineering
approaches are challenged by the complexity and stresses of
the IVD.344 Biologic repair will undoubtedly succeed at some
time in the future but is not an immediate solution.

Summary
Lumbar disc disease is a common problem that afects many
people at various ages in the form of IDD and DDD. Detailed
history and physical examination are vital components in
harmony with imaging modalities to make an accurate diagnosis. Recent practice guidelines have reairmed that the irst
line of treatment for those who have LBP of a discogenic source,
with or without radicular symptoms, is conservative therapy.
New emphasis has been placed on multidisciplinary therapy
incorporating cognitive and behavioral treatment. Intradiscal
therapy remains controversial, and many patients who undergo
this procedure may eventually require arthrodesis. Surgical
fusion, in all the various forms, is an appropriate option for
patients who do not improve with appropriate nonoperative
therapy. Preliminary studies of lumbar total disc replacement
report equivalence to arthrodesis for the management of this
patient population. Development of new motion-preserving
techniques will likely change the treatment approach, as will
emerging biologic techniques.

KEY POINTS
Fusion Technologies
Over the years there has been a change from posterolateral
and anterior stand-alone fusions to circumferential fusions. In
recent years lateral fusion techniques have grown in popularity, as have minimally invasive fusion techiques. here is little
question that minimally invasive approaches will grow in use;
in fact, all procedures today are done with less-invasive techniques than in the past.
he use of new materials in implants and osteobiologics are
discussed elsewhere in this text. Iliac crest bone grats are
today rarely used in the United States.

Adjacent-Segment Degeneration
A serious adverse efect of fusion surgery is adjacent-segment
pathology. Sometimes it is an imaging inding without clinical
importance, but sometimes it results in pain and may result
in an extension of the fusion.339,340
As a consequence motion-preservation techniques have
developed such as disc replacements and posterior motion
preservation systems. hese techniques are discussed in other
chapters of this text.

1. Detailed history and physical examination in conjunction with
radiographic and MRI indings such as loss of disc height, disc
signal changes, HIZs, and Modic changes are the best means
available for diagnosing IDD and DDD.
2. Routine use of lumbar discography is not recommended for
diagnosing a discogenic LBP.
3. Recent practice guidelines have reairmed that the irst line of
treatment for patients with LBP of a discogenic source, with or
without radicular symptoms, is conservative therapy, and new
emphasis has been placed on multidisciplinary therapy
incorporating cognitive and behavioral treatment.
4. IDET remains controversial, and many patients who undergo
this procedure still require arthrodesis. Other forms of
less-invasive therapy, such as prolotherapy and intradiscal
corticosteroid injections, are not recommended in this patient
population.
5. Surgical fusion is an appropriate option for patients who do not
improve with exhaustive nonoperative therapy.
6. No one method for achieving segmental fusion has clearly been
shown to be better than another.
7. Preliminary studies of lumbar total disc replacement report
equivalence to arthrodesis for the surgical management of this
patient population, but there is still insuicient evidence to
evaluate the long-term beneits and complications.
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Lumbar disc herniations are a common manifestation of
degenerative disease.1-3 hey tend to occur early within the
degenerative cascade, representing the tensile failure of the
anulus to contain the gel-like nuclear portion of the disc. With
improvements in advanced imaging techniques, lumbar disc
herniations have been increasingly recognized in symptomatic
and asymptomatic individuals.4
Treatment decision making for patients with herniated
discs can be challenging. Nonoperative treatment can be
efective in most cases.5–9 Other authors have indicated that
surgery leads to superior results, especially in short-term pain
relief.1,7–10 Several authors have highlighted the inluence of
fragment location and pattern, as well as social and psychological factors on outcomes.7–9,11–13 he exact natural history
and complex interaction of biologic, psychosocial, ergonomic,
and cultural variables have not been well established.
In the best-case scenario, the clinician can radiologically
identify a single culprit disc that positively correlates with clinical indings. In patients who do not respond to nonoperative
management, disagreement remains concerning the optimal
period of observation, timing of surgery, method of excision,
and type of postoperative rehabilitation. In less evident cases,
one or more minor disc bulges may be identiied that are diicult to attribute to the patient’s signs and symptoms. he use of
diagnostic injections can be helpful in localizing symptomatic
regions. Empiricism and reliance primarily on intuition may
lead to inferior results. Strict agreement between a patient’s
signs, symptoms, and correlative diagnostic tests needs to exist
when predicating treatment recommendations.
To address these questions, the wealth of classic and contemporary contributions made to the understanding of lumbar
disc herniations has been reviewed. his chapter synthesizes
the information and organizes it to help clinicians’ understanding and recommendations of management of this seemingly simple, but realistically challenging, problem.

Pathoanatomy
Efective evaluation is based on an intimate understanding
of the relationship of the lumbar intervertebral disc to its

surrounding structures. he disc is the anterior border of the
spinal canal at the facet joint level. It is covered by the thin
posterior longitudinal ligament, which is concentrated in the
midline, from which small bands extend laterally to cover the
inferior aspect of the disc (Fig. 47.1). his coniguration leaves
the superior part of the posterolateral disc bare, and is thought
to contribute to the fact that posterolateral (or paracentral)
herniations are the most frequent location for herniations to
occur. Cumulative degenerative changes occur in this region
of the disc from concentration of torsional, axial loading, and
lexion-induced biomechanical strains.
he spinal cord ends at approximately the L1 level in adults
to form the conus medullaris. he cauda equina is located
within the lumbar spinal canal. It contains the lumbar and
sacral nerve roots bathed in cerebrospinal luid contained—or
encapsulated—by the pia, arachnoid, and dural membranes
(meninges). Nerve roots branch from the cauda equina one
level above their exiting foramen (Fig. 47.2). he L5 nerve root
leaves the cauda equina approximately at the level of the L4
vertebral body. It descends inferolaterally to pass anterior to
the L4–L5 facet joint and posterior to the L4–L5 disc. Intimately associated with the inferomedial aspect of the L5
pedicle, the root turns lateral to enter the L5–S1 intervertebral
(neural) foramen just proximal to the L5–S1 disc. Within the
foramen, sensory cell bodies form the dorsal root ganglion.
he root, now called a postganglionic spinal nerve, exits the
neural foramen, where it is in close proximity to the lateral
aspect of the L5–S1 disc. Fibrous bands (called Hofman ligaments) oten tether the nerve to the disc in this region.14,15
Ater a short extraspinal course, the nerve divides into a
ventral and dorsal primary ramus.
he location of the disc herniation determines which root
is primarily afected. he spinal canal can be divided into
longitudinal zones (Fig. 47.3). he central zone is delineated
by the lateral borders of the cauda equina. he lateral recess is
between the lateral border of the cauda equina and the medial
border of the pedicle. Although the term lateral recess is frequently used to describe stenosis from bony encroachment
(lateral recess stenosis), it suiciently describes the location
of paracentral, posterolateral, or juxtacentral herniations.
Within the lateral recess, fragments medial to the nerve root,
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FIG. 47.1 The posterior longitudinal ligament incompletely covers the
posterior portion of the disc. Speciically, the superolateral aspect of the disc
remains uncovered, which may help explain why disc herniations are most
common in this region.

FIG. 47.3 Considered in cross-section, the spinal canal can be divided into
anatomic zones to describe better the location of lumbar disc herniations.
The central zone (a) is within the borders of the cauda equina dural sac. The
lateral recess (b), which paracentral disc herniations can compromise, is
bordered by the lateral aspect of the dural sac and the medial aspect of the
pedicle and neural foramen. In this zone, the nerve root descends within
the spinal canal toward its respective foramen. The foraminal zone (c) is the
space between adjacent ipsilateral pedicles. The extraforaminal zone (d) is
the space lateral to the pedicles. Disc herniations in this region, commonly
referred to as far lateral, afect the exiting nerve root.

L4
L4

Pathophysiology
Disc Degeneration and Herniation

L5
L5

S1

S2

FIG. 47.2 Lumbar nerve root branches exit the dural sac one vertebral level
above their respective foramen. Paracentral disc herniations tend to afect
the traversing nerve root as it crosses the intervertebral disc.

interposed between it and the cauda equina, are called axillary
herniations (Fig. 47.4). he foraminal zone is between the
medial and lateral borders of the pedicle. Herniations beyond
the lateral border of the pedicle are within the far-lateral or
extraforaminal zone. Herniations in the foraminal or extraforaminal zones usually afect the exiting nerve.
Fragments can displace cranially or caudally. Axillary
herniations have a tendency to migrate distally, lying inferior
to the disc space. Superior migration of the fragment can
position it behind the adjacent cranial vertebral body. Locating the fragment preoperatively is crucial to successful operative excision.

Disc herniation is one stage of the lumbar degenerative
cascade. It is considered one of the earlier stages, following
internal disc disruption. Herniation occurs through a tear in
the anulus ibrosus. he anulus is the thick outer layer that
normally withstands tensile forces transferred from the compressed nucleus pulposus (Fig. 47.5).16,17 Force transfer works
only if the nucleus-anulus-endplate complex acts as a closedvolume system.18 Normally, compression across the disc space
leads to increased pressure within the nucleus. he sot nucleus
deforms and lattens, pushing against the annular ibers, which
then generates tensile hoop stresses. he circumferential ibers
are placed under tension, dissipating stresses and containing
the anulus.
With disruption of the anulus, the sot nucleus can be
pushed through (i.e., herniated) if placed under suicient
pressure. he nucleus must be luid, or “dynamic,” enough to
permit herniation to occur. Discs in younger individuals that
have a well-hydrated nucleus are more likely to herniate. Older
patients with desiccated discs are less prone to herniation. he
ejected portion is typically a ibrocartilaginous fragment.19 In
some cases, a piece of anulus or endplate ibrocartilage can be
associated with it. In juveniles, an apparent herniation may
represent a Salter type II fracture of the vertebral ring apophysis with its attached anulus.
When a portion of the nucleus is ejected, disc mechanics
are altered. Frei and colleagues17 showed that nucleotomy
alters the loading pattern across the disc space, with the
anulus sustaining higher compression forces than normal.
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FIG. 47.4 (A) Most commonly, paracentral disc herniations compress the traversing (descending) nerve root
along its lateral aspect. (B) In some cases, the disc fragment can be interposed between the nerve root and
lateral border of the cauda equina sac. These are known as axillary disc herniations.

Disc Herniation and Sciatica

FIG. 47.5 The thick, outer anulus normally withstands tensile forces
transferred from a compressed nucleus pulposus. This force transfer works,
however, only if the nucleus-anulus-endplate acts as a closed-volume
system. An annular defect disrupts this closed-volume system and can allow
a portion of the nucleus to escape (or herniate).

his situation can lead to increases in endplate pressures
along the periphery where the anulus attaches to the bone.
Chondro-osseous metaplastic changes such as osteophytes
or sclerosis in these regions are a response to long-standing
abnormal loading patterns.
he exact inciting event leading to disc herniation is
unknown. Some authors believe that an acute traumatic
episode leads to displacement of the disc, although this is most
likely related to force imparted onto a previously degenerated
disc, which has developed a focal annular weakness. Acute
sciatica from a disc herniation is oten associated with a prodromal history of back pain.
Postural variations can inluence intradiscal pressures. he
highest pressures have been recorded in patients with the
torso forward lexed with weight in hand. In an elegant biomechanical study, Wilder and colleagues16 found that combined lateral bend, lexion, and axial rotation with 15 minutes
of exposure to vibration can lead to tears extending from the
nucleus across the anulus. his inding may have signiicance
for occupations with exposure to long periods of vibratory
stimuli, such as truck drivers and machine workers.

he most classic symptom of a herniated disc is radicular pain
in the lower extremity following a dermatomal distribution.
Focal neurologic deicits attributable to the same nerve root
are sometimes present and lend further diagnostic accuracy.
he relationship between disc herniation and sciatica is
incompletely understood, however.
In animals and humans, pure compression of a noninlamed nerve produces sensory and motor changes without
pain, whereas pain is elicited with manipulation of inlamed
nerves.20 hese indings suggest that herniated discs large
enough to cause mechanical compression of a nerve root may
produce focal deicits, but that associated sciatic-type pain is
produced only if the nerve root is concurrently irritated or
inlamed. Inlammation may be produced by prolonged neuroischemia of the microvasculature of the nerve root from
mechanical compression or by nonmechanical, possibly biochemical, factors. his phenomenon helps explain why some
patients with small bulges or protrusions contacting inlamed
nerves have pain that does not seem to be consistent with
the “small” degree of neural compression. Additionally, these
patients frequently do not have demonstrable sensory or
motor deicit.
Neurochemical factors also have a role in the production
of sciatic pain. his role may be related to initiation of an
immune response locally or systemically, or both. Spiliopoulou
and colleagues21 examined immunoglobulin G (IgG) and IgM
levels in discs excised from patients with sciatica and controls.
Although IgG levels were equivalent, elevated levels of IgM
were found in discs from sciatica patients but not in controls,
suggesting a local and humoral antigenic inlammatory reaction as a contributor to pain. Other investigators have shown
the role of cytokines in the mediation of root pain. Olmarker
and Rydevik22 studied the efects of selective inhibition of
tumor necrosis factor-α (TNF-α) in a herniated disc model in
pigs. hey found preservation of nerve conduction velocity
and decreased nerve root injury in treated animals versus
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controls, suggesting a role of TNF-α in potentiating nerve
dysfunction.
Similarly, research has suggested that matrix metalloproteinase, nitric oxide, prostaglandin E2, and interleukin-6 in
discs excised from patients with herniation and radiculopathy
may have a causative role in pain production.23 A more recent
investigation was unable to conirm the presence of these
inlammatory markers in the epidural space of patients with
symptomatic disc herniations, however.24 Other investigators
have shown that in extruded or sequestered discs, a cellular
inlammatory reaction may be locally mediated via T cells and
macrophages25; this has been postulated to play a role in herniated disc regression.26
here is evidence of systemic inlammatory responses to
disc herniations as well. Brisby and colleagues27 detected elevated levels of glycosphingolipid antibodies in the serum of
patients with sciatica and disc herniation compared with
healthy volunteers. Elevations were equivalent to those found
in patients with autoimmune neurologic disorders, such as
Guillain-Barré syndrome. Brisby and colleagues27 suggested
that a systemic autoimmune response to disc tissue may result
in damage, or alteration, of nerve tissue. Ater age 12 years,
the endplate apophyseal vessels close, which may facilitate an
amnestic antigenic response to exposure to extruded nucleus
pulposus tissue. hese indings are helpful in considering
patients who have severe sciatic pain with minimal mechanical compression and patients who seem to have persistent
symptoms despite surgical decompression.

Disc Herniation and Back Pain
Most patients with symptomatic disc herniations present with
leg and back pain (Table 47.1). he mechanism of degenerative
back pain remains elusive, although many authors have suggested mechanisms. Accepting that herniation is a stage within
the continuum of lumbar degeneration, discogenic pain generators may be a factor. Innervation of the posterior anulus by
branches of the sinuvertebral nerve have been well documented
and are a suggested pathway of nociceptive pain transmission
from disc degeneration. An annular tear and nuclear herniation could result in similar pain transmission.
he concept of vertebrogenic pain has also been suggested.
Jinkins and colleagues28 studied the contribution of anterior
disc herniations to back pain. hey believed that the pain was

TABLE 47.1

Prevalence of Back Pain and Sciatica in Adults

Characteristic

Prevalence (%)

neurally mediated through branches of the ventral ramus and
paravertebral autonomic plexus. Because the herniations were
outside the spinal canal, they were not associated with compression of the cauda equina or nerve roots, but most patients
complained of lower extremity paresthesias, mostly bilateral,
in addition to low back pain. A direct causal relationship
between anterior disc herniations and leg symptoms has not
been clariied.

Classiication of Disc Herniations
Classiication of any disorder should be based on identiiable
features that have some inluence on prognosis or treatment
decision making. Many classiication systems have been proposed for lumbar disc herniations, although none are allinclusive or ideal.29,30 It is more appropriate to consider them
as tools to describe the herniation.

Morphology
Disc herniations can be described by their morphology. Before
the introduction of advanced imaging, morphology was dificult to assess preoperatively. Currently, and to a lesser extent,
computed tomography (CT) can diferentiate disc morphology with reasonable reliability. Spengler and colleagues13
divided herniations into three types (Fig. 47.6). A protruded
disc was deined as eccentric bulging through an intact anulus
ibrosus. An extrusion was deined as disc material that crosses
the anulus but is in continuity with the remaining nucleus
within the disc space. A sequestered disc represents a herniation that is not continuous with the disc space; this is the
typical “free fragment.”
Other authors have classiied discs as either contained or
uncontained.31 Contained disc herniations are subligamentous.
It is presumed that they have not passed beyond the limits of
the posterior longitudinal ligament or the outer layer of the
anulus. Uncontained disc herniations have crossed this boundary. Advocates of this system describe contained and uncontained extrusions, with the former remaining beneath the
outer layers of the anulus.31

Location
Herniations can be described topographically according to
anatomic location (see Fig. 47.3). he herniation can be
located within the central zone, lateral recess, foraminal, or
extraforaminal regions. Herniations can also exhibit cranial or
caudal migration in relation to the disc space.

Any low back pain

60–80

Any low back pain persisting at least 2 wk

14

Timing

Low back pain persisting at least 2 wk at a given time
(point prevalence)

7

Back pain with features of sciatica lasting at least 2 wk

1.6

Lumbar spine surgery

1–2

Lumbar disc herniations can be organized according to the
time from initial symptom onset. hese may be arbitrarily
divided as acute or chronic. Acute herniations are present for
less than 3 to 6 months, whereas chronic discs cause symptoms
for a longer time. Breakdown according to this time frame is
based on our sense of what is a reasonable cutof point. Because

From Deyo RA, Loeser J, Bigos S. Herniated lumbar intervertebral disc. Ann Intern Med.
1990;112:598–603.
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FIG. 47.6 Classiication of disc herniations as described by Spengler and colleagues.13 Disc protrusion is deined
as a bulging, displaced nucleus that has not extended beyond the limits of the anulus ibrosus. Extrusion
extends beyond the anulus ibrosus but is still in continuity, at least partially, with the parent disc. Sequestered
disc herniation implies that a fragment has broken free (i.e., free fragment) and is no longer in continuity with
the parent disc. In some cases, in which disc herniation lies immediately behind the vertebral body, it is diicult
to tell from which disc the herniated fragment originated.

the results of disc excision seem to be inluenced by the timing
of surgery, this categorization is important. From a survey of
the literature, it seems that the results of disc excision are
compromised if delayed more than 2 to 16 months from
symptom onset.12,32–34

History and Symptoms
Many patients describe a prodromal history of long-standing
mild to moderate back pain. Although trauma is not the only
component leading to a disc herniation, some patients describe
a speciic incident attributable to the onset of leg and back
pain. his incident may be a fall, a twist, or liting of a heavy
item. Speciic postures can lead to exponential increases in
intradiscal pressure, which can predispose to disc injury.18
Exposure to vibrational energy combined with sustained
lateral lexion and rotation may also predispose to herniation.16 he exact history of the incident and the presence of
preexistent back or leg pain must be explored; this is particularly important in work-related injuries.
Pain is the most common complaint. Axial back pain is
typically present, although some patients do not have this

complaint. Radicular pain is more typical and oten the more
“treatable” of the complaints. he pattern of lower extremity
radiation depends on the level of the herniation. Lower lumbar
or lumbosacral disc herniations can lead to the classic symptoms of pain radiating below the knee. Oten pain extends into
the foot and can follow a dermatomal distribution. S1 radicular
pain may radiate to the back of the calf or the lateral aspect or
sole of the foot. L5 radicular pain can lead to symptoms on
the dorsum of the foot (Fig. 47.7). Radiculopathy from
involvement of the upper lumbar roots can lead to more
proximal symptoms. L2 and L3 radiculopathy can produce
anterior or medial thigh and groin pain. Groin pain may also
be indicative of L1 pathology. Radicular pain can be diicult
to discern and is oten not “classic.” Many patients do not
exhibit pain in a speciic dermatomal distribution, or the
radiation does not extend along the entire leg. It may radiate
only into the hip region or just the foot or any portion of
the leg.
he character of radicular pain can be sharp, dull, burning,
or dysesthetic. It can be exacerbated by coughing, bending, or
liting. A relieving maneuver may be lying supine with the
knees and hips lexed, particularly with lower lumbar herniations. In contrast to patients with lumbar stenosis, patients
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FIG. 47.8 (A) With normal L5 nerve root function, hip abductors are strong
and able to support body weight. (B) With L5 nerve root compression, hip
abductors can be weakened, leading to positive Trendelenburg sign. This
sign is seen when the iliac crest (pelvis) tilts down onto the side where the
leg is raised, indicating contralateral hip abductor (L5) weakness.

FIG. 47.7 The location of the pain can help localize the nerve root
involved. Pain may radiate to small, isolated areas along the course of the
dermatome.

risk factor for low back pain and a risk factor for a poor result
ater back surgery.35,36
with disc herniations more typically complain of constant pain
that is not exacerbated by ambulation. Buttock pain is also
common and can be referred or radicular in nature. Patients
may interpret this as back pain, but the pathoanatomic signiicance of pain in this area is diferent than true axial pain. Pain
is one component of radiculopathic complaints. Nerve compression can lead to motor and sensory deicits. Weakness may
be reported as a slapping gait, footdrop, knee buckling, or
imbalance when walking.
It is important to ask questions pertaining to bowel and
bladder function. he examiner should inquire about urgency
and frequency and fecal and urinary incontinence. Questions
must be direct because most patients report constipation,
which is oten related to narcotic usage or inactivity, as a
change in bowel habits. Acute bowel or bladder symptoms can
be the sign of a cauda equina syndrome, which should mandate
urgent surgical decompression.
he inluence of social and psychological factors on the
outcomes of disc surgery has been well documented. It is
highly recommended to obtain a social and at least cursory
psychiatric history. Prescription use of antidepressants is an
important clue, although depression is oten undiagnosed and
untreated at the time of initial presentation. Other personality
factors—such as chronic headaches, hysteria, hypochondriasis, nervous disorders, and impulsivity—can also be inluential.13,35 Work history, pending litigation, and type of work
should be obtained. A history of smoking is an independent

Physical Examination
Inspection
Inspection is the irst step in the physical examination. As
the patient walks into the examining room, gait should be
observed. A sciatic list may be present, usually manifested
as the patient leaning away from the side of leg pain. his
sciatic list is thought to be associated with a paracentral
herniation lateral to the nerve root. Axillary herniations
may cause a list toward the side of herniation. he list is
an attempt to relieve neuromeningeal tension by drawing
the nerve root away from the herniated fragment. Another
feature of gait that should be noted is a wide-based gait,
indicative of lumbar or more cranial canal stenosis. A footdrop or foot slapping gait may occur with L4 or L5 paresis. A
Trendelenburg gait can suggest hip abductor weakness (Fig.
47.8), which may be a clue to L5 nerve root compression
because the gluteus medius is most oten an L5 dominant
muscle.
Alignment of the spine should be noted. here can be loss
of normal lumbar lordosis from muscular spasm. Hip lexion
can relieve pain, leading some patients to lean forward or be
reluctant to place the afected foot lat on the loor. In some
cases, a nonstructural “sciatic scoliosis” can be noted on
radiographs or examination of the back.
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Examination should include a systematic examination of the
back. he spinous processes are palpated individually and in
stepwise fashion. Tenderness to palpation of one or two levels
is more consistent with bony pathology than tenderness at
multiple levels. In some cases, pressure on the spinous processes can reproduce sciatic symptoms. Continuing caudally,
the lumbosacral junction and the sacral prominences and
sacroiliac joint area can be palpated and percussed. Inlammation in these regions can manifest with sciatica, feigning disc
herniation.
he musculature is examined next. he paraspinal muscles
should be palpated. Spasm can be noted in addition to tenderness; this may be present as a “ball” of contracted muscle
in one region. hese indings are nonspeciic and are of
minimal diagnostic value. Muscular atrophy can be a sign of
long-standing neural compression and is more likely isolated
to one motor group. Generalized, symmetric muscle atrophy
can suggest a more systemic neurologic disorder, such as a
demyelinating disease.

Neurologic Examination
A neurologic examination is required in all patients with
suspected herniated discs. Sensation of light touch is tested
along dermatomes from L1 to S1. Standard dermatomal charts
can be helpful, but there is variability among individuals; thus,
this is highly subjective. In testing the upper lumbar roots,
there is oten a signiicant amount of overlap. he most discrete
levels of testing are for L4, L5, and S1 nerve roots.37 hese
nerve roots are the most oten afected by lumbar disc herniations. L4 sensory function is tested at the medial ankle; L5, at
the irst webspace between the great and second toes; and S1,
at the lateral aspect of the sole of the foot. Sensation is diicult
to “grade.” It is more useful to document sensation as normal,
diminished, or absent. Sensory function should be compared
with the contralateral side because this may help detect diferences. he examiner should be wary of the presence of a
glove-and-stocking distribution sensory loss, which can
indicate a peripheral neuropathy—such as that associated with
diabetes, or functional overlay—as it is not anatomic.
he motor examination should proceed in a routine
manner. In the lower extremity, it is better to test movements
rather than speciic muscles. S1 motor function is assessed
by testing plantarlexion, whereas L5 is tested by toe dorsilexion, particularly the great toe (extensor hallucis longus),
and hip abduction. L4 involvement most oten afects ankle
dorsilexion (anterior tibialis), although quadriceps function
can be compromised. here is a signiicant amount of overlap
of upper lumbar motor innervation. Knee extension can be
considered L3 function (although L2 and L4 contribute); hip
lexion, an assessment of L1–L2 function; and hip adduction,
an assessment of L2 function. Motor function is graded as
0 to 5, with 5 being full strength against active resistance
(Table 47.2). In particular, S1 function should be assessed by
asking the patient to toe raise repeatedly or toe-walk. Because
of the enormous strength of the gastrocnemius complex,

TABLE 47.2

Motor Strength Grading System by Physical Examination

Grade

Deinition

0

No visible muscle contraction

1

Visible muscle contraction; no joint movement

2

Can move joint, but not overcome gravity

3

Able to overcome gravity, but cannot overcome any
examiner resistance

4

Able to overcome some, but not full, examiner resistance

5

Full strength; able to resist full examiner force

even a weakened muscle can overcome the examiner’s hand.
Toe-walking can show smaller diferences, however, from
side to side by using the weight of the patient’s body as the
resistance. Repetitive toe raising may help detect smaller
diferences.
Deep tendon relexes are tested at the patella and Achilles
tendons. he patellar tendon relex may be diminished or
absent with L3 or L4 involvement, whereas the Achilles tendon
relex is afected primarily by S1. here is no speciic relex
that reliably relects L5 function. Relexes are tested bilaterally
and can be graded. Symmetrically decreased relexes are not
helpful in isolating a lesion. Generally, relexes are anticipated
to be decreased in response to nerve root compression from
a herniated disc. Increased relexes (hyperrelexia), especially
if bilaterally symmetric, can indicate spinal cord compression
at the thoracic or cervical level.

Speciic Tests
he straight-leg raise (SLR) test is an extremely useful provocative test in examining patients with a herniated disc (Fig.
47.9). he classic test is performed with the patient in the
supine position. he heel of a relaxed leg is cupped by the
examiner’s hand and elevated slowly. he knee is kept in extension while the hip is lexed. he test is considered positive if
sciatic pain is reproduced between 35 and 70 degrees of elevation. Studies have determined that in the irst 35 degrees of
elevation, the slack in the nerves is taken up, and at 35 degrees
or more, tension is placed on the nerves. More than 70 degrees
of elevation causes no further stretch of the nerve roots. he
SLR test is best for eliciting L4, L5, or S1 radiculopathy. It is
not useful for upper lumbar roots, for which a femoral stretch
test should be used. A positive SLR test is indicative of nerve
root compression in 90% of cases.38 It does not implicate a
herniated disc as the source of compression, however, because
foraminal encroachment or other mass lesions can lead to a
positive SLR test as well.
he SLR test should always be performed bilaterally. If
raising the contralateral leg reproduces symptoms in the
ipsilateral side, this is highly suggestive for a herniated disc. It
should be considered strong evidence of the diagnosis and is
more speciic for a free disc fragment. he Lasègue maneuver
is a modiication of the SLR test. he leg is raised until radiating symptoms are produced. hen, the foot of the ipsilateral
leg is maximally dorsilexed. By increasing the tension along
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Practically no further deformation
of roots occurs during further
straight-leg raising
Sciatic roots tense over the intervertebral
disc during this range. Rate of deformation
diminishes as the angle increases

over 75°
35°–75°

Tension applied to the sciatic
roots at this angle

0–35°

Slack in sciatic arborization
taken up during this range

FIG. 47.9 Supine straight-leg raise test.

the sciatic nerve and lower lumbar nerve roots, dorsilexion
exacerbates pain and is considered a positive examination.
An important variant of the supine SLR test is the seated
SLR test. When a patient is initially examined, the patient is
usually seated at the side of the examining table with the knees
and hips lexed at about 90 degrees. In this position, the heel
is cupped, and the leg is extended at the knee. With a herniated
fragment causing nerve root tension, the patient relexively
extends at the hip and leans back to relieve the ensuing sciatic
pain. If the patient is comfortable with the seated SLR test but
has a positive supine SLR test, symptom magniication must
be considered because these indings are pathoanatomically
contradictory.
he so-called slump test is a variant of the Lasègue test and
SLR test. his test is performed in the seated position; the
patient is asked to lex the thoracic and lumbar spine while
fully lexing the neck. Next, the SLR test is performed while
the foot is dorsilexed on the same side, as denoted by the
Lasègue test. he combination of these maneuvers adds
cephalad gliding of the spinal cord to the examination, whereas
the SLR test and Lasègue test by themselves produce only
caudal tension on the nerve roots. A more recent study found
that the slump test was more sensitive than the SLR test in
patients with lumbar disc herniations, whereas the SLR test
was more speciic.39
Another tension sign is the bowstring test. Starting with a
typical SLR test, the leg is raised until symptoms are produced.
he leg is lexed at the knee, and the tibial and peroneal nerves
(distal aspect of the sciatic nerve) are placed on tension by
palpation in the popliteal space. Reproduction of pain is
considered a positive sign of root tension.
he femoral stretch test is performed in the prone position. he leg is lexed at the knee while pulling the hip into

extension. Reproduction of anterior thigh pain is indicative of
upper lumbar root pathology.

Diferential Diagnosis
he diferential diagnosis should be narrowed based on
history, physical examination, and selected imaging tests.
Radicular pain can be caused by numerous compressive disorders, such as spinal stenosis, abscess, tumor, or vascular
disease. Intrinsic nerve problems, such as nerve tumors or
multiple sclerosis, can produce similar symptoms. Peripheral
neuropathies, such as tarsal tunnel syndrome, meralgia paresthetica, and obturator or piriformis syndrome, can also lead
to similar sciatic-type pain.

Diagnostic Imaging
We use a simple imaging algorithm for patients with suspected
lumbar herniated discs. If the patient presents acutely, within
the irst 2 weeks of the incident, the examination is typically
masked by a large amount of spasm, back pain, and generalized tenderness. If the mechanism of injury involved substantial trauma, plain radiographs are obtained. For low-energy
injury, radiographs can be delayed until the follow-up examination at 6 weeks. Numerous patients will have recovered
substantially by 6 weeks, obviating the need for further
workup. For patients whose pain has not improved or perhaps
has worsened, plain radiographs are obtained. Advanced
imaging is reserved for patients in whom pain is persistent,
the diagnosis is unclear, or surgical treatment is planned. “Red
lags” in a patient’s history that should prompt early MRI
include constitutional symptoms (i.e., fever, chills, and sweats),

Chapter 47 Lumbar Disc Herniations

847

S E C T I O N

a history of malignancy, osteoporosis, progressive neurologic
deicits, or bowel and bladder incontinence.

Plain Radiographs
Plain radiographs cannot show a herniated disc. hey can
show changes that are suggestive of a herniated disc, however.
As stated previously, a scoliotic list can be present on radiographs. his list may be convex or concave to the ipsilateral
side and is not speciic for a level.
Other indings that can be noted on plain ilms are changes
consistent with disc degeneration, including osteophytes; disc
space narrowing; or subtle changes in translation, facet hypertrophy, or changes in sagittal alignment. Most commonly,
plain ilms are negative, especially in younger patients with an
acute herniation. Plain ilms are important in ruling out
obvious underlying problems, such as lytic lesions, tumors,
infections, inlammatory spinal disorders, or instabilities (e.g.,
spondylolisthesis).
High-quality anteroposterior (AP) and lateral radiographs
are prerequisites to planning operative interventions such as
discectomy. It is crucial to recognize if there is an anomalous
number of lumbar vertebrae, such as spines with a “lumbarized” irst sacral segment (i.e., six lumbar vertebrae), because
this can inluence intraoperative identiication of the correct
disc level. Plain ilms can help detect other congenital anomalies, such as spina biida occulta defects, which can inluence
surgical exposure and dissection.

Magnetic Resonance Imaging
MRI is the most popular modality for advanced imaging of
lumbar disc herniations. MRI is superior to CT in delineating
sot tissues. he disc and fragments that may have herniated
from it are readily visualized. Free fragments (sequestered)
can be diferentiated from extruded disc herniations (Fig.
47.10), and a symmetric bulge can be diferentiated from a
contained protrusion. he neural elements themselves are well
visualized. Neural encroachment can be detected within the
spinal canal, the foramina, or extraforaminally. MRI is also
useful in diferentiating disc herniations from tumors, vascular
anomalies, or bony compression.
Numerous features of a herniated disc can be noted on
MRI. he size and type of disc herniation can be reliably
determined using MRI, which may have prognostic signiicance.11,40,41 Carragee and Kim11 correlated outcomes with
herniated fragment size and its efect on canal area. Larger
discs (>6 mm) were more likely to have a positive SLR test or
femoral stretch test (Wasserman sign). In the operative group,
larger discs were predictive of a better outcome. he fair and
poor outcomes in operative patients were in patients with
small discs (<6 mm).
Attempts to correlate MRI indings with clinical symptoms
have been made. In 33 patients in whom disc herniation was
diagnosed clinically and 5 control patients with low back pain
alone, Kikkawa and colleagues42 performed three-dimensional
MRI using a fast low-angle shot with gadolinium enhancement. Dorsal root ganglion enhancement was found to be
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FIG. 47.10 T2-weighted magnetic resonance image has myelogram-like
appearance, in which cerebrospinal luid within dural sac is bright. This
makes compression from disc herniations readily visible, as can be visualized
in this case of a large extruded paracentral disc herniation.

nonspeciic, occurring in controls and sciatica patients.
Enhancement of the root proper was detected, however, in 11
of 30 symptomatic patients, with patients having a statistical
tendency for more severe motor involvement. here was no
signiicant association of difuse versus local enhancement
with the positivity of the SLR test or sensory changes. Central
compression of the cauda equina did not lead to enhancement
in any cases. Although these results are modest, they suggest
a future use of gadolinium-enhanced MRI as a noninvasive
method of determining the microvascular response to compression of neural structures.
Komori and colleagues41 studied the signiicance of
enhancement around the herniated fragment itself. Patients
with radiculopathy underwent initial and follow-up
gadolinium-enhanced MRI to correlate clinical improvement
with the degree of enhancement. Patients with marked
decrease in size of the herniation showed good clinical resolution. his resolution was most signiicant in the “migrating”type discs, which were closest to sequestered discs according
to the authors’ description. Decrease in fragment size was
associated with a gradual increase in the area of enhancement
in 17 of 22 sequestered disc herniations, all of which had
improvement of radicular pain. Five cases of sequestered discs
without enhancement or size decrease had a poor clinical
result. Enhancement was less marked in extruded versus
sequestered herniations; however, herniations that did show
enhancement had a signiicantly better clinical course. From
these data, Komori and colleagues41 recommended this test as
a prognostic tool in guiding the treatment of patients with
extruded or sequestered herniated discs.
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Of more recent interest is the inluence of posture on the
MRI appearance of discs and their relationship to the neural
structures. Because images are traditionally acquired in the
supine position, the spine is not axially loaded as it is during
everyday activities. Weishaupt and colleagues43 performed
positional MRI in patients with low back or leg pain for 6
weeks that was not responding to conservative treatment.
Images were obtained in the usual supine position and with a
seated lexed and extended posture. Changes in foraminal size
and neural compression occurred with lexion and extension.
Changes in foraminal size correlated with increased pain
scores. hese indings are probably most signiicant for lowgrade herniations (i.e., bulges or protrusions) in which there
is still a ixed-volume system within the disc space provided
by an intact outer annular layer. Similar indings have been
shown using dynamic functional plain myelography.44

Magnetic Resonance Imaging in the Postoperative Spine
Not all patients respond well to surgical discectomy. Failures
may be related to numerous factors, including psychosocial
disturbance, recurrence, infection, wrong-level surgery, poor
surgical indications, and improper operative technique.
Residual or recurrent back and leg complaints oten prompt
practitioners to seek postoperative imaging. Plain radiographs
can show overall alignment, with lexion-extension views
useful in detecting instability, spondylolisthesis, or disc space
collapse, which is a frequent occurrence ater discectomy in
adult patients. Contrast-enhanced CT is best to show if there
is associated bone or sot tissue impingement of the space
available for the neural elements.
As the modality of choice for imaging the neural structures,
MRI is frequently obtained. Because of edema, hematoma, and
formation of surgical scar, MRI is best delayed until 6 months
ater surgery,45 if symptoms allow. he main challenge is differentiating scar from new-onset disc. On standard T1-weighted
sequences, this diferentiation can be diicult. In the early days
of MRI, T2-weighted images were not as useful because of
longer scan times with inadequate magnet strength.46
he superiority of MRI over CT to distinguish scar from disc
has evolved with the introduction of gadolinium contrast agent;
this is based on T1-weighted sequences and has been shown
by many researchers. Opinions have been changing regarding
this test as the gold standard. A herniated disc fragment may
eventually enhance if enough time passes before it is imaged. his
enhancement can lead to recurrent or residual disc fragments
being interpreted as extradural ibrosis or scar. Enhancement
of scar should occur within 15 minutes of injection.
Evidence suggests that sophisticated T2 image analysis
might supplant the need for gadolinium-enhanced MRI.
Barrera and colleagues47 compared diferent imaging sequences
with and without gadolinium contrast agent. hese investigators documented 100% sensitivity for detecting scar for
T2-weighted turbo-spin echo (TSE) and luid-attenuated
inversion recovery (FLAIR) sequences compared with
T1-weighted images with gadolinium. Speciicity was 94% and
92% for TSE T2 and FLAIR images. Barrera and colleagues47
concluded that standard TSE T2 images acquired using a rapid

sequence are extremely sensitive and speciic in distinguishing
disc from scar in most cases, and that the use of gadolinium
contrast agent should be reserved for the rare situation in
which that distinction cannot be made. hese recommendations are supported by others.46
Grane and Lindqvist45 studied the role of gadolinium
enhancement of the nerve roots ater discectomy. hese
investigators found intradural (within the cauda equina) nerve
root enhancement in 59% of patients with recurrent clinical
symptoms. Recurrent symptoms occurred, however, in 84% of
patients with focal (extradural, ater the nerve root has exited
the cauda equina) enhancement and 86% of patients with
nerve root thickening. Enhancement occurred in patients with
and without evidence of nerve root displacement by scar or
disc. his inding indicates that although symptoms may correlate with MRI enhancement, it is not associated with a
compressive mass lesion.
In an early report on the use of MRI without gadolinium,
Bundschuh and colleagues48 studied 20 patients ater failed disc
surgery who had a strong likelihood of undergoing further
surgery. In 14 patients, CT with contrast agent was also performed. he authors found that free fragments of disc had a
mildly increased signal on T1 images compared with scar,
whereas scar and disc were similarly hyperintense on T2
images. Overall, Bundschuh and colleagues48 believed that MRI
was at least comparable to CT with contrast agent in diferentiating scar from disc, conirmed by intraoperative indings.
In general, patients requesting repeat imaging ater a irst
episode of acute sciatica should be informed about the diiculty of MRI interpretation with respect to symptomatology.
In a recent randomized clinical trial by Barzouhi et al., which
compared surgery and prolonged nonoperative care for sciatica from lumbar disc herniation did not distinguish between
patients with a favorable outcome and those with an unfavorable outcome.49 Importantly, patients enrolled had an acute
diagnosis of sciatica with a dermatomal pattern of pain distribution corresponding to the identiied nerve root on MRI, and
the character of the herniations were classiied. Repeat MRI
images at 1 year showed herniated discs in 35% of patients
with favorable outcomes and in 33% of patients with unfavorable outcomes.

Myelography
Plain myelography previously was the imaging modality of
choice in detecting herniated discs. It involves injection of
intrathecal contrast material to outline the boundaries of the
subarachnoid space and silhouette the enclosed neural elements. It is invasive and cannot show compression beyond the
conines of the subarachnoid space. Extradural compression
caused by a foraminal or extraforaminal disc can be missed.
Advantages of myelography are that it is a dynamic test because
images can be made with the patient standing.44 Myelography
should be reserved for cases in which noninvasive imaging,
such as CT or MRI, are nondiagnostic, equivocal, or contraindicated. Currently, myelography is rarely used for the routine
workup of herniated discs. When used, it is usually followed
by a CT scan.
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Before the advent of MRI, CT was the imaging modality of
choice for evaluation of herniated discs. Using bone and sot
tissue imaging techniques, herniations can be detected in
various regions independent of the dural cavity. It has been
shown to be 93% accurate in predicting surgical indings at
discectomy. CT can also be performed with intrathecal contrast injection (CT myelography). We currently use this test
for patients in whom MRI is contraindicated or cannot be
obtained.
Some disc herniations can contain gas (Knuttson phenomenon), noted on CT images. Mortensen and colleagues50
reported four such cases that responded well to surgical discectomy. It is unknown if the gas forms before or ater herniation. he clinical signiicance of the gas is not well understood.
Ford and colleagues51 determined that intradiscal gas is
composed predominantly of nitrogen.

Natural History
he key to enhancing one’s skills as an intelligent diagnostician
and patient advisor is understanding the available knowledge
related to the natural history of degenerative lumbar disc
disease. he exact natural history of lumbar disc herniations
is variable and incompletely understood. A few well-performed
natural history investigations are available. Some studies are
of patients treated by various nonoperative methods. Others
represent the nonoperative arm of operative versus nonoperative comparison studies.
In a widely quoted retrospective study, Saal and Saal5 found
a 90% good or excellent outcome in patients treated nonoperatively for a lumbar disc herniation diagnosed by clinical
examination and CT. Inclusion criteria were strict, including
patients with SLR test positive at 60 degrees or less, leg pain
greater than back pain, and electromyographic evidence of
radiculopathy. Of patients, 92% returned to work. Nonoperative treatment consisted of aggressive physical therapy and
back school education. A possible confounding factor is that
many patients were referred for a second opinion regarding
surgical versus nonsurgical treatment because they were
anxious to avoid surgery. his may have introduced preselection bias error because the authors of the study were not
surgeons. Concern has been raised about eventual ibrosis
formation with nonoperative treatment of herniated discs. In
a follow-up MRI study,6 the same investigators documented
no increased risk for perineural ibrosis or adhesions with
nonsurgical management.
Other authors have reported more modest results. In the
nonoperative arm of Weber’s10 classic randomized study, the
long-term outcome of lumbar disc herniations was observed
in 49 patients. Inclusion criteria were clinical signs and symptoms of L5 or S1 radiculopathy in addition to myelographic
evidence of nerve root compression. Treatment included
full-time bed rest for 1 week followed by partial bed rest the
second week and back school instruction as an inpatient. At 1
year, 33% had good results, 49% had a fair result, and 18% had

a poor result. At 4 years, good results were reported in 51%,
fair results were reported in 39%, and poor or bad results were
reported in 10%. Because the tiered system is slightly diferent
than that used by Saal and Saal,5 a direct comparison of the
studies is diicult. If Weber’s good and fair results are equated
to Saal’s excellent and good results, an 89% success rate
achieved in the former at 4 years may be considered comparable to the latter’s 90% success. Many of Saal and Saal’s
patients ultimately dropped out of the study and underwent
surgical discectomy; thus, their 90% success rate might represent an overestimation.
In another nonoperative arm of a comparative study,
10-year follow-up results from the prospective Maine Lumbar
Spine Study showed 61% improvement in the predominant
symptom, 40% resolution of low back symptoms, and 56%
satisfaction rate.7 Work and disability status were comparable
between operative and nonoperative groups in this investigation. Similar indings were reported for the observational
cohort of the Spine Patient Outcomes Research Trial (SPORT).8
In a subgroup analysis of SPORT data, obese patients,
deined as having a body mass index (BMI) greater than or
equal to 30 kg/m2, were found to have less clinical beneit from
both operative and nonoperative treatment. More important,
the beneit of surgery over nonoperative treatment was not
afected by BMI.52 McGuire et al. found a greater surgical
treatment efect for highly obese patients primarily due to the
poor outcomes of nonoperative management.53 Rihn et al., in
an analysis of the as-treated SPORT data, found that duration
of symptoms afected outcomes following the treatment of
lumbar disc herniation.54 For patients with symptoms present
for more than 6 months prior to seeking treatment, outcomes
of nonoperative treatment were statistically signiicantly worse
than those with symptom duration less than 6 months.

Methods of Nonoperative Treatment
Physiotherapy
Bed rest should be limited to no more than 2 to 3 days.55
Greater periods of inactivity can potentiate prolonged disability and continued or augmented pain. Exercise therapy
and physical rehabilitation should be included in the nonoperative care of herniated discs. Treatment goals are to restore
strength, lexibility, and function that were lost secondary to
pain, splinting, and spasm. Postural education to avoid activities that can increase intradiscal pressure or neuromeningeal
tension, or both, should be provided.
Various regimens have been advocated, with none clearly
superior. In our practice, physical therapy prescription usually
includes torso stabilization training; paraspinal muscle
stretching and strengthening; and a focus on gluteal, hamstrings, and abdominal exercises. hese muscles are important
in the static and dynamic stabilization of the spinal column.
Some authors suggest concentration on lexion or extension
maneuvers. In our experience, it is diicult, however, to
predict if one or both of these movements would aggravate
pain or help. Provisions for either lexion or extension concentration, at times combined with lateral shits, are best let
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to the therapist’s assessment because the therapist can actively
assess what is provoking pain. Concomitant facet arthritis,
painful disc degeneration, and muscular pain can inluence
pain patterns and aggravating movements.
Adjunctive modalities can aid in relieving some associated
symptoms. hese modalities include ultrasound treatment,
electrical stimulation, and massage. hese may be helpful in
short-term, symptomatic relief of back pain. Traction is also
commonly prescribed. It theoretically may diminish intradiscal pressure, increase foraminal dimensions, and possibly
relieve radicular pain secondary to herniated discs.56 he role
of chiropractic manipulation is controversial. Although some
patients believe that manipulations have “reversed” the herniation, there is no evidence to support the ability of chiropractic manipulation to alter the normal or pathologic
morphology of the disc.57

Pharmacologic Treatment
Medications can be useful in decreasing disc-related symptoms. Because a local or systemic inlammatory reaction may
participate in pain generation, antiinlammatory agents are
believed to be beneicial. Nonsteroidal antiinlammatory
drugs (NSAIDs) are irst-line agents. Numerous choices are
currently available, including cyclooxygenase-2 inhibitors. In
prescribing NSAIDs, several important issues must be considered. he medications can have side efects. A history of
gastrointestinal bleeding or peptic ulcers can be a contraindication to NSAID use. Although this risk is reduced with
cyclooxygenase-2 agents, it is not nil, and the patient should
be warned of the possibility. Additionally with NSAIDs, other
systems, such as the kidneys and liver, may be detrimentally
afected.
In the acute setting, back and radicular pain can be severe.
Short-term narcotic use, such as a single dose of a morphinederivative analgesic, can be useful. Narcotics should not be
prescribed or administered in an extended manner; they
should preferably be limited to a 2- to 3-day course. Also in
the acute setting, a tapering dosage regimen of oral steroids
can be helpful in decreasing inlammation-generated pain
from nerve root irritation. In a randomized, double-blind,
placebo-controlled trial of patients with acute sciatica due to
herniated disc, Goldberg et al. demonstrated that a 15-day
tapered dose of oral prednisone, compared with placebo,
resulted in statistically signiicant, though modest, functional
improvement without improvement in pain.58
So-called muscle relaxants are frequently prescribed.
Although the drug class name implies a direct muscular efect,
these medications have more signiicant sedative efects.
Medications such as diazepam and methocarbamol should be
used sparingly. Truly antispasmodic medications such as
baclofen or cyclobenzaprine can have a more direct efect on
muscle spasms.
Selective transforaminal steroid injections can produce
symptomatic relief in many patients. In our treatment protocol, injections are ofered to patients who have failed noninvasive measures but either are not interested in or are not good
candidates for discectomy. In patients with more than one

level of herniation, selective nerve root injection can be useful
in determining the symptomatic level. hat said, similar eicacy in pain relief between luoroscopically guided epidural
steroid injection and local anesthetic injection has been demonstrated in a recent double-blind, randomized controlled
study.59
In a prospective series touted as a natural history study,
Bush and colleagues60 reported the results of 159 patients with
CT-conirmed disc herniations treated with epidural steroid
injections. Although 91% avoided surgery, this underscores a
glaring problem of so-called natural history studies in that an
interventional treatment was used. Although its exact biochemical efects are still being elucidated, steroid injections
may be efective in “avoiding” surgery. In an analysis of SPORT
data, Radclif et al. noted that a higher percentage of patients
randomized to surgery who subsequently received an epidural
steroid injection switched to the nonsurgical treatment group
(41%) compared to patients randomized to have surgery who
did not have an epidural steroid injection (12%).61 he authors
concluded that this is confounded by the higher baseline
desire to avoid surgery in the group of patients who received
epidural steroid injections.
With TNF-α being considered a signiicant contributor to
radicular symptoms associated with lumbar disc herniation,62
recent attention has been paid to delivering anti-TNF-α
medications into the epidural space. Freeman et al conducted
a multicenter, randomized, double-blind, placebo-controlled
phase IIa clinical trial to examine the eicacy of etanercept,
a TNF-α inhibitor, injected transforaminally to treat symptomatic disc herniation.63 Compared to placebo, etanercept
was found safe and efective in providing signiicant therapeutic relief for patients with sciatica. When compared to
epidural dexamthasone injection, etanercept has shown
similar clinical eicacy in back and leg pain reduction, with
no signiicant diference between the two medications.64 here
has also been recent interest in the use of transforaminal
epidural clonidine injections, for its potential to dual action
as an antiinlammatory and analgesic,65 though this remains
controversial.
In a well-designed retrospective study, Wang and colleagues66 studied 69 patients who failed nonoperative (or,
more accurately, noninvasive) care and had requested surgery
as treatment. Instead, each patient was advised to undergo one
or more transforaminal steroid injections at the afected root
level. Of patients, 77% had clinical resolution and had not
undergone surgery at an average follow-up of 1.5 years. In
agreement with other studies, clinical success was not related
to disc size, percentage canal compromise, or degree of motor
weakness. From these indings, selective nerve root steroid
injections seem to produce at least short-term relief of radicular symptoms from a herniated disc.

Operative Versus Nonoperative Treatment
he results of operative and nonoperative treatment for symptomatic herniated discs have been compared in numerous
studies. he Maine Lumbar Spine Study group published
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of SPORT. hese results have proven to be durable, as there
has been little to no degradation of outcomes in either the
nonoperative group or the operative group in 8-year follow-up
reports.69 With the analysis adjusted for the treatment received,
operated patients still maintained clinically signiicant greater
improvement in all primary outcomes compared to the nonoperative group, as was reported at earlier follow-up time
points.
he classic work by Weber10 reported similar results to
these indings. As briely discussed in the prior section on
natural history, Weber10 compared surgery versus nonoperative care in a randomized, prospective study. here were three
study groups: one group “required surgery”; another showed
no indications for surgery; and the third was the “undecided”
group, in which it was unclear if surgery would be beneicial.
Only the third group was randomly assigned to surgical or
nonsurgical treatment.
At 1 year, good results were reported in 33% of the nonoperative group versus 66% in the surgical group; at 4 years, 51%
versus 66%; and at 10 years, 55% versus 57%. hese indings
show that operative and nonoperative treatment outcomes
seem to converge with time, being nearly the same at 10 years,
and that the beneits of surgery are early. he 5- and 10-year
results from the Maine study are similar, although the larger
numbers of the Maine study achieved statistical signiicance.
Both studies are lawed by patient selection bias. Weber randomly assigned only patients in the “unclear” group, whereas
the Maine group had no speciic criteria and included patients
per individual physician investigators’ usual practice.
Alaranta and colleagues70 also prospectively compared
operated versus nonoperated patients. In contrast to other
similar studies, the nonoperative group was subdivided into
cases with and without myelographic evidence of nerve root
compression, whereas all operated patients had a positive
myelogram. At 1-year follow-up, 91% of operated and 82% of
nonoperatively treated patients with positive myelograms had
improved pain levels. Only 51% of nonoperatively treated
patients with negative myelograms had improvement. hese
data suggest that a distinctly worse natural history exists for
patients with sciatica and no evidence of root compression.
Although not speciied by the investigators, this group probably represents sciatica from an extraspinal or non–disc-related
origin. In a companion study published by the same authors,
they further identiied this group as having a high incidence
of generalized pain (e.g., concomitant occipital headaches),
more physically strenuous jobs, and lower pain thresholds.71
his study could possibly point to a preponderance of psychosocial and behavioral factors involved in the perpetuation of
the symptom complex.

Operative Treatment
Indications
An absolute indication for lumbar discectomy is a progressive
neurologic deicit. In this circumstance, operative intervention may be considered conservative care, provided that no
medical contraindications exist. Progressive neurologic deicit
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1-year and 5-year results of an ongoing comparison of surgically and nonsurgically treated patients.1,67 More than 500
patients were included in the prospective observational study
without stringent clinical or radiographic criteria except for
disc-related sciatica treated with at least 2 weeks of nonoperative care within 2 months of onset. he decision to undergo
surgery was determined on an individual basis and was not
randomized. At 1-year follow-up, surgically treated patients
were less symptomatic than patients in the nonoperative
group, despite the former being more symptomatic at initial
presentation. Relief of back or leg pain was reported by 71%
of operated patients compared with 43% of the nonoperative
group. High satisfaction levels and improved quality of life
were documented for the operative group. For the workers’
compensation group, there was no diference in time to return
to work between operative and nonoperative groups. A criticism of the study is a substantial attrition rate, with 24% of
patients unavailable for inal follow-up.
In the 5-year outcome report, 70% of surgical patients
reported back or leg pain improvement, whereas 56% of
nonoperatively treated patients reported improvement.1 As
with the 1-year results, a similar percentage of patients were
receiving workers’ compensation beneits in both groups with
no diference in return to work at inal follow-up. Reoperations were performed in 20% of the operative patients; 16% of
patients initially treated nonsurgically went on to operation.
he authors noted that the beneits of surgery versus nonoperative treatment were greatest in the early part of the study,
within the irst 2 years, and that at inal follow-up these
advantages were less apparent.
Most recently, the Maine Lumbar Spine Study Group
published their 10-year follow-up results.7 Of the eligible
patients initially enrolled, data were available for 85% of
patients treated surgically and 82% of patients treated nonoperatively. A signiicantly larger percentage of surgical patients
reported relief of low back and leg pain than patients treated
nonoperatively. Similarly, surgical patients exhibited better
function and satisfaction compared with nonoperative
patients. Nonetheless, improvement in dominant symptoms
was reported for both treatment groups. Work and disability
status were similar for both groups.
he 2006 SPORT investigation was designed to be a rigorous, randomized, prospective, controlled study.8,9,68 In its
execution, there was a high rate of crossover between operative
and nonoperative groups and a substantial portion of patients
not willing to be randomized, resulting in a large observational
group. he randomized and observational arms of the investigation reported improvement in bodily pain, physical function, and Oswestry Disability Index (ODI) scores regardless of
intervention. In the randomized arm of the study, betweengroup diferences favored surgical intervention, but these
diferences did not reach statistical signiicance in an intentionto-treat analysis. With the diiculties encountered with nonadherence to assigned treatments (i.e., crossover), the
intention-to-treat analysis may not be relective of the true
outcomes. In an as-treated analysis, surgical treatment showed
statistically superior results compared with nonoperative
treatment. Similar results were found in the observational arm
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is most commonly associated with a cauda equina syndrome
and is discussed in more detail later. he relative indications
for discectomy vary among surgeons and patients. Discectomy,
in its many shapes and forms, can produce symptomatic relief
in appropriately selected patients. It is the surgeon’s obligation
to identify the patients in whom the anticipated beneits
outweigh the attendant risks of surgery.
A prerequisite is radiologic identiication of compressive
pathology that is concordant with the patient’s physical signs
and symptoms. A patient with a large let L4–L5 level who
presents with leg pain that radiates to the dorsum of the foot,
weakness of toe dorsilexion, decreased sensation in the irst
dorsal webspace, and a distinctly positive ipsilateral and
contralateral SLR is an ideal candidate ater failure of appropriate nonoperative treatment. In this “ideal” situation, the
clinical and radiologic indings point toward compression of
the L5 nerve root. To idealize the presentation further, the
patient has a strong desire to return to work; is not involved
in litigation, disability, or workers’ compensation issues; and
does not have any psychological issues. Important questions
remain unanswered even in such cases, however, including
optimal surgical timing, the method of disc excision, and the
postoperative rehabilitation protocol.
Only a few patients match such textbook descriptions.
Most patients lack one or more of the supportive diagnostic
clues, making it more diicult to support the decision to
operate. his situation does not represent a contraindication
to surgery, however, because many published series show
approximately 85% success rates in patient groups with lesser
percentages of objective motor and sensory indings.3,38,67,72–79
he slim chance of back pain relief in relation to leg pain with
discectomy that surgeons obligatorily confess to their patients
is also probably an underestimation because most series document at least modest improvements in back pain. It is incumbent on clinicians to discuss the advantages, disadvantages,
risks, alternatives, and estimated expected outcomes with
patients.

Available Techniques
A vast array of techniques exist for surgical treatment of herniated discs.80–85 Standard open discectomy is the most common
surgical approach.72,77,86,87 It involves careful incision planning,
laminotomy or partial laminectomy to provide adequate
visualization of the pathology, gentle retraction of the neural
elements, and direct excision of the herniation. As an adjunct
to open discectomy, some surgeons advocate the use of a
microscope for better visualization and minimizing incision
size.31,79,83,88,89 he purported advantage of the microscope is
the ability for the surgeon and the assistant to visualize the
operative ield equally through a smaller surgical wound.
Alternatives to interlaminar techniques have been developed for excision of foraminal and extraforaminal lateral disc
herniations, which involve exposures between the transverse
processes and lateral to the pars interarticularis.14,89 Although
some surgeons have advocated the addition of fusion,76,90 this
practice is unpopular.81 Advocates hold that fusion decreases

the chance for reherniation; however, only a complete discectomy with interbody reconstruction can eliminate this risk.
Long-term efects such as an adjacent-segment degeneration
and the additional morbidity and complication rates are
potential disadvantages.76,81,90,91
With increased interest in smaller incisions and minimally
invasive surgery, various percutaneous methods of treatment
have been developed. Some methods entail placement of a
cutting device intradiscally to decompress the disc space to
retract the herniated fragment.92–95 Other methods involve
percutaneous techniques of directly visualizing the neural
elements and disc using an endoscope.80,96 Chemical digestion
of the disc (i.e., chemonucleolysis) had enjoyed popularity in
the past. However, enzyme-related complications and results
inferior to open discectomy limited continued popularity in
the United States.92,97,98
Repair of the anulus ibrosus following lumbar discectomy
is an emerging technology, with various techniques and
devices introduced in recent years. here remains a paucity of
published studies concerning the clinical outcomes of newer
devices, though data are forthcoming. In one published prospective randomized trial, an annular repair technique did not
show statistically signiicant beneit in patient symptoms, but
did reduce the need for subsequent surgery.99

Open Simple Discectomy
Timing
Disagreement exists regarding the optimal timing for surgery.
he question is how long should nonoperative care be continued (without improvement) before the outcomes of surgery
are detrimentally afected? Stated another way, in patients
who are not responding to nonoperative measures, when
should surgery be performed? In evaluating the currently
available surgical results, this interval may be 2 to 16 months.
he clear exception to delaying surgery is a patient who is
experiencing a progressive neurologic deicit or cauda equina
syndrome.
Rotheorl and colleagues33 stratiied operatively treated
patients according to time from presentation to surgery.
Patients with symptom duration of more than 2 months had
a statistically signiicantly worse outcome than patients operated on within 2 months. here was no diference if surgery
was performed within 1 or 2 months. Likewise, Hurme and
Alaranta12 found the best results in patients operated on within
2 months of the onset of disabling sciatica. Nygaard and colleagues32 reported worse results in patients with leg pain for 8
months or more; Jansson and colleagues36 found similar results
in their analysis of the Swedish registry data, which included
greater than 27,000 patients. Sorensen and colleagues34 found
that symptom duration greater than 16 months was predictive
of poor results, but this was highly inluenced by patient
personality and social factors. he disparity between these
indings is diicult to explain. Randomized prospective data
comparing early versus late surgery are lacking. In our practice, surgery is performed within 6 months from symptom
onset if nonoperative care has failed. he important message
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Technique
General endotracheal anesthesia is induced. Alternatively,
spinal anesthesia can be used. he patient is carefully logrolled
into the prone position. An Andrews frame can be attached
to a regular operating table to facilitate the prone kneeling
position. Special spine frames, such as the sling attachment for
the Jackson (OSI) table (Mizuho OSI, Union City, CA), can be
used. hese frames allow hip lexion to produce some lexion
of the lumbar spine, which widens the interlaminar space (Fig.
47.11). he kneeling position also allows the abdomen to hang
free, which helps indirectly to reduce the epidural venous
pressure and reduce intraoperative blood loss. One set of hip
pads is placed just distal to the anterior superior iliac crest.
Adequate padding protects against lateral femoral cutaneous
nerve injury. he thighs are allowed to lex at the hip, with the
knees resting within the sling. he sling should be positioned
low enough to allow adequate hip and knee lexion and is
padded with gel pads and pillows. A pad is placed between the
knees and medial malleoli to prevent pressure necrosis. he
transverse chest pad is placed just above the xiphoid process.
With either table, the arms are placed in the 90-90 position
with the cubital tunnels protected. he advantages of the
Jackson table include that it allows a one-step turn to
the prone position (avoiding the second step of pulling the
patient’s buttocks to the posterior pads with the Andrews
frame) and its complete radiolucency. he disadvantage is that
the table cannot be rotated away from the surgeon to allow
better visualization by the assistant. With the patient secure,
the superior aspects of the crests are palpated and marked; this
usually corresponds to the level of the L4–L5 disc space or
the L3–L4 interspinous process interval. he midline spinous

processes are marked, and the interspinous regions are counted
from the sacrum up. he target interspinous space can be
indicated with a marker or scratched in the skin using a sterile
25-gauge needle ater alcohol skin preparation. If the patient
is unusually large and landmarks cannot be palpated, a radiograph can be taken to determine the level of skin incision
before preparation. he lumbar region is then prepared and
draped. A 3- to 5-cm midline skin incision is made, and can
be extended if necessary in obese patients.
he subcutaneous tissue is dissected down to the level of
the lumbar fascia. he spinous processes are palpated in the
midline. he deep lumbar fascia is incised, on the side of the
herniation, adjacent to the spinous process. he fascial incision spans the spinous processes of the adjacent segments. An
intraoperative lateral radiograph should be obtained at this
time to conirm the correct level. A marker, either a Kocher
clamp or a spinal needle, can be placed along the interspinous
ligaments. On the radiograph, the marker should point toward
the operative disc space. It should angle superiorly in line with
the interspinous process space.
he paraspinal muscles are subperiosteally elevated from
the lateral aspect of the spinous processes using electrocautery.
It is usually necessary to expose only the superior and inferior
aspects of the adjacent segments. At the junction of the spinous
process and lamina, blunt dissection is performed laterally
along the interlaminar space using a large Cobb elevator. Care
is taken to expose, but not violate, the facet joint.
A Taylor retractor is positioned to maintain exposure of the
interlaminar space. he tip of the retractor is inserted lateral
to the facet joint, and the instrument is levered laterally. A
roller-gauze is looped underneath the surgeon’s foot and tied
to the handle of the Taylor retractor. Appropriate foot leverage
maintains its position. Alternatively, numerous small retraction systems can be used. Meticulous hemostasis is achieved
with a bipolar electrocautery. Extraneous posterior muscle
and sot tissues that impair vision should be removed using a
large curette and rongeur. he interspinous ligaments should
not be disrupted.
A medium-sized curette is used to detach the ligamentum
lavum from the inferior aspect of the superior lamina (Fig.
47.12). Because the ligamentum inserts along the anterior
aspect of the lamina, the curette needs to be introduced at an
angle with the spoon facing cephalad. he instrument is
worked from side to side to release all layers of the ligamentum. In some cases, it is diicult to release the ligamentum
lavum completely without removing a portion of the inferior

Jackson spinal table
FIG. 47.11 The Jackson (OSI) table can be used to place the patient into a kneeling position, increasing
interlaminar lumbar space while allowing the abdomen to hang free.
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is that there is not an urgency to perform surgery. Nerve roots,
as compared with the spinal cord, are fairly resilient.
Other factors can inluence the time to surgery. Ito and
colleagues40 found that patients with uncontained herniations
had surgery much earlier than patients with contained herniations. Speciically, 56% of patients with uncontained herniations and 21% of patients with contained herniations had
surgery within 1 month. his inding was not correlated to
outcomes but was inluenced more by the severity of symptoms. Early surgery does not seem to afect the rate of neurologic recovery; objective improvements in motor and sensory
deicits do not seem to correlate with symptomatic relief and
overall success rates.100
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FIG. 47.12 The ligamentum is released from the inferior aspect of the
superior lamina. The cup of the curette should face away from the dural sac
to avoid inadvertent injury or tear.

FIG. 47.13 In some cases, particularly above the L5–S1 level, a small
portion of lamina must be removed to release the ligamentum lavum fully.

hemilamina (Fig. 47.13). Bone resection can be kept to a
minimum but should not be avoided if it jeopardizes the
exposure of the cauda equina and nerve root.
Ater the ligamentum is released superiorly, an angled
probe, such as a Woodson elevator, can be inserted just deep
to the ligamentum lavum (the yellow ligament). he Woodson

elevator is positioned along the periphery near the bone. A
long-handle No. 15 blade scalpel is carefully used to incise the
lavum directly on top of the Woodson elevator, which protects
the dural sac deep to it, which may oten be displaced posteriorly by a large herniated disc. he blade should not be
inserted deep to the ligament or the elevator. If concerns exist,
the ligamentum lavum should be incised layer by layer with
consecutive passes of the blade until the Woodson elevator
pops through; this is continued along the periphery of the
interlaminar window. Optionally, the medial aspect of the
ligamentum lavum can be let attached, and the ligamentum
can be lapped open. At the completion of the discectomy,
the lap can be replaced to act as a barrier against epidural
adhesions.
With the ligamentum retracted or removed, epidural fat is
visualized. In some cases, the fat layer has thinned from a
displaced or inlamed nerve root. If present, the epidural fat
is swept away from the dura with a Penield No. 4 elevator. he
focus of this maneuver is to identify the lateral aspect of the
exiting nerve root and cauda equina. Epidural vessels are
coagulated using irrigating bipolar cautery, as necessary.
A medial facetectomy oten must be performed to visualize
the nerve root adequately. A 3-mm or 4-mm Kerrison rongeur
can be used in a back-hand manner to resect the medial aspect
of the facet joint. Excessive resection should be avoided
because the integrity of the facet and pars interarticularis is
crucial to maintaining stability. It is wise to protect the underlying dura by pointing the Kerrison rongeur in the direction
of the exiting nerve root. he endpoint of resection is adequate
visualization of the shoulder of the descending nerve root
adjacent to the medial border of the pedicle.
Before discectomy, a blunt-tipped probe is passed along the
root and out the foramen to assess the amount of space available. Using a Penield No. 4 elevator, the nerve root is mobilized
medially. his mobilization can be facilitated using the bipolar
cautery to lyse adhesions between the dura and the posterior
disc. Retracting the nerve root medially shows the posterior
anulus or the herniated fragment, or both. A nerve root retractor is used to maintain retraction (Fig. 47.14).
he disc fragment may be extirpated using the Penield
elevator to ensure that it is free of dural adhesions. With clear
visualization of the fragment and its distinction from the
neural elements, a pituitary rongeur can be used to explant it.
If the fragment is extruded or sequestered, one can oten
identify a tear in the posterolateral or central anulus. If
the herniation is subligamentous, a No. 15 blade scalpel can
be used to create a small annulotomy to gain access to
the herniated nuclear material. A pituitary rongeur can be
carefully inserted into the annular defect to remove the fragmented disc.
Caution must be used when removing an axillary disc
herniation. he fragment is easily visualized, tempting the
surgeon to proceed directly with excision with the pituitary
rongeur. Removal of large fragments that extend deep to the
cauda equina and nerve root can lead to excessive bleeding
from the transverse anastomoses of the epidural veins in the
axillary region. It is preferable to retract the root medially and
remove the fragment from a lateral approach, if possible.
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Postoperative Care and Rehabilitation
FIG. 47.14 A nerve root retractor is used to retract gently the descending
nerve root and cauda equina toward the midline to visualize the disc space
and herniation.

FIG. 47.15 After the herniated fragment has been removed, the spinal
canal should be systematically inspected for any remaining fragments. A
Woodson elevator is used to ensure that the neural foramen and nerve root
are free. If the root is not completely free, additional fragments or
compression may be present.

he mobility of the nerve root is assessed using a Penield
No. 4 or Woodson elevator (Fig. 47.15). Ater discectomy, the
nerve root should be freely mobile and under no tension or
compression. If it is not, additional pathology should be suspected. Using a Woodson elevator, the epidural space must be

Ater an uncomplicated simple open discectomy, the patient
is discharged on postoperative day 1 or 2. Outpatient discectomy can be performed on selected patients with appropriate
presurgical planning and postdischarge discussion.86 he level
of activity in the irst week ater surgery usually is limited by
incisional pain. If leg symptoms were predominant preoperatively, the patient typically reports immediate relief.
he activity level recommended ater surgery varies among
surgeons. Concerns are that aggressive movements and loads
can predispose to reherniation or excessive scarring. his
concern leads many surgeons to limit liting and bending ater
discectomy for about 3 to 4 weeks. Although this is probably
the predominant practice, there is little literature to support
such extended periods of protected activity.
Unrestricted activity protocols have shown success rates
comparable to other series. Carragee and colleagues87 conducted an uncontrolled, prospective trial of 152 patients who
were allowed full activity ater lumbar discectomy. Approximately one-third of patients returned to work in 1 week, with
most (97%) returning to work within 8 weeks. Recurrent
sciatica occurred in 17 patients and was considered possible
reherniation (11%). Nine of these patients experienced
improvement, and eight underwent repeat surgery. his rate
is similar to reherniation rates previously reported, which
have ranged from 0% to 13%. Carragee and colleagues87
concluded that an unrestricted activity protocol does not
negatively afect results ater discectomy.
Other studies have focused on possible advantages to an
early rehabilitation protocol ater discectomy. Kjellby-Wendt
and Styf103 performed a prospective, randomized, controlled
study comparing an early active versus traditional training
program. he focus of early activity was to reduce lumbar
edema and maintain mobility of the neural elements through
motion and trunk-strengthening exercises. A pain-coping
program was included in the early active group that was not
included in the traditional group. here was greater range
of motion and decreased pain at 12 weeks in the early group.
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systematically inspected in a clockwise fashion, checking the
canal ventral to the thecal sac and the patency of the foramen.
A concomitant lateral recess or foraminal stenosis from bony
encroachment is decompressed with Kerrison rongeurs.
Finally, the disc space is irrigated with normal saline to dislodge any remaining loose fragments.
If the ligamentum lavum was spared, it can be loosely
replaced. A fat grat placed over the dura does not improve
clinical results but does facilitate reexploration and theoretically prevents adhesions from inhibiting normal neuromeningeal motion.101,102 he wound is copiously irrigated. Adequate
epidural hemostasis is ensured before closure. In most cases,
a drain is not needed. All retractors are removed, and the
deep lumbar fascia is approximated with interrupted No. 1
absorbable suture. he subcutaneous layer is closed in two
layers, and the skin is approximated with a subcuticular
stitch or staples. he wound is cleaned, and a sterile dressing
is applied.
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At 1-year follow-up, both groups were equivalent. Patient
satisfaction was ultimately greater in the early active group
(88%) versus the control group (67%), although this was not
statistically signiicant. In critique of the study, it was unclear
why the diference in subjective outcome was not accompanied
by sustained objective beneits. Inclusion of the pain-coping
program in the study group, which would have minimal inluence on range of motion, may have positively inluenced
patients’ perception of their residual impairment. In support
of the indings by Carragee and colleagues,87 there was no
diference in reherniation rates between the two groups.
Gencay-Can and colleagues performed a clinical trial
comparing patients undergoing lumbar discectomy treated
with a supervised aerobic exercise program starting 1 month
ater surgery in addition to home exercises with patients
performing home exercises alone.104 While there was no signiicant advantage in visual analog scale (VAS) back and leg
pain, there was signiicantly better functional improvement
in the aerobic exercise group as measured by the Roland
Morris Disability Index. As one may expect, the functional
recovery did not carry forward once the exercise program was
discontinued.
Alaranta and colleagues105 performed a randomized trial
comparing an “immediate” versus “normal” rehabilitation
program. Physical activities, such as sports and games, were
encouraged in the immediate activity group; psychological
and social counseling were also provided. Details of the
normal rehabilitation protocol were not provided. At 1-year
follow-up, there were no diferences in subjective outcomes,
postoperative impairments, or return-to-work statistics. hese
results further indicate that early activity programs do not
seem to be harmful but ofer only minimal, if any, long-term
beneits. Our decision to initiate early return to unrestricted
activity is made on an individual basis.

Outcomes
he outcomes of surgical discectomy are reliable when one
adheres to strict preoperative selection criteria. Factors that
can inluence these outcomes, such as location of the herniation, preoperative psychological status, surgeon experience,
and work status, have been extensively analyzed.
Carragee and Kim11 correlated operative outcomes with
herniated fragment size and its efect on the canal area. Using
axial MRI, these authors recorded several parameters, including disc area, canal area, AP disc length, and AP canal length.
Patients with larger discs (>6 mm) were more likely to have
positive SLR or femoral stretch tests. Comparing patients with
operative and nonoperative treatment, the former had larger
AP disc lengths and larger ratios of disc to canal area. In the
operative group, larger discs were predictive of a better
outcome. In the nonoperative group, symptom duration less
than 6 months before presentation, no litigation, and younger
age were predictive of a better outcome. All of the fair and
poor outcomes in operative patients were in patients with
small discs (<6 mm). Summarizing these indings, it seems
that larger discs respond to surgery better than small discs and

that disc size is less predictive of outcomes in the nonoperative
group. A criticism of this study involves the existence of a
selection bias because the decision to treat operatively was
nonrandomized.
Knop-Jergas and colleagues106 analyzed the results of
lumbar discectomy based on anatomic location. hey characterized herniations as central, paracentral, intraforaminal,
extraforaminal, or multiregional broad-based protrusions.
he best outcomes were documented with paracentral and
intraforaminal discs, with 80% yielding good or excellent
results. Central discs and multiregional discs had worse
results, with 47% and 54% good or excellent outcomes. here
was only one extraforaminal disc, which had a poor outcome.
he level of herniation was not predictive of outcome, with
59% occurring at L4–L5.
In contrast, other authors have found that the level of
herniation can afect operative outcomes. Dewing and colleagues107 reported that discectomy for L5–S1 herniations had
signiicantly greater improvements in VAS leg and ODI scores
compared with L4–L5 herniations. hese authors also found
that patients with sequestered disc fragments had signiicantly
better outcomes than patients with contained disc herniations.
In a post-hoc analysis of SPORT trial data, Pearson and colleagues68 examined the inluence of disc herniation location
(central or lateral) and morphology (protrusion, extrusion, or
sequestration) on the results of operative and nonoperative
treatment. heir data suggest that the advantages of surgical
treatment over nonoperative treatment were greatest for
patients with lateral disc herniations. he magnitude of
improvement from surgical treatment was not related to the
location or morphology of the herniation.
Various preoperative and postoperative indings may also
be predictive of results. Barrios and colleagues73 found that the
use of (and positive response to) traction as part of preoperative conservative treatment was predictive of a good outcome
with surgery. In agreement with other studies, patients with
sedentary, non–physically demanding jobs had better results
than patients with more strenuous occupations. Jansson and
colleagues36 found that reduced preoperative walking distance
and a history of back pain greater than 6 months were predictors of lower functional outcomes ater discectomy. Jonsson
and Stromqvist108 found a persistently positive SLR test to be
a reliable indicator of inferior results; this was particularly
evident in patients in whom the test was positive for more
than 4 months ater discectomy.
As part of an ongoing study of lumbar discectomy, the
Maine group published an investigation comparing operative
rates and outcomes between high versus low rate of surgery
regions within the state.109 he data suggest that, in the highrate region, the results were inferior compared with the lowrate region. hese calculations were based on the rate of
surgery per capita (population). he investigators concluded
that this diference was most signiicantly related to the surgical indications used by the individual physicians and that, in
the higher-rate areas, the indications may have been less
stringent. his might have been true, but an additional factor
was not highlighted, which we calculated from the data. In the
high-rate region, there were more surgeries done per capita,
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psychological, social, and objective physical factors in predicting the outcome of lumbar disc excision.
Dvorak and colleagues112 retrospectively applied a set of
“accepted” operative indications—including radicular pain,
positive SLR, contralateral SLR, dermatomal hypesthesia,
motor deicit, and diminished deep tendon relexes—to a
series of patients who underwent discectomy. Of the patients,
65% fulilled these criteria, and 35% did not. he long-term
outcomes were not signiicantly diferent between these two
groups. Patients who returned to work postoperatively were
on disability compensation less than 2 months before surgery,
whereas patients who did not return to work were on disability
compensation an average of 4 months before surgery. Indications based on objective physical indings alone do not ensure
a satisfactory outcome. he preoperative period of disability
is a signiicant factor.
Some proponents of microscopically assisted discectomy
purport that results are superior compared with standard
techniques. In a published review of the literature by one of
the strongest advocates of microdiscectomy, McCulloch88
concluded that the available data are insuicient to show its
superiority. He noted that successful results have ranged from
80% to 96%, regardless of the technique used, and highlighted
the importance of patient selection as the more important
determinant of outcome. Series of microsurgical discectomy
report comparable rates of complications, such as dural tear
and recurrent herniations.113,114 In a report with 5-year followup, long-term outcomes for minimally invasive techniques are
comparable to those reported using standard techniques.115 It
is important to note that radiation exposure to the surgical
team and the patient can be 10 to 20 times greater with the
use of minimally invasive techniques.116
here is disagreement regarding the eicacy of simple fragment excision (the so-called Williams sequestrectomy117)
versus more extensive nucleus curettage. In a retrospective
study of 200 patients, Faulhauer and Manicke77 showed a
lower reherniation rate with fragment excision alone. his
comparison was inherently lawed. he standard discectomy
group, by deinition, had herniations that were in continuity
with the disc space and could be characterized as subligamentous (contained). he fragment excision group obligatorily
had displaced fragments that were not contained within
the disc space. he most useful information perhaps is that
when an extruded or sequestered (uncontained) fragment is
found, acceptable results with a low herniation rate can be
expected with fragment excision alone. Although aggressive
methods of removal of further nuclear material may not be
warranted, meticulous examination of all quadrants of the
epidural space surrounding the nerve root and cauda equina
should be performed in each case to avoid missing disc
fragments.
Balderston and colleagues72 compared 40 patients who
underwent simple fragment excision in one center with 40
patients who underwent excision and curettage in another
center. he reherniation rate was not signiicantly diferent:
12.5% in the former group and 11.6% in the latter group. here
was also no diference in the rate of disc space narrowing
between the two groups. he only diference was a higher rate
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but the number of operations done per physician was lower,
averaging 11 surgeries per surgeon. In the low-rate region,
surgeons averaged 26 operations each, although the overall
rate of surgery was lower per capita. his factor directly supports previous analyses of the results of total joint arthroplasty,
which indicate better results in high-volume hospitals because
of concentrated experience. From these data, discectomy is
optimally performed by an experienced, high-volume surgeon
who employs strict indications.
Psychological and social factors have been shown by many
investigators to inluence profoundly the surgical results of
lumbar discectomy.34,74 Sorensen and colleagues34 found that
preoperative psychological assessment was 86% predictive of
surgical results ater discectomy. Cashion and Lynch74 found
that patients with a good outcome were more self-conident
individuals, were only mildly depressed, and were generally
optimistic about the outcome of surgery. Slover and colleagues35 found that a history of chronic headaches, smoking,
depression, and self-rated poor health were associated with
poor outcomes ater discectomy. Jansson and colleagues36
found that smoking was the most signiicant risk factor in
patients who failed to improve ater surgery. Olson et al. found
that patients with higher education level demonstrated signiicantly greater improvement with nonoperative treatment,
while surgical outcomes were not afected.110
With increased attention on the use of opioid analgesics in
the United States, Radclif et al. examined whether the use of
these agents had an efect on outcomes for patients with
lumbar disc herniation.111 While patients who were treated
with opioids had signiicantly worse baseline pain and quality
of life, at 4-year follow-up, there was no long-term diference
in outcome associated with opioid medication use. hey
also found that opioid use was not associated with surgical
avoidance.
Spengler and colleagues13 calculated preoperative assessment scores for 84 patients before discectomy and correlated
these with outcomes. he four components of the score were
neurologic signs, clinical tension signs, psychological factors,
and imaging evidence of neural compression. Imaging studies
were most predictive of operative indings but not of outcome.
he best predictor of outcome was the psychological score.
his was based on the Minnesota Multiphasic Personality
Inventory.
Hurme and Alaranta12 prospectively studied 220 patients
ater discectomy, analyzing preoperative and perioperative
factors. Optimistic patients had better results. Patients who
preoperatively decided not to return to work had poorer
outcomes. Patients who perceived their jobs to be physically
strenuous had inferior results. he most predictive factors of
a poor outcome were the decision not to return to work,
marital status (divorced or widowed), age older than 40 years,
a protracted period of sciatic pain, and multiple nonspeciic
somatic complaints. Predictors of good results were a high
preoperative pain index, higher education level, overall satisfaction with life, and the perception that the patient’s job was
of light or suitable duty. Patients with a highly positive SLR
test and younger patients with large disc herniations tended
to have better results. his study highlights the importance of
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of postoperative back pain in the curettage group at a minimum
2-year follow-up. In distinction to Faulhauer and Manicke’s
work,77 the types of disc herniation were not diferent between
the two groups.
Carragee and colleagues118 reported the results of a prospective, controlled study comparing subtotal versus limited
discectomy. In the latter group, only the extruded disc material
and loose fragments present in the disc space were removed.
In the former, a more aggressive disc space curettage and
debridement was performed in addition to removal of the
extruded fragments. Early indings suggested a shorter convalescence in the limited discectomy group but decreased VAS
and ODI scores in the subtotal group. hese diferences were
not statistically signiicant at 2-year follow-up. Although the
reherniation rate in the limited group was 18% compared with
9% in the subtotal group, this diference was not signiicant
with the numbers available. Type II (beta) error cannot be
excluded, however, because a signiicant diference may have
been detected with greater patient numbers. he clinical signiicance of a 9% diference in reherniation rate may outweigh
the lack of statistical signiicance.

Complications
Numerous complications can occur with lumbar discectomy,
albeit at acceptably low rates. Recurrence rates range from
0% to 18%. In addition to diferences in surgical technique
and other factors, this broad range may relect diferences
in the deinition of recurrence. In some series, recurrence
is deined as recurrent sciatica, whereas in others use of the
term is limited to patients who required reoperation. he
strictest deinition is a true reherniation at the level and side
previously operated, which ultimately leads to a frequency of
2% to 5%.
Wound infections have been reported in 0% to 3% of
cases.12,72,77,84,86,117 hese may be supericial or deep. Supericial infections may be managed with local wound care and
antibiotics. Deep infections should be surgically debrided
and irrigated. Epidural abscess is rare, with reported rates
of 0.3%, and should be managed with surgical evacuation.119
he microscope has been considered a possible source of
contamination because of the exposed unsterile optics that
are in close proximity over the wound.88,120 Infection rates
are comparable, however, to cases performed without the
microscope.
Pyogenic discitis may occur ater discectomy 2.3% of the
time.12,119 Early detection is crucial in avoiding extensive bone
involvement. Intravenous antibiotic therapy is usually successful, with rare cases requiring surgical debridement. MRI
indings, including increased bone edema near the endplates
and loss of disc space height, are diicult to discern from
typical degenerative Modic-type changes. Laboratory evidence, such as elevated erythrocyte sedimentation rates and
C-reactive protein levels, is important in conirming the
diagnosis.
Vascular injuries are exceedingly rare. Injury to anterior
vessels from perforation of the disc space have been docu-

mented in a few case reports.121,122 Arteriovenous istula has
also been documented.123,124 he most important component
of managing these complications is prompt recognition and
aggressive treatment, including vascular repair. Excessive
epidural bleeding is uncommon, although one series documented blood loss of more than 300 mL in 4% of cases.12
Incidental durotomy occurs 0% to 4% of the time.8,72,84,113,125
It has been associated with a poor outcome in some series. At
an average of 10 years ater surgery, Saxler and colleagues125
reported a lower rate of symptom resolution and a greater rate
of chronic pain and headaches in patients who sustained an
incidental durotomy. his study did not discern between
primary and revision cases, which may have been a potential
confounder. he potential for long-term clinical sequelae ater
incidental durotomy during discectomy is most likely inluenced by the size of the tear, the ability to repair it, and the
coexistence of neurologic injury.
Instability is quite rare ater discectomy. Preservation of the
facet joints is helpful in avoiding this sequela, although in our
experience, a large percentage of the facet joint can be resected
unilaterally without adverse efect. Some authors have indicated that instability can occur 30% of the time. his percentage is highly dependent on the deinition of instability. Padua
and colleagues126 found radiographic evidence of instability,
detected by lexion-extension ilms, in 20% of patients who
underwent discectomy. Only 6% seemed to be symptomatic,
however. In contrast, Faulhauer and Manicke77 deined instability by clinical indings, such as apprehension with lexion
or extension, instead of radiographic measurements. hese
authors reported rates of 16% and 30% with two diferent
operative techniques; 3% had severe enough symptoms to
warrant a brace, and only one patient eventually went on to
fusion. Kotilainen and Valtonen119 found that the presence
of clinical apprehension postoperatively was predictive of a
poor result ater surgery. hese data highlight the importance
of documenting preoperative radiographic and clinical instability so that the efects of the discectomy itself can be better
assessed in the postoperative period.127 Biomechanically,
simple discectomy is not a destabilizing procedure if performed properly.

Recurrent Disc Herniations
he distinguishing histologic feature of recurrent disc herniation is the presence of large collagen bundles associated with
a ibrillar framework.128 Granulation tissue found in recurrences is not present in primary disc herniations. his fact
indicates that the pathophysiology of recurrent disc herniations may be diferent than in primary cases.
Depending on the deinition, recurrent disc herniations
can occur in 18% of cases. Clinical presentation is usually of
recurrent sciatic leg pain. Jonsson and Stromqvist129 attempted
to determine the relative frequency of clinical signs and
symptoms ater discectomy to diferentiate better perineural
ibrosis from true recurrent herniation. Pain reproduced by
cough and a positive SLR were more frequent with recurrent
disc herniations. hese indings were also present in many

Chapter 47 Lumbar Disc Herniations

Discectomy in Children
he role of trauma in causing disc herniations in children is
believed to be more signiicant than in adults.3,137,138 Children
are unlikely to have disc degeneration or the antecedent period
of back pain before herniation. Clinical signs and symptoms
are similar to adults but are much more acute in onset. he
clinical and imaging evaluation is similar to adults.
he literature of discectomy in children reveals prolonged
length of follow-up. Initial results are excellent, but results
tend to deteriorate with time. At 1-year follow-up, Papagenlopoulos and colleagues139 reported 93% good or excellent
results. At inal follow-up, ranging from 12 to 45 years,
92% were good or excellent; however, there was a 28% reoperation rate. Parisini and colleagues140 documented 95%
success at short-term follow-up, whereas at long-term followup (average, 12.4 years), good or excellent outcomes were
documented in 87% of cases. hese investigators found a 10%
reoperation rate at 10 years. DeOrio and Bianco141 showed
96% good or excellent results at initial follow-up, trending
down to 74% at inal examination. Numerous other series
document similar results.3,137,142
Fusion has been reported in a small percentage of pediatric
patients. Well-deined selection criteria are lacking, however.
he inluence of congenital anomalies has been considered
previously. here does not seem to be a correlation between
any one anomaly and disc herniation. It is important to recognize anomalies, such as spina biida, during routine preoperative planning to avoid iatrogenic neurologic injury.

Discectomy in Elderly Patients
Lumbar disc herniations are much less common in elderly
patients. he nucleus desiccates with age and is less likely to
herniate. Underlying stenosis and bony overgrowth is a more
common problem. Regardless, herniations can still occur, with
or without the presence of stenosis. he results of discectomy
in this population are comparable to younger patients, assuming the correct diagnosis is made.
Maistrelli and colleagues143 reported results of discectomy
in 32 patients older than 60 years. Clinical indings were
similar, with 81% of patients having root tension signs such as
a positive SLR. At an average follow-up of 50 months, good or
excellent results were found in 87% of cases. None of the
patients had evidence of neurogenic claudication, which is an
important distinguishing feature when making the diagnosis
of a disc herniation versus stenosis. Jonsson and Stromqvist144
also found disc surgery to be gratifying in patients older than
70 years, with good results documented at 2-year follow-up.

Foraminal and Extraforaminal
(Far-Lateral) Herniations
So-called far-lateral disc herniations require special consideration. Surgical excision is more easily accomplished through
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patients with ibrosis alone, however; thus, imaging modalities
are crucial to the diagnosis. As discussed previously, MRI is
best delayed for at least 6 months ater surgery.
Recurrences can occur at the same level, same side, opposite side, or entirely diferent level. To be considered a recurrence, there must have been a pain-free (or relief) time period
ater the index surgery. A nonoperative treatment regimen,
including a period of observation, physical therapy, medications, and other modalities, should be used in the initial
treatment of recurrent disc herniations unless progressive
neurologic deterioration occurs.
Important questions arise ater the decision to proceed
with surgery is made. he main focus of current investigations is whether or not comparable or inferior results can
be expected ater discectomy for a recurrent disc herniation.
Some authors have documented inferior results ater repeat
surgery,130 although most failures were reported in patients
operated on without imaging evidence of neural compression.
Suk and colleagues131 retrospectively examined their results
in a highly select group of patients. Recurrence was deined as
a reherniation at the same level (ipsilateral or contralateral)
ater a pain-free interval of 6 months or more. hese authors
used gadolinium-enhanced MRI to conirm the diagnosis.
hey found that the second surgery was signiicantly longer
and that recurrent disc herniations were typically larger. Clinical success was documented in 71.1% of cases, which was
comparable to their results ater primary discectomy (79.3%).
In a similar study, Cinotti and colleagues132 examined their
results with same-level contralateral reherniations only. At
2-year follow-up, surgery for recurrences resulted in satisfactory outcomes in 88% of cases and in 90% of primary discectomies. he only diference noted was more back pain in the
reherniation group at 6 months, although this diference was
not noted at 2 years.
Cinotti and colleagues133 also studied a group of patients
with ipsilateral lumbar disc reherniation and compared these
patients with patients ater primary surgery as a control
group. Satisfactory results were reported in 85% of patients
with ipsilateral lumbar disc reherniation and 88% of control
patients. Noted diferences were a higher degree of disc
degeneration in the recurrence group. Although epidural
ibrosis was abundant in the study group, its presence or
amount did not adversely inluence outcome. here was no
diference in the psychological proiles of recurrent versus
primary discectomy groups. In a similar study, Papadopoulos
and colleagues134 reported 85% improvement ater discectomy for reherniations compared with 80% improvement for
primary herniations at an average of 53.6 months follow-up.
Herron135 reported 69% good and 24% fair results ater
laminectomy and discectomy for recurrences at the same and
other levels.
Most authors do not recommend fusion ater a irst-time
recurrent disc herniation.135,136 Ater any lumbar surgery
involving facetectomy and bone resection, preoperative and
intraoperative assessment of stability is a major determinant
of the decision to fuse. Although investigational evidence is
lacking, we consider fusion ater a second reherniation at the
same level.
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FIG. 47.16 Magnetic resonance imaging can readily show foraminal disc
herniations that may otherwise be missed by computed tomographic or
plain myelograms because neural compression is extradural.

modiied operative techniques. Foraminal and extraforaminal
disc herniations are more common in older patients. Symptoms are more likely to be isolated to one particular nerve
root. In contrast to paracentral discs, they lead to compression
of the exiting nerve root rather than the descending root.
Diagnosis is best by MRI or CT (Fig. 47.16). Because the
compression is usually extradural, myelography does not show
a illing defect.
Diferent techniques have been advocated for the foraminal
or extraforaminal herniation. Compression of the nerve root
occurs outside of the spinal canal, making visualization of the
herniation challenging through a standard laminotomy or
laminectomy performed from within the canal. Garrido and
Connaughton145 advocated a unilateral facetectomy. Bone is
removed along the entire path of the nerve root from its exit
from the cauda equina out and through the foramen; this
necessitates complete removal of the facet on the side of
exposure. Although symptom relief was not well documented,
painful radiographic instability was detected in only 1 of 35
(3%) cases. his patient had pain relief ater fusion.
Donaldson and colleagues146 advocated a less destabilizing
procedure. hey considered identiication of the nerve within
the intertransverse process “blind.” As a solution, they performed a partial hemilaminectomy at the level above the disc
at the point where the root exited the cauda equina. hey
followed it laterally beneath the bone of the remaining pars
interarticularis. By placing a probe over the root and advancing it laterally, they were able to identify the root and facilitate
its dissection between the transverse processes before discectomy was performed through this interval. hey reported
good or excellent pain relief in 72% of patients. No cases of
instability were reported.
Melvill and Baxter14 used the intertransverse approach for
discectomy in 40 patients with extraforaminal herniations.
hey performed this using standard midline dissection that
was extended subperiosteally out and over the facets to expose
the transverse processes. his is in contrast to the classic
description of the Wiltse paraspinal muscle–splitting approach.

FIG. 47.17 The Wiltse muscle-splitting approach, using a paramedian
incision, can be used to access the intertransverse process region.

Complete resolution of leg pain was reported in 85% of cases.
Melvill and Baxter14 noted a ibrous band that was present
tethering the nerve root to the lateral aspect of the disc in an
associated cadaveric study.
In an investigation with midterm follow-up, satisfactory
results were reported using the Wiltse paraspinal muscle–
splitting approach for so-called lateral disc herniations.147
Satisfaction was reported by 85% of patients, with 60% of
patients reporting complete resolution of pain. At 5 years’
follow-up, 20% of patients had developed some degree of
instability, half of whom ultimately underwent fusion. Assuming uniformity of the deinition of instability and indications
for fusion in these cases, this inding is supportive of the
hypothesis by McCulloch and Transfelt31 that lateral disc
herniations were a precursor to the development of degenerative spondylolisthesis.
A thorough knowledge of the anatomy in this region is
imperative to performing an efective discectomy without
undue bleeding or injury to the nerve root.89 We prefer to
excise foraminal or extraforaminal discs through a true Wiltse
paraspinal muscle–splitting approach to the intertransverse
interval. It is easiest through a paramedian incision (Fig.
47.17). Identiication of the correct level of incision is crucial
in minimizing the length of the incision.

Cauda Equina Syndrome
Cauda equina syndrome (CES) most commonly occurs from
a herniated lumbar disc. It is more common with central
herniation (27% of central herniations), although it can occur
with paracentral or lateral herniations as well.148,149 It is more
frequent in men in their fourth decade. he odds of developing CES are signiicantly higher in overweight and obese
individuals.150 An L4–L5 disc is the usual cause.148 CES should
be considered a true surgical urgency because neurologic
results are afected by the time to decompression. he clinical
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Numbness:
Buttocks, backs of legs,
soles of feet
Weakness:
Paralysis of legs and feet
Atrophy:
Calves
Paralysis:
Bladder and bowel
FIG. 47.18 Cauda equina syndrome is characterized by saddle anesthesia,
motor weakness, and loss of bowel and bladder control.

diagnosis of CES relies on many components, including perineal sensory deicit (so-called saddle anesthesia), bowel or
bladder incontinence, new-onset lower extremity sensory
deicit, and a new or progressive motor deicit (Fig. 47.18). In
addition to a meticulous physical examination, evaluation
of CES should include measurement of a bladder postvoid
residual. Normally, the postvoid residual should be less
than 50 to 100 mL. he postvoid residual is oten abnormal
preoperatively and can be an important parameter to follow
postoperatively.151
Decompression and discectomy can be via a laminotomy
or through a formal laminectomy. Proponents of laminectomy
believe that this provides superior visualization of the dura
and avoids excessive traction.152–154 Adequate exposure is
particularly relevant for removal of central disc herniations.
he efect of timing of surgery on outcomes continues to
be debated. Although a number of studies have reported that
surgical decompression within 48 hours of the onset of symptoms is a safe time point within which to perform surgery,
more recent systematic reviews have concluded that there
is no strong support for the oten-cited 24- or 48-hour thresholds nor that the earlier the decompression, the better the
outcomes.151,154–156
DeLong et al., in a metaanalysis of a number of observational cohort series, found a statistically signiicant relative
risk for timing of surgery greater than 24 hours.157 hese
authors remarked that higher-quality scientiic study is diicult to obtain on this subject since equipoise is lacking, making
a prospective randomized study diicult to execute. In analyzing the efect of early surgical decompression on urinary
function, it is important to diferentiate patients who have
incomplete cauda equina syndrome (CES), characterized as
“altered urinary sensation, loss of desire to void, poor urinary
stream, and the need to strain in order to micturate” from CES
with retention, characterized as “painless urinary retention
and overlow incontinence, when the bladder is no longer
under executive control,” the former of which was found to
have a better prognosis.158 In one study, decompressive surgery
within 24 hours of onset of autonomic symptoms in CES

reduces bladder dysfunction at initial follow-up, while no
statistically signiicant diference was observed in CES with
retention regarding timing of operation.159
Strength may continue to improve for 1 year ater surgery.154
Although the postvoid residual usually decreases to less than
110 mL by 6 weeks, bladder function may continue to improve
for 16 months.149 Early surgery does not seem to substantially
afect the resolution of postoperative pain compared with
delayed intervention.160 In a systematic review of the literature
reporting dysfunction of micturition, defecation, and/or
sexual dysfunction following CES secondary to herniated disc,
Korse and colleagues reported considerable continued impairment. At a minimum of 17 months follow-up, 42.5% of patients
reported micturition dysfunction, 49.6% reported defecation
dysfunction, and 44% reported sexual dysfunction.161 Above
all, preoperative neurologic status seems to be the greatest
predictor of recovery.162 his is evident in that many patients
are found to have residual neurologic deicits despite timely
and efective surgical intervention.160

Alternatives to Standard Discectomy
Endoscopic Discectomy
he use of the endoscope to perform lumbar discectomy has
enthusiastic proponents. Improvements in equipment have
made the technique more user-friendly and facile. Still, endoscopic discectomy remains a technically demanding procedure, and the results depend heavily on surgeon experience.163
It is beneicial to have prior training in minimally invasive
spine surgery.164 Although it is not yet a replacement for
standard discectomy techniques, more recent series have
shown the ability to achieve comparable results in some surgeons’ hands.80,165,166
Purported advantages of endoscopic lumbar discectomy
include less intraoperative blood loss and smaller surgical
wounds. A study by Pan and colleagues did not show a signiicant diference in patient-reported pain when comparing
endoscopic and traditional open discectomy, though postoperative inlammatory markers such as interleukin-6 and
C-reactive protein were reduced in the endoscopic group.167
DeAntoni and colleagues96 reported results of translaminar
epidural endoscopic discectomy in 190 patients. Using a lateral
decubitus position, the technique uses a small paramedian
incision for introduction of the instruments. Dilators are used
to strip the muscles subperiosteally from the adjacent lamina
as far lateral as the facet joint. he arthroscope (endoscope) is
inserted through a 6-mm working cannula. An additional
lateral paraspinal incision is made for an outlow cannula. A
shaver is used to remove bone within the interlaminar window
until the attachments of the ligamentum lavum can be visualized. he ligamentum lavum is elevated using a Penield
dissector and removed with a Kerrison rongeur, similar to a
standard open approach. A root retractor pulls the nerve root
and dura medially, allowing access to the disc space. he
anulus is incised, and the herniation is removed. he endoscope can be inserted into the disc space to look for any
additional loose fragments (so-called discoscopy). Good or
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FIG. 47.19 The transforaminal endoscopic approach for disc excision.
(From Yeung AT, Tsou PM. Posterolateral endoscopic excision for lumbar disc
herniation. Spine (Phila Pa 1976). 2002;27:722–731.)

excellent results were documented in 92% of cases with a
minimum 2-year follow-up. here was only one dural laceration that did not need repair, there was no instability, and there
were no neurologic injuries.
Yeung and Tsou80 reported results of 307 endoscopically
assisted transforaminal discectomies. he patient is positioned
supine on a radiolucent table. Local anesthesia with light
sedation is used. In this technique, intraoperative luoroscopy
is crucial. A standard discogram is performed irst, injecting
blue dye into the disc space to help identify the herniated
tissue. Along the same path, a series of dilators and ultimately
a single working cannula is inserted percutaneously through
the intervertebral foramen (Fig. 47.19). One cannula is used
for inlow, outlow, and instrument insertion. he cannula has
a shielded tip that allows aggressive discectomy with the use
of graspers and shavers while retracting the exiting nerve root.
As stated, this is performed through the intervertebral
foramen. he nerve root can be visualized by rotating the
cannula, allowing assessment of its integrity and mobility.
Satisfactory results were reported in 89.3% of patients. Six
patients (2%) had lower extremity dysesthesia that lasted
longer than 6 weeks, two had thrombophlebitis, two had
discitis, and one had a dural tear that did not require repair.
Yoshimoto and colleagues demonstrated transforaminal
microendoscopic decompression to be efective for treating
far-lateral disc herniations.168
his technique has been shown to be safe and efective for
recurrent disc herniations as well.166 In a prospective evaluation of 262 consecutive cases of reherniation treated by an
endoscopically assisted transforaminal technique, Hoogland
and colleagues166 reported an 85% success rate and 3.8%
complication rate at 2-year follow-up. Kim and colleagues
reported that percutaneous endoscopic interlaminar discec-

tomy can be successful for reherniation by avoiding the iliac
crest, which can be prohibitive with transforaminal techniques
at L4–L5 and L5–S1.169
Lee and colleagues prospectively studied the inluence of
patient position on the location of abdominal organs using
preoperative prone and supine CT scans, and found that safe
approach angles were signiicantly more horizontal in the
prone position.170 he prone abdominal CT scan was more
helpful in determining the trajectory and feasibility of the
endoscope. A true lateral approach was possible for 75% of the
discs at L3–L4 and 76.7% of the discs at L4–L5.
Several authors have sought to compare the results of
microendoscopic discectomy with more traditional techniques.171–173 Ruetten and colleagues173 compared the results
of endoscopic interlaminar and transforaminal discectomy
with microsurgical discectomy. hey showed no clinically
signiicant diferences between the endoscopic and microsurgical groups and identical reherniation rates (6.2% for
each).173 Analogous indings have been reported with comparisons of endoscopic and standard open discectomy.171,172
However, Teli et al. reported higher rates of dural tears and
recurrent herniation in endoscopic surgery compared to traditional techniques, with similar patient-reported outcomes
at 2 years.174 Garg et al., in a prospective randomized study,
reported shorter hospital stay and earlier return to work in
the microendoscopic group compared to the open discectomy
group.174a In a systematic review of randomized controlled
studies comparing microendoscopic technique with open discectomy or microdiscectomy, Smith and colleagues found that
patient-reported outcome measures were similar with all three
techniques.175
In a recent retrospective review of over 10,000 patients who
had undergone percutaneous endoscopic lumbar discectomy,
Choi and colleagues sought to ind common causes of surgical
failure, deined as a case requiring reoperation within 6
weeks.176 hey found that 4.3% of cases were failures, and over
half of these were due to incomplete removal of herniated disc,
of which inappropriate positioning of the working channel
was the cause in 33.6% of cases. Exiting root injury is another
complication of endoscopic surgery. Choi et al. analyzed the
radiologic risk factors for exiting root injury by retrospectively
reviewing the preoperative MRIs of patients undergoing
endoscopic discectomy who experienced this complication.177
hey determined that if the distance between the exiting nerve
root and the superior articular process of the caudal level is
inadequate to accept the diameter of the working cannula
without compressing the nerve root, an alternative technique,
such as microdiscectomy or open discectomy, should be
employed.

Percutaneous Automated Discectomy
Because of the evolution of percutaneous techniques of discectomy, there is considerable “overlap” in the names of different procedures. Although endoscopic discectomy can be
considered percutaneous, it is not what is typically considered
percutaneous automated discectomy. his term refers speciically to a procedure introduced in the early 1980s.
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Chemonucleolysis
Chemonucleolysis involves the chemical digestion of nucleus
material via injection of an agent, such as chymopapain, into
the intervertebral disc. Ideally, the agent not only decompresses
the central aspect of the disc space (producing a similar efect
as percutaneous automated discectomy), but also might
directly attack the herniated fragment. he clinical success of
the procedure has not been supportive.
Chemonucleolysis has been rigorously examined in numerous clinical investigations. In a randomized prospective trial
comparing chemonucleolysis and standard discectomy, Muralikuttan and colleagues98 concluded that it leads to inferior
results. here was a high rate of conversion to open surgery in
the chemonucleolysis group because of continued, unrelieved
symptoms. Crawshaw and colleagues178 found extremely high
failure rates—47% to 52%—ater chemonucleolysis compared
with 11% with open surgery. van Alphen and colleagues82
documented increased radicular pain ater chemonucleolysis in 22% of patients treated. Salvage discectomy ater
failed chemonucleolysis leads to worse results than primary
surgery.82,98,178 In addition to these poor results, neurologic
complications, such as transverse myelitis associated with the
use of chymopapain, have all but eliminated the procedure
from continued use in the United States.

PEARLS
1. Most lumbar disc herniations respond well to conservative
treatment within the irst 3 months from the onset of
symptoms.
2. In patients who fail conservative treatment, surgery consistently
showed better outcomes than continued nonoperative care.
3. The type and size of disc herniations and psychosocial factors
are the primary determinants of outcomes after discectomy.
4. Although minimally invasive techniques, such as endoscopic
and percutaneous laser discectomy, can be efective in
experienced hands, it is unclear whether they would ever
replace the gold standard operation of open discectomy (with
or without the use of a microscope).
PITFALLS
1. Patients with extraforaminal (far lateral) and central disc
herniations should be advised that surgical outcomes may be
inferior compared with outcomes for more common and typical
paracentral herniations.
2. Patients should be informed that a lumbar discectomy is
primarily indicated for leg pain. Back pain, numbness, and
weakness are less reliably alleviated after surgery.
3. Recurrent disc herniations, which can occur in 18% of patients,
remain problematic and may be more prevalent in patients who
have large annular defects after discectomy.
4. Although simple discectomy for a recurrent disc herniation
can yield outcomes equivalent to the index procedure,
the addition of fusion may be considered after a second
recurrence.

KEY POINTS
1. Patients should be carefully counseled preoperatively on the risk
and beneits of surgery so that they may make a well-informed
decision according to their speciic functional demands and
expectations.
2. Positioning a patient in a lexed or kneeling position can help
open the interlaminar window to allow easier entry into the
spinal canal.
3. Regardless of the technique of discectomy, a successful
operation is contingent on adequate exposure that enables
careful and minimally traumatic identiication of the cauda
equina, descending nerve root, and exiting nerve root before
retraction to retrieve the herniated fragments.
4. During discectomy, the amount and location of the disc
herniation should be commensurate with that shown on
preoperative MRI.
5. The spinal canal and disc space should be thoroughly inspected
before closure to avoid retained disc fragments.
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Using a posterolateral approach, a tissue-removing device
is introduced into the disc space in a similar path as the needle
of a discogram; this is guided by intraoperative luoroscopy.
Earlier techniques used a direct lateral approach that led to (or
raised concern of) viscous perforation in some patients. he
instrument is used to remove nucleus material in small increments. his removal theoretically can decrease intradiscal
pressure. here is no direct visualization of the nerve roots,
dura, or disc material. Neurologic decompression cannot be
assessed with this technique.
Results of automated discectomy are inferior to standard
open discectomy. Shapiro93 showed only partial improvement
of leg pain in 57% of patients undergoing this procedure. More
disappointing was that only 5% had complete sciatica relief.
All patients had disc bulges or protrusions, with none having
free fragments. hese results are less positive than the results
documented with open discectomy.
In contrast, Hoppenfeld94 reported more successful results,
with relief of sciatica and sensory deicit in 86% of patients.
He determined, however, that patients with sequestered discs
do not reliably respond well to the procedure. Kotilainen and
Valtonen95 treated 41 patients with small protrusions or prolapses (bulges) with percutaneous automated discectomy.
Sciatica had completely resolved in 78% of patients. From
these data, it can be inferred that automated discectomy can
be reasonably efective in patients with small disc bulges or
protrusions that are in direct continuity with the remaining
nucleus. Only in this select group of patients is there the possibility of relieving the neural compression. he procedure
should not be used in patients with sequestered or extruded
fragments (uncontained herniations) or most patients with
disc herniations.
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3. Weinstein JN, Tosteson TD, Lurie JD, et al. Surgical vs
nonoperative treatment for lumbar disk herniation: the Spine
Patient Outcomes Research Trial (SPORT): a randomized trial.
JAMA. 2006;296:2441-2450.
In this article, intention-to-treat analysis showed no statistical
diferences between surgery and nonoperative treatment of lumbar
disc herniations. This trial has been widely criticized for its high
crossover rate between groups, however.
4. Weber H. Lumbar disc herniation: a controlled, prospective
study with ten years of observations. Spine. 1983;8:131-140.
This classic study was a randomized controlled trial of operative
versus nonoperative treatment for lumbar disc herniations. It
showed statistically better results with surgery at 1-year and 4-year
follow-up but no diference at 10-year follow-up.
5. Carragee EJ, Kim D. A prospective analysis of magnetic
resonance imaging indings in patients with sciatica and lumbar
disc herniation: correlation of outcomes with disc fragment and
canal morphology. Spine. 1997;22:1650-1660.
This article correlates the size of a disc herniation (at least 6 mm
anteroposterior dimension) with better outcomes after surgery.
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Introduction
he anulus ibrosus is an important part of the intervertebral
disc. Like the other disc components, the anulus undergoes
changes with aging and with degeneration.1,2 he degenerative
process leads to a weakening of the anulus; delamination,
issures, and cracks result. Occasionally, the nucleus pulposus
can herniate into those cracks and actually through the entire
annular wall, causing pain due to both local inlammatory
response and nerve root ischemia. Also, as part of surgical
procedures to address contained disc herniations, iatrogenic
holes in various shapes and locations are made into the
anulus.
In recent years, there has been increasing interest in
strengthening the annular structure, which is important to
regain the normal function of the disc.3 here is also interest
in repairing degenerative and iatrogenic cracks, tears, and
holes in the anulus to prevent recurrence of disc herniations,
and to slow the degenerative process following discectomy.
he purpose of this chapter is to review some of these strategies and put them in the context of successful treatment of
diferent types of painful spinal conditions. he focus will be
on the lumbar discs.

Anulus Fibrosus
he anulus ibrosus is a laminate structure surrounding the
central nucleus pulposus and inserting into the endplates
and vertebral body. It consists primarily of water, collagen,
proteoglycans, and noncollagenous proteins. he laminates
are organized in layers, mainly composed of type I collagen
ibers, which alternate in angles with respect to the transverse
plane. Between the layers are so-called interlaminar spaces
containing proteoglycans (aggrecan, versican) and other link
elements.4 In the center, the ibers insert into the cartilaginous
endplates; in the periphery, they bypass the endplates and
insert into the bone, called Sharpey’s ibers. he inner and
outer parts of the anulus are diferent in that, in the inner
part, the layers are less well organized and more widely
spaced. he proportion of type I collagen increases from the

inner anulus to the outer anulus; type II collagen is more
common in the inner than outer anulus. Small proteoglycans
(decorin and biglycan) are found primarily in the outer
anulus, while elastin is present throughout. Elastin constitutes
1.7% to 2.0% of the dry weight of the anulus. In the outer
anulus, elastin is present within the lamella running parallel to the collagen and in the same direction.5 In the inner
anulus, elastin is also organized within the lamellae. Fiber
networks bind adjacent lamellae together, preventing them
from separation.6,7 Table 48.1 compares the outer and inner
anulus.
he cell density in the anulus pulposus is about twice that
of the nucleus pulposus.8 In the outer anulus, the cells are
fusiform shaped and align with the collagen ibers alternating
with each lamella. hese cells produce mainly type I collagen.
In the inner anulus, the cells are more similar to those of the
nucleus pulposus. hey are chrondrocyte-like and produce
mainly type II collagen.
he mechanical exposures of the diferent parts of the
anulus are initially diferent. he inner anulus is primarily
subjected to the hydrostatic pressures of the nucleus pulposus;
the outer anulus is more under compression or tension,
depending on the direction of movement. As are other connective tissue structures, the anulus is anisotropic and adapted
to the principal directions of load.

Efect of Aging on the Anulus Fibrosus
A variety of chemical and structural changes occur with aging.
hese changes appear to occur irst in the inner anulus, which
loses a large part of its proteoglycan and water and gradually
assumes a more nucleus-like structure.2
Both the overall proteoglycan and collagen concentrations
decrease with aging, probably relecting a decrease in cellular
biochemical activity. Among smaller nonaggregating proteoglycans, decorin levels decrease with aging in the outer anulus,
while biglycan and ibromodulin levels increase. In the inner
anulus, decorin levels have been found to increase with aging.
he mechanical properties are altered with aging as well. Peak
compressive stresses are increased by 160%, and the width of
the anulus is thickened by 80%.9
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TABLE 48.1

Characteristics of the Outer Versus the Inner Anulus
Outer Anulus

Inner Anulus

Collagen

40–60% dry weight

25–40% dry weight

Type collagen

Type I mainly

Type II mainly

Proteoglycan

5–8% dry weight

11–20% dry weight

Cells

Fusion from

Chondrocyte-like

Healing of the Anulus
Early studies in dogs showed comparatively poor healing
when larger defects were created in the annular wall.10 Smith
and Walmsley11 reported that ater an incision, the outer
anulus healed by ibrous tissue ingrowth from the sides and
that there was also a gradual healing of the inner anulus over
a 1-year period. Long-term collagen ibers gradually invaded
the nuclear tissue, some of which remained in the annular
incisions. Fazzalari et al.,12 in an ovine model, introduced
needle punctures and concentric tears, and tested the specimen mechanically up to 18 months. Signiicant changes
occurred in disc biomechanics in both cases, and remained
signiicant over time. he annular lamellae thickened and the
adjacent vertebral body bone volume fraction increased.
While this model is not a herniation model, it shows the poor
healing of concentric tears and their efect on disc biomechanics. here is limited information on annular repair in humans
ater discectomy. Current information suggests a limited
healing potential ater annulotomy. his increases the risk of
reherniation. Reoperation rates for recurrent herniations
ranging from 3% to up to 27% have been reported.13–16 he
frequency of reoperations appears to be related to the size of
the annular defect.

Biologic Repair
At least four types of annular repair are discussed in the literature: collagen modiication, cell therapy, gene therapy, and
tissue-engineered scafolds. Gene and cell therapies are
unlikely to repair existing cracks, tears, and incisions unless
combined with scafolds. Also, current gene delivery systems
use virus-mediated gene transfer to enhance matrix deposition within the disc17,18; however, infection is always a risk with
viral delivery systems.
A number of studies have been published in which scaffolds have been populated with cells, with various success rates
reported. Most of these studies have been performed in vitro,
but a few animal studies have been reported. Gene and growth
factor therapies can repair annular needle punctures in the
early stages. Most anulus ibrosus scafolds use collagen type
II, despite type I being more abundant in the outer layers of
the anulus. Saad et al. demonstrated a higher production of
extracellular matrix with type II collagen.19 Many growth factors
appear to have a stronger efect on proteoglycan than collagen.
Zhang et al.20 reported that collagen synthesis was enhanced by
bone morphogenetic protein 13 (BMP-13) and Sox9.

Bron et al.3 list a number of requirements for anulus ibrosus scafolds. he scafolds should:
• Fix and/or repair the anulus ibrosus gap to contain the
nucleus pulposus (or its replacement).
• Allow ixation to surrounding structures.
• Allow anulus ibrosus cells (or stem cells) to survive and
secrete extracellular matrix.
• Have the characteristic anisotropic behavior to maintain/
restore the mechanical properties of a spinal motion
segment.
• Not irritate or adhere to the perineurium.
To date, no single approach has met all these requirements,
but several scafolds hold promise.21–24

Surgical Repair
A few alternatives have been developed to address the closure
of an annular defect caused by a discectomy. In an in vitro
study, a laboratory simulation of intradiscal pressures of the
lumbar spine was conducted to compare nonrepaired versus
repaired annular defects. Bartlett and colleagues concluded
that repair of the anulus may be beneicial to retaining disc
material and preventing reherniation.25 Synthetic materials are
advantageous as well, as the materials are predictably reproduced. Wang et al.26 put gelfoam, platinum core, bone cement,
and tissue glue into an 18-gauge needle defect. Gelfoam
appeared to have the best result. he size of the defect in this
model is so small, however, that it is diicult to extrapolate
this model to a discectomy. Sutures have been used in a sheep
model.27 he healing efect was not statistically signiicant.
More recently, sutures with anchors (Xclose) have been
introduced (Anulex Technologies, Inc.; Fig. 48.1). A retrospective case series presented in 2009 at a society meeting
compared 133 microdiscectomy cases without anulus repair
to 59 with anulus repair. here were 16 reoperations within 12
months in the nonrepair group (12.9%) compared to four in
the annular repair group (6.8%).28 More recently, Bailey et al.
reported their results using the Xclose from a prospective,
multicenter, single-blind, randomized, controlled clinical trial
of individuals who were candidates for a one- or two-level
discectomy with persistent leg pain.29 Although visual analog
scale leg and back pain, Oswestry Disability Index, and Short
Form-12 outcomes improved, there was no statistically signiicant diference between the groups at any of the follow-up
points. Symptomatic reherniation rates also did not statistically difer at any of the follow-up points. To what degree
sutures can be used when larger defects exist remains
unknown. It is also not clear how well they reverse the biomechanical changes caused by the defect.
Barricaid is another commercially available implant that
anchors into the vertebral body and supports a woven mesh
barrier inserted into the defect (Intrinsic herapeutics Inc.;
Fig. 48.2). In a multicenter prospective cohort study, recurrent
herniation, disc height loss, and pain scores were monitored,
with 2-year follow-up. hirty patients underwent implantation of the device, while 46 had no implant placement.
Although not statistically signiicant, at 2 years no patient with
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Summary
Annular repair is an exciting developing technology to address
the age- and degeneration-related changes of the anulus, as
well as annular tears occurring from disc herniations or in the
treatment of herniations. We can expect clinical data in the
next several years, but it may take a decade or more to determine how efective annular strengthening is in retarding the
development of degenerative and age-related changes.
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Low back pain has long been noted to be one of the most
disabling conditions in the United States and the Western
world. Disability from back pain has been reported to cost
approximately $100 billion annually.1 Lumbar disc degeneration is oten divided into three basic categories: internal disc
derangement, degenerative disc disease (DDD), and motion
segment instability. Internal disc derangement2 encompasses
annular tears and dark disc disease. DDD describes isolated
disc resorption and spondylosis. Motion segment instability
involves listhesis and scoliotic changes. his description of
lumbar disc degeneration, although oversimpliied, encompasses a dynamic process with overlapping indings at individual and adjacent levels. DDD, although controversial in its
exact role in patients with back pain, has been shown to be a
pain source generator.3,4 Removal of the pain generator, the
intervertebral disc, is a viable and logical approach for selected
patients.
Determining the ideal candidate for surgical management
of DDD can be more challenging than performing the
procedure itself because of the unclear relationship between
patient symptoms, diagnostic studies, and surgical outcomes.
he patient should have not responded to conservative
management—including oral medication, lifestyle modiication, active rehabilitation, and injections—before surgical
intervention for a minimum of 6 months. To maximize the
predictive value of lumbar interbody fusion or disc replacement for the treatment of lumbar disc degeneration, the
patient’s history should be consistent with mechanical back
pain, and radiographic studies should show degeneration at
discrete levels. While a good history, physical examination,
and diagnostic radiographs—including standing lexion and
extension views along with MRI—will allow diagnosis of
discogenic pain, discography is useful in those equivocal cases
and should reproduce concordant pain and show abnormal
disc morphology (Fig. 49.1). Patients with a signiicant behavioral component to their pain should be considered poor
surgical candidates. Preoperative psychological screening can
be helpful in the evaluation of those patients.5
Anterior lumbar interbody fusion (ALIF) and total disc
replacement (TDR), as options for treating DDD, have had a
tumultuous history with increasing and decreasing interest
and success over the years. ALIF as a procedure favors load

transmission through the anterior column, recreates lordosis,
restores disc height, and tensions lateral and posterior annular
or ligamentous ibers (Fig. 49.2).6 TDR likewise removes the
diseased disc, indirectly decompresses posterior structures,
and replaces the diseased disc with an artiicial one while
preserving aspects of normal biomechanical function. Direct
anterior exposure allows complete removal of disc material,
increasing the fusion rate,7 and prepares the disc space while
avoiding trauma to the posterior musculature, making it an
attractive option for the treatment of DDD. In the United
States, most approaches to the anterior spine are performed
by general/vascular surgeons, though, depending on training,
some US spine surgeons do their own.

Anterior Lumbar Surgical Approach
Relative contraindications to anterior lumbar approaches
include advanced atherosclerosis of the major vessels and
obesity. Some consideration should be given to patients who
have previously undergone prior abdominal surgery or have
inlammatory diseases because these conditions create signiicant scarring that may increase the risk or preclude one from
successful surgery. Both the retroperitoneal and transperitoneal approaches may be used in these patients, but extra care
and consideration should be taken into account. Transperitoneal approaches have been associated with higher rates of
retrograde ejaculation in comparison to retroperitoneal with
elevation of the hypogastric plexus. Given the decrease in the
rate of peritoneal scarring and retrograde ejaculation with
retroperitoneal approaches, it has become the preferred
approach by many surgeons. herefore, the retroperitoneal
approach will be the primary approach covered in this chapter.
he retroperitoneal approach can proceed from various
incisions, including vertical midline, paramedian, oblique,
and transverse. Extensive lateral incisions should be avoided
because this may denervate the medially situated rectus
muscle. he incision needs to take into account the spinal level
and number of lumbar levels to be exposed. An infraumbilical
transverse or vertical incision can accommodate most
approaches to the L4–L5 and L5–S1 disc levels, whereas a
more obliquely or vertically oriented incision is favored for
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A
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FIG. 49.1 (A) Lateral luoroscopic image after discography with dye leaking into periphery of an abnormal
L5–S1 disc. (B) Axial computed tomographic scan after discography shows abnormal disc morphology and dye
extrusion into the peripheral anulus.

access to disc levels above L4 (Figs. 49.3 and 49.4). his incision allows for access to the L2–L3 disc level and possibly the
L1–L2 disc level in patients with a favorable body habitus.
In most nonobese patients, palpation by an experienced
access surgeon can be used to locate the sacral prominence to
identify the L5–S1 disc space. An approach to the L4–L5 level
should be directed at approximately the level of the anterior
superior iliac spine, although luoroscopic conirmation
should be used if there is any question. All of the landmarks
can be conirmed by luoroscopic guidance. Fluoroscopy is
especially important in patients who have distorted spine
anatomy, who have had prior spine surgery, or are obese.
he incision is made and cautery is used to deepen the
incision to the level of the anterior rectus sheath fascia. he
fascia is incised; superior and inferior fascial laps are then
raised at the linea alba. Care should be taken in patients who
have had previous Pfannenstiel incisions because they may
have unrecognized midline incisional hernias. he mobilization of the fascial laps provides for less tethering of the deeper
tissues and rectus muscle. he let rectus muscle is bluntly
mobilized to a lateral position, taking care to identify the
inferior epigastric vessels and small perforators. By dissecting
deep to these vessels, they can be preserved; however, they can
be clipped and divided if necessary.
Inspection and gentle inger dissection can be used to
identify the inferior edge of the posterior rectus sheath. his
provides the landmark to begin blunt separation of the peritoneal cavity laterally to start the exposure into the retroperitoneal space (Figs. 49.5 and 49.6). he let ureter easily rolls
up as part of this maneuver. he landmark to feel is the bulge
of the psoas muscle and the pulse of the common iliac artery.
A common mistake is to persist in aggressive dissection lateral
to the psoas muscle thinking that the planes may be adhesed.
When the peritoneum has started to roll medially and
the iliac artery has been palpated, the next landmark to be

palpated should be the L5–S1 disc level. he L5–S1 disc space
can be mobilized with the use of Kittner dissectors. he middle
sacral vessels can be mobilized and divided between ligatures
or small clips. Occasionally, anomalous venous drainage may
be present across the sacral spine. his may include a single
vessel as a bridging iliac vein to a conluent venous plexus
across the region. he iliolumbar vein typically branches of
posterior to the common iliac vein at the L5 vertebral level,
and is an important consideration for exposure for the L4–L5
disc space above. Most of the time, it may be identiied within
2 cm of the L4–L5 disc space. In a small percentage of patients,
it may not be present. he common iliac artery can be easily
visualized lateral to the vein and is usually bifurcating into the
internal and external iliac arteries at the L5–S1 level. Blunt
dissection generally can be used to expose the entire face of
the L5–S1 disc level without signiicant need for major vascular mobilization (Fig. 49.7). Care should be taken during the
mobilization to elevate the superior hypogastric plexus with
the peritoneum, helping to avoid nerve injury and retrograde
ejaculation in males. his plexus typically feels like a ibrous
band within the peritoneal fat, and typically elevates with the
peritoneal packet.
he L4–L5 disc level is generally the most diicult level to
provide full access to for the spine surgeon. It is oten at this
level where the bifurcation commences, and can be diicult to
mobilize. It is also important to look for vascular calciications
because calciication increases the potential risk for complications with an exposure at the L4–L5 level. Ater the retroperitoneum has been exposed, a plain ilm can be obtained to
conirm the disc level. Gentle blunt dissection can be used to
mobilize the let common iliac artery. his dissection should
be continued distally well onto the external iliac artery to
minimize potential trauma to the artery. Generally, the vascular structures should be mobilized as paired structures. If it is
a high bifurcation, a thorough mobilization of the let common
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FIG. 49.2 (A) Preoperative plain radiograph and (B) T2-weighted sagittal magnetic resonance image showing
two-level degenerative disc disease and 6-month postoperative plain (C) anteroposterior and (D) lateral
radiographs. Note signiicant disc space and foraminal restoration using an anterior interbody spacer.

iliac artery and vein may allow them to be retracted laterally.
Gentle Kittner dissection shows the iliolumbar vein as it
branches of the posterolateral aspect of the common iliac
vein, inferior to the L4–L5 disc. If it is not identiied within
approximately 15 to 20 mm of the disc space, it may
not impede the exposure and, if not under tension, may be
let intact.

Additional mobilization of the segmental vessels immediately adjacent and superior to the L4–L5 region is sometimes
necessary (Fig. 49.8). Pulse oximetry, though optional, can be
helpful when mobilizing vascular structures. Before retraction
or mobilization, the oxygen saturation and waveform of a let
lower extremity pulse oximeter should be evaluated. When
retraction has been applied, if the saturation diminishes to
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FIG. 49.3 Approximate level of incision.
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FIG. 49.6 Approach to retroperitoneum with the peritoneal packet
mobilized medially.

FIG. 49.4 Skin marking for the L5–S1 approach.
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FIG. 49.5 (A) Initial retroperitoneal approach. (B) Initial approach with the peritoneum separated from the
posterior rectus fascia.
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FIG. 49.7 Exposure of L5–S1 disc. a, artery; L, left; R, right; v, vein.

Umbilicus

R

L
A

Harrington retractor

B
C

zero, the surgeon has approximately 45 to 50 minutes before
the retraction should be released to allow for resumption of
unimpeded blood low. he waveform should normalize over
a brief period before replacement of the retractors. his can
be repeated with periodic release of the retractors every 30
minutes or so ater that. If there is not a return to baseline over
a few minutes, vascular examination with ultrasound should
be performed.

Indications for Interbody Fusions
Choosing to proceed with operative intervention on the spine
should be a joint decision reached by the patient and the
physician. Prospective patients should have tried and failed
nonoperative management, and the clinical and radiographic
picture should correlate to maximize results and patient satisfaction. ALIF can be chosen to aid patients with (1) DDD and
the spectrum of clinical and radiographic changes noted
under this umbrella term; (2) pain ater prior posterior surgery,
such as laminectomy, in which signiicant epidural scar may
complicate a revision surgery; and (3) signiicant low back
pain with two or more recurrent herniated discs.
Axial back pain caused by the degenerative process of the
disc and spine as a whole is currently the main indication for
ALIF. By correctly identifying discogenic pain via radiographs,
magnetic resonance imaging (MRI), and provocative discography, one can remove the pathologic disc and stabilize the
segment with an interbody grat (see Figs. 49.1 and 49.2).
Using an ALIF procedure, patients with associated radicular
leg pain secondary to foraminal narrowing can be indirectly
decompressed by restoring the foraminal height, elongating
redundant posterior and lateral anulus (if not removed), and
realigning overlapping incongruent facet joints and more
directly decompressed by removing compressive nuclear
material.8,9 Patients with a herniated nucleus pulposus can
undergo direct decompression and discectomy via an anterior
exposure. Interbody implants placed through an anterior
approach can be used alone or in conjunction with posterior
fusion techniques for cases requiring a more robust fusion
construct.

D

Interbody Implants and Graft Material
F
G

A) Sympathetic trunk
B) Segmental vessels
C) Genitofemoral nerve
D) Psoas muscle
E) Iliolumbar
F) Left rectus muscle
G) Left iliac vein
Initial exposure
FIG. 49.8 Exposure of L4–L5 disc. L, left; R, right.

E

Balfour
retractor

he race between temporary mechanical support and biology
has been run since the origins of orthopaedic care. In the
spine, the goal of any interbody device is to provide anterior
column mechanical support while a bony fusion develops. A
single question remains to be answered: How rigid does a
construct need to be to provide early stability without negatively afecting the spine when fusion is present? Creating an
unnecessarily stif construct may lead to stress shielding,10
additional surgery, and implantation of costly implants;
however, too little stifness leads to biomechanical failure or
pseudarthrosis. Pilliar and colleagues11 showed that small
micro-motion of 28 µm does not afect bone ingrowth into
porous-surfaced implants and large micro-motion greater
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FIG. 49.9 Six-month follow-up lateral radiograph of graft using femoral
ring allograft and bone morphogenetic protein, with posterior bilateral
pedicle screws showing bone bridging and solid fusion.

than 150 µm can produce a ibrous interface. Nevertheless, the
current consensus seems to be that adequate stabilization
must greatly increase the stifness above the native segment.
Femoral ring allograt (FRA), a frequently used method,
obviates the need for cortical autograt and provides a strut
with signiicant compressive strength,12,13 incorporates with
host bone, and provides a medium easier than metal to evaluate grat incorporation (Fig. 49.9). Previously, allograt rings
were fashioned by surgeons on back operating room tables,
but now can be commercially obtained. To augment fusion,
allograt or autograt cancellous bone can be placed in the
center of the cortical ring. FRA as a stand-alone intervertebral
spacer has been shown to have a high rate of pseudarthrosis
and subsidence.14,15 Anterior or posterior augmentation has
been recommended.
Transforaminal lumbar interbody fusion and posterior
lumbar interbody fusion have allowed surgeons to place
interbody grats from posterior approaches, providing anterior
column support and negating anterior exposures. Posteriorbased surgery has been shown, however, to have increased
operative time, patient morbidity, and complications compared
with anterior-based surgery.16,17 Also, patient anatomy and
the degree of pathology can make achieving an adequate
discectomy and ideal grat size and position and placement
a challenge. hese factors have contributed to less restoration
of disc height, less than complete fusion bed preparation,
and less mechanical stability at the time of implantation than
with ALIF.

Previously, stand-alone anterior interbody grats were
fraught with reported complications, such as migration, subsidence, and pseudarthrosis. As interbody grat technology has
progressed, there has been renewed interest, however, in standalone anterior interbody fusion, single-approach procedures.
Biomechanical studies have reported that stand-alone anterior
interbody grats without ixation are weakest in shear strength,
rotation, and extension.18 he addition of a blocking screw or
plate for FRA and synthetic spacers such as polyetheretherketone (PEEK) has minimized the occurrence of anterior migration. Currently available in PEEK, metal carbon iber, and
machined allograt and other various materials and combinations, interbody synthetic grats have been optimized compared
with their predecessors. Cage design from cylindric to a box
shape has led to better matching of the endplate geometry and
has been shown to decrease motion at the intervertebral
segment.19 Grant and colleagues,20 performing a human cadaveric biomechanical investigation, showed that lumbar endplate
density and thickness increased toward the periphery, with the
strongest being posterolateral just in front of the pedicles.
Larger, more robust, locking and nonlocking plates have
been used to augment a stand-alone interbody grat; although
efective, these plates require increased exposure and have a
large anterior proile. To negate the exposure necessary for
plating and minimize sot tissue and vessel irritation, anterior
interbody synthetic products with incorporated plates or ixation through the grat into the vertebral bodies have been
developed. By increasing their stand-alone biomechanical
strength to minimize extension and shear forces, one hopes
that these products may negate the need for a robust anterior
plating and posterior surgery.
Many studies have shown the stability-enhancing efect of
integrated anterior instrumentation and a biomechanical
argument for stand-alone ALIF (Figs. 49.9 and 49.10). Kuzhupilly and colleagues21 looked at stand-alone FRA versus
industrial FRA with integrated crossed cancellous screws into
the adjacent vertebral bodies. hey found signiicant improvement in extension stability only. Le Huec and colleagues22
tested a lateral entry–placed cage with plate augmentation and
found a signiicant increase in stifness in all loading directions. No statistical signiicance was noted whether or not the
plate was attached to the cage.
Schleicher and colleagues23 compared the SYNFIX LR
(DePuy Synthes) and the STALIF (Centinel Spine), two standalone ALIF cages, and found a statistically signiicant increase
in stifness over the native in vitro segment, with the SYNFIX
LR, a locking four-screw implant, showing a higher stabilizing
efect in lateral bending than the STALIF. Flexion-extension
inite element analysis revealed that the cage bears most of the
force in lexion, and the screws and the screw–plate interface
take most of the stress in extension. Cain and colleagues24
showed the SYNFIX LR had equal stifness versus 270-degree
and 360-degree constructs. he test device showed a higher
ability to withstand axial torque compared with standard
pedicle screw instrumentation. At the present time, a few
products have US Food and Drug Administration (FDA)
approval for stand-alone interbody use, with many more
devices seeking approval.
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FIG. 49.10 (A) Anteroposterior and (B) lateral radiographs of the lumbar spine demonstrating a standalone
L5–S1 interbody fusion cage (Arcadius L, Aesculap). (C) Anteroposterior and (D) lateral radiographs of MIDLINE II
(Centinel Spine) cage utilized in a 360-degree fusion construct. (E) Lateral and (F) anteroposterior radiographs of
MIDLINE II (Centinel Spine) cage in a 360-degree fusion construct. (G) Depiction of MIDLINE II. (G, Courtesy
Centinel Spine, West Chester, PA.)
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Most current implants allow the incorporation of grat
material to augment the fusion process. Historically, the gold
standard has been autogenous morcellized bone grat; however,
to minimize patient morbidity, allograt and biologic materials
have been developed. Multiple studies have evaluated allograt
eicacy in fusion patients as extenders and stand-alone
with good results.25 he addition of the recombinant human
bone morphogenetic protein (rhBMP-2) Infuse Bone Grat
(Medtronic) has been shown to promote osteoinduction and
to stimulate early incorporation of grats (see Fig. 49.9).26,27
Burkus and colleagues27 reported 100% fusion rate with standalone interbody fusion using threaded cylinder allograt
dowels with rhBMP compared with autograt. Pradhan and
colleagues28 showed, however, that the use of rhBMP-2 with
stand-alone FRA can lead to an aggressive early osteoclastic
response, causing grat and endplate osteolysis with potential
subsidence risk. hese authors believed that augmenting with
intersegmental instrumentation can support the FRA with
bone morphogenetic protein during this mechanically vulnerable time. Although bone morphogenetic protein has been
shown to enhance fusions, it still remains controversial due to
its perceived link to increased rates of cancer and retrograde
ejaculation.29
Now the technology is moving to incorporate titanium
porous-coated surfaces to allow better initial interference it
and to promote bone ingrowth into the cage (MIDLINE II
[Centinel Spine], ArcadiusXP L [Aesculap Implant Systems],
Lucent Ti-Bond [Spinal Elements]), making the cages not only
function as spacers and carriers of the grat, but as part of the
fusion mass. Some of these new cages are prior PEEK cages
that have been impregnated with porous titanium at their
contact with bony endplates, while others are completely
made out of metal alloy. Some even go further by incorporating new manufacturing procedures, such as three-dimensional
printing, to give increased surface area for bone ingrowth
(ALIF Spine Truss System [4WEB Medical]). hese newer
cage designs may also be classiied as bioactive implants.

Indications for Total Disc Replacement
Although similar to ALIF patients in many ways, TDR patients
have some very important diferences when it comes to patient
selection. he most common indications are listed in Box
49.1.30 he majority of patients who qualify for TDR are
younger than 60 years, with the FDA studies recommending
skeletally mature adults from 18 to 60 years of age. his
excludes most patients with degenerative processes in dorsal
spinal structures (e.g., facet degeneration, ligamentum lavum
hypertrophy) and with inadequate bone stock as quantiied by
evaluating bone mineral density. It is recommended that a
patient have a T-score of at least –1.0 to be considered secondary to TDR implants relying on vertebral endplate ixation and
ingrowth for stability. Evaluation of posterior structures is
typically done through radiographic studies, and facet blocks
may be used to diagnose facet-mediated pain. Even though
ventral insertion of a TDR may ofer some indirect decompression, circumferential stenosis is best treated by direct

BOX 49.1 Common Indications and Contraindications for Lumbar
Total Disc Arthroplasty
Indications
Age 18 to 60 y
Symptomatic degenerative disc disease L3–L4 to L5–S1 with or without
conirmatory discography
Failure of nonoperative therapy for at least 6 mo
No signiicant facet disease
Bone density dual-energy x-ray absorptiometry T-score >–1.0
No previous retroperitoneal approach
No signiicant arterial calciication
Spondylolisthesis or pars defects
Recurrent disc herniation contiguous with disc space with signiicant
low back pain in a patient with no other contraindication who would
be considered to be a fusion candidate
Absolute Contraindications
Poor bone quality (e.g., osteoporosis, osteopenia, metabolic bone
disease, tumor)
Severe facet degeneration
Spondylolisthesis and spondylolysis
Circumferential stenosis
Scoliotic deformity >11 degrees
Current or past trauma to involved vertebrae
Morbid obesity
Infection
Autoimmune disorder
Relative Contraindications
Age older than 60 y
Psychosocial disorder
Multiple degenerative disc disease levels
Obesity
Previous lumbar surgery if facet joint compromised

decompression of neural elements through a dorsal approach
with fusion, if needed. Studies have shown that the disc space
preparation necessary for insertion of a TDR can increase
rotational instability of the spine. he currently available
semiconstrained disc replacements do not fully restore this
stability.31 herefore, TDR in a spine with preexisting rotational instability (Cobb angle >11 degrees) might be expected
to result in higher failure rates, thus is not recommended.

Implants and Design
Only two TDR implants have been approved by the FDA, the
ProDisc L (De Puy Synthes) and the activL Artiicial Disc
(Aesculap). he Charité (DePuy Synthes) was a previous TDR
that was removed from the market due to a business decision
by the manufacturer. ProDisc L was developed in 1990 in
France and has undergone one design revision. It was irst
implanted in the United States in October 2001 (Fig. 49.11).
It contains two cobalt-chromium endplates, with a ultrahighmolecular-weight polyethylene insert that is monoconvex and
locks into the distal metallic endplate. his results in a balland-socket joint that limits translation but allows rotation and
limited bending, making it a constrained device in terms of
translation. A central keel on the endplates and plasma-sprayed
titanium coating allow for bony ixation and ingrowth.
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FIG. 49.11 ProDisc L lumbar disc replacement. (A) Three components. (B) Implant with ultrahigh-molecularweight polyethylene component attached to caudal endplate, nested with cephalad endplate as it rests in vivo.
(C) Anteroposterior and (D) lateral radiographs of device in vivo. (A and B, Courtesy DePuy Synthes, West
Chester, PA.)

It is important when discussing disc replacements and their
ability to maintain spinal motion to classify them in terms of
degrees of freedom and constraint. here is controversy
regarding the level of constraint in these implants. Most are
classiied as semiconstrained due to partial loss of degrees of
freedom. he ball-and-socket articulation of the ProDisc L
classiies it as being semiconstrained (see Fig. 49.11).
he activL was irst released in June 2015 in the US market
(Fig. 49.12). It is classiied as a mobile bearing implant secondary to its translational abilities along with its traditional balland-socket attributes. he activL allows for continued rotation
and bending motion, but also allows anterior to posterior
translation. It also has a titanium coating (Plasmapore),
making it a bioactive implant similar to the ProDisc L. he
activL comes in a spike-and-keel version, but only the spike
design is FDA approved in the United States. It does ofer a
wider range of implant sizes and angles, along with a sacralspeciic design, than the ProDisc L. At this time, other designs

have been approved for use in Europe with similar designs and
features, but they have yet to be approved in the United States
(Table 49.1). Many discs have undergone the investigational
device exemption (IDE) trials, but have never been approved
secondary to various reasons, including implant design (metal
on metal), product safety, patient issues, and the extensive
inancial burden of the approval process.
Numerous studies have demonstrated the efectiveness of
lumbar TDR. here are multiple FDA IDE trials with 2-year
and 5-year follow-up and one with 10 years in a subset of
patients.32–40 here are multiple studies from Europe with over
10 years of follow-up. 34,41–43 here are three FDA IDE randomized control trials comparing TDR to fusion (ProDisc L,
Charité, Maverick [Medtronic]) that consistently found TDR
to have similar or superior outcomes compared with
fusion.35,36,44 he other 5-year study was an FDA IDE trial
comparing two TDRs (Kinelex [SpinalMotion] vs. Charité)
with good results in both groups.45 Two studies have had a

882 THORACIC AND LUMBAR DISC DISEASE

A

B

C

FIG 49.12 (A) Three components of the activL disc replacement: superior and inferior endplates with the
ultrahigh-molecular-weight polyethylene component sliding into the inferior plate. (B) Anteroposterior view of
an L5–S1 activL disc implanted. (C) Lateral radiograph of the activL disc implanted. (A, Courtesy Aesculap,
Center Valley, PA.)

TABLE 49.1

Current Lumbar Total Disc Replacement Designs

Implant

Manufacturer

Key Features

Approved Use

Charité

DePuy Synthes

Two metal endplates with biconvex mobile with unconstrained motion
and UHMWPE insert

Single-level lumbar disc replacement
(discontinued 9/2011)

ProDisc L

DePuy Synthes

Two metal endplates with ixed uniconvex UHMWPE insert, ball-and-socket
articulation with ixed center of rotation and constrained motion

Single-level lumbar disc replacement

Maverick

Medtronic

Two metal endplates with metal-on-metal articulation ball-and-socket type
with constrained motion

Withdrawn due to patent issues

FlexiCore

Stryker Spine

Two metal endplates with metal-on-metal articulation ball-and-socket type
with constrained motion

Withdrawn by Stryker

Kinelex

SpinalMotion

Two metal endplates with metal-on-metal articulation and
semiconstrained motion

Withdrawn by sponsor

activL

Aesculap

Two metal endplates with UHMWPE insert with constrained motion

Single-level lumbar disc replacement

Freedom

Axiomed

Two titanium bead–coated endplates with rails for short-term ixation,
notched endcap for device positioning with viscoelastic polymer core

FDA IDE study data collection is ongoing

M6 L

Spinal Kinetics

Two metal plates with UHMWPE artiicial anulus and artiicial polymer
nucleus and viscoelastic motion

Not yet studied in the United States, but
used in Europe

Mobidisc

Zimmer Biomet

Two metal endplates with self-centered UHMWPE creating an
unconstrained motion

Being implanted in Europe

FDA, Food and Drug Administration; IDE, investigational device exemption; UHMWPE, ultrahigh-molecular-weight polyethylene.

2-year follow-up comparing TDR to fusion (ProDisc L twolevel IDE, FlexiCore [Stryker]) with TDR outcomes similar or
superior to fusion.33,39
Speciically, the ProDisc L two-level study enrolled 237
patients with 2-year follow-up that resulted in signiicantly

less operative time, blood loss, and hospital stay compared
with fusion.33 he TDR group demonstrated preservation of
range of motion (ROM) with greater improvements in visual
analog scale (VAS) and Short Form-36) scores as well as
patient satisfaction. In regard to two-level surgery, results of
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FIG. 49.13 Anteoposterior (A) and (B) lateral radiographs of a hybrid implantation with a ProDisc L and
Arcadius L stand-alone interbody fusion device in a patient with two-level disc pathology with difering stages
of degeneration.

10-year follow-up have been reported in a relatively small
sample of patients from one site participating in the FDA
trial.41 hey found that patient satisfaction was 92%, with 85%
clinical success. he signiicant improvement in Oswestry
Disability Index (ODI) scores were maintained during the
long-term follow-up. Overall, there was a trend of similar or
superior outcomes in the studies done in the United States
comparing TDR to fusion and comparing diferent TDRs
done for one- and two-level DDD.
Multiple studies from Europe have had a 5- to 10-year
follow-up. In a 5-year study from Siepe et al., with a more than
90% follow-up rate, the satisfaction rate was 86.3% and there
was a 2.2% adjacent-segment reoperation rate.46 hey also
found that a one-level TDR had statistically better results on
some measures compared with a two-level TDR, including a
lower complication rate (11.9% vs. 17.6%), lower VAS and
ODI scores, and higher satisfaction. Another long-term study
was by Lemaire et al., with a minimum 10-year follow up with
the Charité.32 More than 90% of patients returned to work, and
good/excellent outcomes and maintenance of ROM were
found in over 95% of patients. Other studies with more than
a 10-year follow-up replicated the results. Regarding other
implants, there is a study from Lovi et al. with 51 patients from
two centers in Europe using the Maverick at a single level.34
hey reported that back pain was improved in 84% of patients.
here were no signiicant changes in adjacent discs and facet
joints based on MRI at 10-year follow-up. Overall, studies in
Europe had longer follow-up and replicated the results from
the United States.
One of the major potential clinical beneits of lumbar TDR
is reducing the occurrence of adjacent-level degeneration.
Biomechanically, fusion increases intradiscal pressure, facet
loading, and hypermobility above and beyond natural history.
Risk factors for adjacent-level disease are pedicle screws, facet
joint violation, sagittal malalignment, and fusion length. here

is evidence showing signiicant diference in adjacent-level
disease comparing TDR versus fusion (9.2% vs. 28.6%, respectively).35 In the same study, among patients with normal
adjacent levels preoperatively, signiicantly more TDR patients
had no changes in these levels at 5 years postoperatively
(90.8%) compared to fusion (71.4%). Adjacent segments were
reoperated in 1.9% of patients who underwent TDR and in 4%
of fusion patients.
A hybrid construct refers to the use of a lumbar disc replacement adjacent to a fusion. he TDR may be performed along
with fusion of an adjacent level, or it may be performed
adjacent to a previously fused level (Fig. 49.13). Both of these
clinical scenarios are considered of-label use for the prostheses currently available for use in the United States based on
the inclusion and exclusion criteria from the FDA IDE trials.
he theoretical advantages of preventing adjacent-segment
disease may have more utility when used in hybrid constructs.
he advantages would be increased in longer fusions, which
have a higher incidence of adjacent-segment disease.47–50
Aunoble and colleagues51 implanted hybrid constructs in 42
patients and followed them prospectively. At 2 years, ODI
decreased by 53%. However, no prospective randomized level
1 data or long-term prospective data exist to support the
regular use of these hybrid constructs.
Despite the overwhelming amount of scientiic data supporting TDR in the lumbar spine, there still is a lack of approval
by insurance companies for its use, with many of the major
insurance carriers claiming TDR is still experimental or that it
is a more costly procedure. However, when compared to fusion,
as previously mentioned, it shows higher patient satisfaction
outcomes and is more cost-efective than ALIF and anteroposterior procedures.52–56 Along with almost no catastrophic
failures or high revision rates, the TDR revision burden fell
within range of hip and knee replacement, which are generally
considered successful and cost-efective procedures.52–56

884 THORACIC AND LUMBAR DISC DISEASE

Postoperative Management
Postoperative management is quite similar for ALIF and TDR.
Patient-controlled analgesia is instituted for pain control and
weaned as bowel function and oral tolerance allow. he patient
is mobilized the day of surgery, starting with chair transfers
and assisted ambulation. A liquid diet is started ater surgery
and progressed as tolerated. Hospital stay is typically 1 to 3
days, based on patient type and surgery performed. Bracing is
variable, dependent on stability of ixation, and is surgeon
speciic, ranging from an abdominal binder for comfort and
incision healing to a rigid orthosis. he addition of instrumentation, bone morphogenetic proteins, and similar substances
may obviate the need for rigid bracing in fusion patients.
Activity should include limited bending and twisting motions,
and liting initially should be limited to 10 pounds or less.
TDR patients are explicitly counseled to refrain from extension of the spine during the immediate postoperative period.
Return to activities of daily living is progressively allowed and
encouraged. Return to work and sports depends on the patient
and surgeon, based on the patient’s requirements, status of
fusion, and ixation method. In general, TDR patients are
released for all activities at 3 months.
Evaluation of fusion progression can be diicult in the
presence of an interbody grat. Evaluation of fusions that is
100% reliable is available only with histologic examination,
which is rarely possible or done. Radiolucent and nonferromagnetic implants, such as carbon iber and polymer synthetics, have been developed to allow better visualization of
surrounding bone and sot tissues on plain radiographs, MRI,
and computed tomography (CT). Cizek and Boyd57 evaluated
cadaveric implant models radiographically and found neither
CT nor radiographic interpretation reliable. Evidence of a
fusion can be evaluated by the following radiographic features:
(1) no motion on lexion-extension ilms (≤5 degrees has
been accepted as fused in the literature and by the FDA); (2)
anterior or posterior bridging bone across the disc space,
called the sentinel sign58; (3) bridging trabecular bone across
the intervertebral space and endplates; and (4) the absence of
“a windshield wiping halo,” or lucency around instrumentation, indicating implant motion.
In disc replacement patients, ixation of the implant is
equally diicult. Once sot tissues are healed, ixation of the
implant to the endplates is best judged on plain ilm radiographic images demonstrating good endplate–implant interface apposition and secondary bony integration, which usually
occurs by 3 months. As with fusion and other implants,
radiolucency of the bone-implant interface is indicative of
motion and loosening.

Complications
he incidence of complications in anterior spinal surgery
is oten diicult to assess because of the diferent types of
procedures, surgeons performing them, implants used, and
experience of the operative team. Poor outcome is the

number one surgical complication, and poor patient selection is oten to blame; one must be vigilant in diagnostic
workup and adhere to surgeries that address the patient’s
pain generators.
Vascular injury to the common iliac vessels with L5–S1
exposure is most commonly seen upon exposure for both
TDR and ALIF patients. Clear identiication of the disc space
before discectomy must be obtained and maintained during
the operation. In particular, the common iliac vein, being
compressible and dorsal to the artery, can be mistaken for sot
tissue during the approach. he iliolumbar vein, also called
the ascending lumbar vein, is at risk during approaches to the
L4–L5 interspace, and should be controlled as dictated by the
amount of exposure necessary. Some surgeons believe that
ligation of this vessel should be obtained in 100% of exposures
to minimize the risk of tearing during retraction. Arterial
thrombosis from aggressive retraction or injury, or both, has
also been reported.59,60
Retrograde ejaculation as a result of hypogastric plexus
injury has been reported to range from 0.4%61 to 8%.62 In one
of the largest single ALIF trials to date, Kuslich and colleagues63
reported a 4% rate in 591 patients. Loguidice and colleagues64
in 58 patients and Brau65 in 686 exposures each noted only
one case of retrograde ejaculation. he preaortic (prevertebral)
sympathetic plexus runs along the anterolateral edge of the
vertebral bodies, adjacent to the psoas, then traverses over
the aortic bifurcation and common iliac vessels forming the
hypogastric plexus. Blunt dissection to mobilize the more
cephalad prevertebral plexus before the hypogastric plexus
can aid the exposure. Aggressive electrocautery should be
minimized during the approach in this area and during the
disc space preparation. Male patients should be counseled on
this potential adverse event and advised that there also is a
chance of spontaneous recovery. Most patients, even if retrograde ejaculation occurs, are still able to achieve sexual satisfaction, but may still have diiculty fathering a child. If the
patient is concerned, he can predonate and store sperm, or
some urologists recommend recovery of the sperm in afected
individuals.
Injury to the alimentary tract can be minimized by packing
the peritoneum behind self-retaining retractors. Postoperative
ileus occurs and can be efectively managed with restricted
oral intake, proper luid hydration, and gastric suction, as
indicated. Damage to the bladder and ureter, rare in primary
cases, can be minimized by routine use of a Foley catheter and,
in revision cases, with proper identiication and the placement
of preoperative ureteral stents.
Fusion implant-related complications, such as grat subsidence, malposition, extrusion, and pseudarthrosis, as alluded
to previously in this chapter, can be minimized with careful
patient selection, careful implant selection, and meticulous
discectomy to optimize the fusion bed without disrupting the
structural integrity of the subchondral bony endplates. he
proper height grat should be selected to restore “normal” disc
height, avoiding overdistraction.
Complications in TDR surgery can be divided into previously mentioned approach-related, device-related, and
patient-related complications.66 Device-related complications
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such as the ProDisc, absorb anteroposterior shear forces, thus
creating greater stress within the implant and at the implant–
bone interface, while sparing the facets. he ixed center of
rotation creates a greater arc of motion to compensate for
the lack of translation. his changes the kinematics of a facet
joint, causing greater stresses at the extremes of lexion and
extension.72
Heterotopic ossiication, limiting TDR’s ROM, is of some
concern. Although it was observed oten with earlier implant
designs, studies with modern TDRs show signiicantly lower
rates. In addition, Tortolani et al. reviewed data from the
Charité IDE study and evaluated the clinical signiicance of
heterotopic ossiication.73 Of 276 patients, 12 (4.3%) had
radiographic evidence of new bone formation. All of these
patients had ROMs and clinical outcomes similar to the rest
of the study population.
he complication rates with TDR surgeries are relatively
low. Nevertheless, strategies for revision have been developed.
If additional surgery is necessary, either an anterior or a
posterior approach is used. Repeat ventral surgery carries a
signiicantly higher risk of intraoperative complications. In the
Charité IDE study, the incidence of vessel injury during
reoperation was signiicantly greater than that with the index
operation (16.7% vs. 3.6%), mostly because of scarring to the
vertebral column.74 Other structures at risk due to scarring
and distorted anatomy are the ureters and the lumbosacral
trunk. hese complications may be minimized with use of
preoperative angiography and the intraoperative placement of
intravascular balloons and ureteral stents.
An alternative revision procedure involves posterior fusion
with rigid instrumentation. his strategy avoids the area of
previous surgery and solves problems of instability. Cunningham et al. performed an in vitro biomechanical analysis
of such a construct. hey found that augmentation of an
anteriorly placed TDR with posteriorly placed pedicle screws
provided stability similar to that of the combination of anterior cage and posterior pedicle screws (circumferential fusion
construct).75 If TDR components must be removed because of
dislodgement or malposition, however, the posterior approach
is inadequate. Alternative approaches, such as transperitoneal,
contralateral retroperitoneal, and transpsoas (for levels L4–L5
and above), have been described.76–78 A prophylactic strategy
involves placing an antiadhesive barrier over the vertebral
column ater TDR implantation to prevent scarring ater a
primary anterior approach. Various liquid and solid products
are available and have been shown to be efective in adhesion
prevention with abdominal and pelvic surgery.79
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PEARLS AND PITFALLS: ALIF
1. Careful patient selection is the key to successful surgery and
maximization of outcomes.
2. Meticulous disc space preparation that avoids endplate violation
is important for proper it of the implant.
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include implant subsidence, migration or extrusion, malposition, and material wear or reaction. Subsidence is by far the
most common issue, seen in up to 9% of TDRs in older studies
and from 0% to 3% of patients in more recent trials.30,36,67
Subsidence has also been observed in up to 67% of patients
with failed TDR outcomess.68 Of note, no clear clinical efect
of subsidence on outcomes has yet been demonstrated. his
complication may be minimized by excluding patients with
poor bone quality and seating the largest implants on the more
cortical peripheral edges of the vertebral endplates. he risk
of device migration or extrusion depends signiicantly on
implant design, placement, and sizing. A TDR inserted in the
midline—which can be ixed to bone with spikes or keels,
promotes bony ingrowth to the endplates, and is sized to
provide good sot tissue tension—would have a very low
chance of migrating. In earlier studies, the rates of migration
were up to 7%,68 but with improved designs and surgical
experience, more recent studies have shown rates of 0% to
2.4%.36,42 here have been several reports of conirmed adverse
reactions to particulate wear debris. here are also controversies surrounding metal-on-metal implants, mostly due to the
concerns existing about the release of metal ions into the
bloodstream.69 Most device-related complications are iatrogenic and can be minimized with proper patient selection,
operative technique, and implant sizing and position. Malpositioning is the main reason for signiicant wear in these
implants.
Patient-related complications include adjacent-level disc
degeneration, same-level facet degeneration, and heterotopic
ossiication. Successful motion preservation is the main
mechanical goal of lumbar TDR. his has been well
documented.37,70 Adjacent-segment degeneration seen ater
arthrodesis is thought to be related to increased stress at
adjacent segments due to transfer of extra motion and loads
from the fused segment. Currently, there is only one long-term
study that deinitively shows that motion preservation using
TDR avoids accelerated adjacent-segment degeneration in a
5-year follow-up.35 Intermediate-term data by Huang et al.
using the PRODISC show that ROM of at least 5 degrees is
needed for improved clinical outcomes and reduction in
degeneration of adjacent discs.71
he presence of degenerative disease in the facet joints is a
contraindication to lumbar TDR. Early disease in the facets
may be missed during initial screening, and patients may
continue to experience pain ater surgery from persistent
motion in these degenerated posterior structures. In a study
assessing 175 patients complaining of persistent pain ater
PRODISC II implantation, facet joints were conirmed as a
source of pain by luoroscopically guided blocks in 12.6% of
patients, mostly at the index level (84%).43 Van Ooij et al.
reported facet joint arthrosis in 42% of patients with persistent
pain ater Charité TDR.68 All 29 patients with failed TDRs in
a study by Rosen et al. had evidence of facet distraction or
compression on CT.57 Facet distraction was also associated
with radiculopathy, likely from capsular stretch.
TDR design may also afect the manner in which the facets
are loaded. In the normal lumbar spine, facets are loaded with
ventral shear forces. Implants with a ixed center of rotation,
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3. Selection of an implant depends on the disc space anatomy to
allow the best it and contact with endplates.
4. An implant of the proper height should be selected to restore
“normal” disc height, avoiding overdistraction.
PEARLS: TDR
1. Level 1 scientiic evidence for the eicacy of lumbar TDR exists
for one- and two-level DDD, although US FDA approval is
currently only for single-level use.
2. Preoperative CT scans should be considered in all lumbar TDR
patients to assess for facet arthrosis and to ensure that there is
no preoperative unrecognized spondylolysis.
3. DEXA scans should be obtained preoperatively in patients older
than 50 years or if there are other clinical risk factors for
osteoporosis because osteopenia (T-score of ≤−1.0) is a
contraindication to lumbar disc replacement.
4. Care should be taken to preserve the bony endplates. Endplate
insuiciency is an indication to convert to fusion.
5. Radiographic conirmation of the midline in the coronal plane
(on anteroposterior luoroscopic view) is imperative before inal
disc space preparation and implant insertion.
PITFALLS: TDR
1. Failure to identify the patient’s pain generator adequately may
lead to a higher clinical failure rate than published series.
2. Extremely easy mobilization and distraction of a collapsed disc
space may point to unrecognized defects in the pars
interarticularis.
3. Failure to mobilize the motion segment adequately before
implant insertion or attempts to stuf the disc space with the
tallest TDR implant would result in limited postoperative ROM.
4. Implant insertion with inadequate anterior exposure may result
in device positioning unacceptably of the midline.
5. For revision anterior surgery for device removal, the surgeon
should consider an alternative approach to the disc space from
the original approach.

KEY POINTS: ALIF
1. Knowledge of the retroperitoneal anatomy is essential.
2. Both TDR and ALIF are safe and efective procedures in the
hands of experienced spine surgeons.
3. Patient selection is key to a successful outcome.
4. A wide variety of graft materials and constructs are available
with varying degrees of stability that may or may not
necessitate posterior ixation.
5. Complications can be kept to a minimum with careful surgical
technique.

KEY POINTS: TDR
1. The US FDA IDE clinical trials for the various devices provide
level 1 prospective randomized data showing clinical success for
fusion and TDR for properly selected patients with chronic back
pain secondary to disc degeneration.
2. Despite the noninferiority design of the clinical trials, the
published data seem to indicate that a well-implanted,
functional disc replacement can result in a better clinical
outcome than a fused segment.
3. Revision and removal of the current lumbar TDR devices remain
quite technically challenging.
4. Long-term results are also needed to see if current motion
preservation designs are efective in preventing
adjacent-segment degeneration seen with lumbar fusions.
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Posterior Lumbar Interbody Fusion
William J. Molinari III
Nathan H. Lebwohl

Introduction
he technique of posterior lumbar interbody fusion (PLIF)
has become an important part of the modern spine surgeon’s
armamentarium. his was not always so; for nearly half a
century ater the introduction of this technique, it was performed routinely by only a handful of surgeons. Most surgeons
condemned the technique as unnecessary, technically diicult,
or even dangerous.1,2 Controversy persists regarding the safety
of PLIF compared with other approaches to the intervertebral
space and regarding the beneit that PLIF adds to the outcome
of surgical treatment for various spinal pathologies.
PLIF is an operation in which the disc space is exposed
from a posterior approach, similar to that used in a discectomy,
and a fusion is performed by directly grating the intervertebral space. Classically, PLIF is performed via bilateral exposure
of the disc space, with some retraction of the dura to expose
the disc. When PLIF was irst described, before the era of
spinal instrumentation, advocates of the operation argued that
it prevented collapse of the disc space ater discectomy and
maintained the height of the neural foramen, keeping the root
free of bony compression. hese advocates also believed that
placing bone grat directly in the disc space would more likely
result in healing of the fusion because the bone would be
subject to compressive forces. Critics argued that the operation required excessive epidural dissection and nerve root
retraction with a high risk of dural tear, epidural ibrosis,
nerve root injury, and chronic arachnoiditis, and that grat
displacement could lead to late neurologic compromise.

Historical Perspective
Attempts to identify the irst surgeon to perform an interbody
fusion from a posterior approach are muddled by several
reports appearing in the published literature beginning in
1944,3–5 but no one disputes that credit for initially developing
the techniques and key principles of the operation as it is
practiced today belongs to Cloward,6 who emphasized the
importance of a wide exposure of the spinal canal to minimize

nerve root injuries, the use of structural grat to prevent
intervertebral collapse, and the complete removal of nuclear
material from the disc space and replacement with bone to
promote fusion. Cloward was widely criticized for his operation, probably as much because he advocated that it be
included as part of the routine surgical treatment for all
lumbar disc herniations as for the frequency of poor outcomes
and complications when it was attempted by other surgeons.
A few surgeons embraced Cloward’s operation, and several
large surgical series were published in the literature reporting
good outcomes and high fusion rates.7–10 Widespread interest
in and acceptance of PLIF as a valuable technique did
not occur, however, until the introduction of pedicle screw
instrumentation.
With the early generation of pedicle instrumentation,
screw fracture was a common occurrence. Fracture especially
occurred if a dramatic change in spinal alignment was
achieved, such as in the reduction of a high-grade spondylolisthesis. Even without large changes in alignment, screw
fracture occurred commonly in overweight patients or when
the disc space was distracted.11 In those cases, the mechanical
loads that the instrumentation was subjected to exceeded the
fatigue properties of the screws. Surgeons, in particular Stefee
and Sitkowski,12 recognized that a structural grat placed in
the disc space would divert some of the load, decreasing the
forces on the posterior instrumentation, and reduce the frequency of instrumentation failure. Stefee and Sitkowski12
reported their experiences with reduction of high-grade
spondylolisthesis. In each of the irst three patients treated
with pedicle screws, the instrumentation failed, and alignment
was lost. In the next 11 patients, an interbody grat was placed.
All of these patients developed solid fusions with no loss of
alignment. With PLIF, the load-sharing anterior column
support could be added to protect the pedicle screws without
the need for a separate anterior incision (Fig. 50.1).
Simultaneous with the beneit of PLIF on reducing failures
of the new instrumentation, pedicle instrumentation had a
beneicial efect on the outcome of PLIF surgery. For the
irst time, rigid ixation was available that could efectively
stabilize the lumbar spine ater laminectomy. his ixation
virtually eliminated the complication of grat displacement
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have proven to be successful, however. Cylindrical threaded
fusion cages enjoyed brief popularity as PLIF devices that did
not require supplementary ixation, but mediocre results and
high complication rates associated with their use resulted in
their virtual disappearance as a posterior spinal implant.18 he
clinical experience with threaded implants and the study of
the relevant biomechanics have helped surgeons understand
the PLIF operation better, however, and develop the operation
that is currently performed. Although more recent advances,
such as the development of the transforaminal and direct
lateral approaches to the disc space, have decreased the frequency with which PLIF is performed, PLIF remains an
important and powerful tool for spinal surgeons.

Indications for Interbody Fusion

FIG. 50.1 Screw fracture and loss of alignment is a common complication
after reduction of spondylolisthesis if anterior column support is not added.

that had previously been associated with PLIF in some surgeons’ hands.
he addition of instrumentation also improved the fusion
rate of PLIF. Many of the previously held objections to PLIF
surgery were no longer applicable when PLIF was combined
with pedicle instrumentation.
Another development that favored the adoption of PLIF
was the invention of the interbody fusion cage by Brantigan
and the titanium mesh cage by Harms. heir designs eliminated the need to harvest a structural grat from the iliac crest,
which was a major source of morbidity previously associated
with the PLIF procedure. he cage provided the structure,13
and the osteogenic potential for fusion came from cancellous
bone packed into the cage, which could be obtained from the
iliac crest more easily than a structural grat, with less injury
to the patient. Before the invention of the cages, it was possible
to avoid the morbidity associated with grat harvest by using
allograt bone, as advocated by Cloward.14,15 Concerns about
availability, disease transmission, healing potential, delayed
healing, and wide variation in the structural integrity of available grats all contributed to the limited enthusiasm for the
use of allograt bone for interbody fusion.16,17 he availability
of cages overcame another common objection to the PLIF
operation.
he availability of pedicle screw instrumentation and
intervertebral cages contributed to progressively greater
acceptance of the operation irst pioneered by Cloward. Better
alignment and higher fusion rates are routinely achieved using
these devices. he training of surgeons and marketing of these
devices by their manufacturers have also contributed to wider
adoption of PLIF in surgical practice. Not all of these devices

Some surgeons believe that an interbody fusion is indicated
whenever a lumbar fusion is done. hey argue that the intervertebral space is biologically and mechanically superior for
fusion compared with the intertransverse plane because of the
larger surface area of the highly vascular bony endplate and
because the interbody bone grat is subject to compressive
forces. In addition, they criticize the large amount of muscle
damage that occurs from exposure of the spine for posterolateral fusion. Despite these theoretical advantages, it is diicult
to show clinical superiority of interbody fusions over posterolateral fusions for most lumbar degenerative conditions, and
most published studies comparing the techniques reveal
similar outcomes regardless of what fusion technique is
used.19–22 here are, however, certain circumstances when
interbody fusion ofers deinite advantages. Adding an interbody fusion to a posterolateral fusion increases the rate of
achieving successful arthrodesis. his is especially true when
a long fusion extends to the sacrum, which is historically
associated with a high risk of lumbosacral pseudarthrosis.23
Some authors have argued that interbody fusion should be
combined with posterolateral fusion in other patients at high
risk for failed fusion, such as smokers.24 Witham et al. reviewed
103 patients that were either treated with a posterolateral
arthrodesis alone or a posterolateral arthrodesis with PLIF or
transforaminal lumbar interbody fusion (TLIF) for degenerative or isthmic spondylolisthesis. hey found that a posterolateral fusion combined with an interbody fusion correlated
with a greater amount of correction as well as a decreased need
for reoperation related to pseudarthrosis, progression of listhesis, instrumentation failure, and adjacent-segment disease.
hey argue that adding an interbody fusion to the index
procedure is most worthwhile to decrease the need for reoperation, which is more than seven times likely in the posterolateral fusion–only group.25 In patients with pseudarthrosis
ater failed posterolateral fusion, an interbody fusion is a good
salvage operation, allowing the fusion to occur in a wellvascularized bony bed rather than attempting fusion again in
the scarred devascularized posterolateral space.26 Interbody
fusion ofers a particular advantage in the treatment of scoliosis and kyphosis or latback deformities. he destabilizing
efect of disc space preparation facilitates rotational correction,
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Biomechanics of Interbody Fusion
An appreciation of the mechanical properties of the spine ater
interbody fusion is essential to understanding the beneits and
pitfalls of this operation. It seems intuitively obvious that
placing a solid block in the disc space would prevent lexion
of the vertebral motion segment. his is what occurs—whether
the grat is placed from an anterior or posterior approach. his
fact has important implications for protection of posterior
instrumentation. Interbody grats signiicantly decrease the
strain in posterior spinal implants when they are subjected to
compression or lexion loads, which are the common modes
of failure of these constructs in clinical practice. Various
authors have shown that placing intervertebral cages decreases
forces and strain in posterior implants by 56% to 80%,29,30
and the clinical beneit of establishing anterior load sharing
to prevent implant and construct failure is well established
(Fig. 50.2).31
Increasing stability when the spine is subject to lexion
loading does not mean that the spine is more stable when
subject to forces in every direction. Ater interbody grat
placement, the motion segment is more unstable in certain
directions. he pattern of instability is determined to a great
extent by the direction from which the grat is placed and
represents the destabilizing efect of the surgical approach32
and the preparation of the disc space. Grats placed from an
anterior approach result in increased motion when force is
applied in extension; this likely represents the efect of dividing the anterior longitudinal ligament. Grats placed from a
posterior approach result in increased axial rotation of the
motion segment owing to the resection of the posterior facet
complexes necessary to avoid excessive dural retraction.33–37
he design of the cage—vertical, box, or threaded, and whether
or not the cage engages the endplates—does not seem to
matter with regard to the patterns of instability created by
intervertebral placement. Only the structures sacriiced during
the approach to the disc are important in determining instability of the inal construct (Fig. 50.3).38,39
Most surgeons make the assumption that a PLIF procedure
is a stabilizing operation. he biomechanical data show that
this is not entirely true. Understanding that placing an interbody grat or cage can lead to destabilization of the motion
segment in certain directions is important for understanding
why interbody fusion done without supplementary ixation
has a high failure rate, especially when done from a posterior
approach. Proponents of threaded fusion cages, which were
designed to be used without supplementary ixation, argued
that distraction of the disc space would stabilize the motion
segment through ligamentotaxis. his argument is true.
Increasing the size of the cage used to distract the disc space
results in greater stabilization of the motion segment on
mechanical testing.40 Ater cyclic loading, some subsidence is
inevitable, however, and biomechanical tests done ater cyclic
loading of threaded cage constructs reveal decreased stability
in all directions.41
he destabilizing efects of interbody fusion are overcome
by adding pedicle screw instrumentation; this is true whether
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and distraction of the intervertebral space allows correction
of segmental kyphosis and asymmetrical tilt of the vertebrae.
In patients with isthmic spondylolisthesis who undergo deformity reduction, it has been well shown that an interbody grat
ofers a biomechanical advantage, which protects instrumentation by load sharing, helping to maintain the alignment
achieved at surgery. Also, the L5 transverse process is oten
hypoplastic in these patients; thus, the increased bone surface
area of the vertebral endplate ofers a vastly larger area to
which bone can fuse.
Most series evaluating the role of interbody fusion in
isthmic spondylolisthesis show substantial clinical and radiographic beneit.27,28 Finally, the most common indication for
interbody fusion, but probably the most controversial, is
ablation of the disc space in patients with discogenic pain.29,30
Many advocates for surgical treatment of this entity argue that
only interbody fusion can completely remove motion of the
painful disc and that complete removal of nuclear material is
necessary to eliminate the anatomic source of pain.
Regardless of the indication, interbody fusion can be performed from anterior and posterior approaches. he relative
advantages of these approaches are inluenced by many factors,
and it is essential that the spinal surgeon be well trained in
various approaches so that the most appropriate one can be
chosen for each unique clinical situation. Speciic advantages
of the posterior approach include the ability to simultaneously
decompress the spinal canal directly and stabilize the spine
more efectively with instrumentation. Although safe techniques of anterior ixation have become available more
recently, if multilevel instrumentation is needed, posterior
approaches are preferred. In patients with spinal deformity,
bilateral facet resection allows more efective destabilization
of the motion segment, allowing greater corrections than can
be obtained by anterior disc removal alone, again favoring a
posterior approach to the intervertebral disc. Posterior
approaches avoid manipulation of the great vessels, of special
concern in patients with atherosclerosis or a history of venous
thrombosis. Also, posterior approaches avoid injury to the
hypogastric plexus, which can result in retrograde ejaculation
and sterility; thus, they are generally preferred in young men.
When there has been extensive posterior surgery and scarring, anterior approaches to the disc space avoid the increased
risks of dural tear and nerve root injury associated with
reoperation on the spinal canal. If a conjoined root is identiied on preoperative imaging, the risk of root injury is also
higher, and an anterior approach is preferred. A wider exposure of the disc space can also be achieved anteriorly, theoretically allowing better preparation of the endplates and more
complete packing of the interspace with bone grat. Some
surgeons prefer the anterior approach in patients at high risk
for pseudarthrosis. An anterior approach may also be preferred when trying to increase lordosis. Dividing the anterior
longitudinal ligament may allow for greater anterior distraction and more lordosis. Despite this theoretical advantage, in
our experience, anterior approaches are more efective than
posterior approaches in achieving lordosis only when the facet
joints are highly mobile or have irst been resected through a
posterior approach.
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FIG. 50.2 Reduction in strain on posterior implants when a cage is placed in the intervertebral disc space. This
model of a spinal motion segment with pedicle screw ixation has no anterior column support. (A) Alignment
with no load applied. (B) Loss of alignment with only 700 N of load, the physiologic equivalent of standing in
place. (C) Protective efect of an implant placed in the disc space. (Courtesy Hassan Serhan, PhD.)

Although cage design characteristics do not seem to have
a signiicant efect on segmental motion, these characteristics
do inluence the risk of subsidence, the healing of bone within
the cage, and the alignment achieved. In addition, endplate
preparation and vertebral bone density have important efects
on the extent of subsidence.

1.8
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Human ant
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FIG. 50.3 Summation of ive biomechanical studies of stability after
anterior (ant) cage placement in human cadaver models, and three studies
of posterior (post) cage placement. The data for each direction of testing is
presented as the ratio of range of motion (ROM) after interbody cage
placement compared with the motion of the unoperated segment. A ratio
of 1.0 implies the same motion as the intact specimen. Note that placement
from an anterior approach stifens the spine in lexion, axial rotation (rot),
and lateral bending (Lat bend), while placement from a posterior approach
only stifens the spine in extension (Ext). When testing axial rotation, placing
a cage from a posterior approach creates more motion than the unoperated
spine. (Modiied from Oxland TR, Lund T. Biomechanics of stand-alone cages
and cages in combination with posterior ixation: a literature review. Eur
Spine J. 2000;9:S95–S101.)

the fusion is done from an anterior or posterior approach.
hese biomechanical data correlate well with the substantially
greater clinical reliability of achieving an arthrodesis when
interbody fusion is done with supplementary pedicle ixation
compared with the variable results reported with stand-alone
interbody fusion procedures.

he optimal cage material is unknown. Cloward42 advocated
the use of ethylene oxide sterilized allograt bone. Brantigan
and colleagues16 tested 18 tricortical iliac specimens obtained
from bone banks and determined that 3 were not strong
enough to sustain anticipated loads without collapse.
Current allograt products available for intervertebral use
are made primarily of cortical bone and have adequate compressive strength. In designing his cage, Brantigan chose
carbon iber–reinforced polymer because of its strength and
because its modulus of elasticity is similar to that of cortical
bone.13 In the United States, other materials commonly used
in commercially available cages are polyetheretherketone, a
nonreinforced polymer, and titanium, which has a modulus of
elasticity signiicantly greater than that of cortical bone. he
stifness of the cage is determined not only by the mechanical
properties of the material but also by the shape and design
characteristics of the cage. he ideal stifness and its role in
limiting subsidence or enhancing fusion are unknown. Finiteelement data have suggested that stifer cages are more likely
to subside,43 but animal data have not supported this hypothesis,44 and clinical reports have not convincingly shown that
metal cages are more likely to subside than cages made of
polymer (Fig. 50.4).
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FIG. 50.4 Anteroposterior (AP) and lateral radiographs of successful interbody fusions with (A–B) carbon
iber–reinforced polymer cages, (C–D) titanium mesh cages, and (E–F) allograft wedge spacers. Incorporation of
bone graft and replacement by new bone is most easily visualized with the polymer cages because they are
radiolucent. The outline of the polymer can be seen on the AP view as four radiolucent squares at the
periphery of the implant. With titanium mesh cages, healed bone graft is visualized in front and behind the
implants, but assessment of the graft within the cage is diicult with standard radiographs. When nonunion
occurs with allograft implants, a radiolucency is usually seen adjacent to the allograft. (A–B, Courtesy John
Brantigan, MD.)

Kanayama and colleagues45 studied the efect of cage design
on stress shielding of the grat inside the cage. hey determined that it was the pore size, not the stifness of the material,
that determined the load experienced by the grat. he total
pore size was not important; rather, it was the size of the
largest contiguous opening that determined how much force
was transferred to the grat. It was implied that minimizing
stress shielding is important to promote fusion, but no data
were presented to support that presumption. One clinical
study consistent with this hypothesis compared narrow and

standard carbon iber–reinforced polymer cages. he pore
opening in the narrow cage was 36% smaller than the pore
opening in the standard cage. here was a small but statistically signiicant reduction in fusion rate, 91.1% compared with
98.9%, but the conclusions have limitations because of methodologic laws.46 A larger pore size seems desirable as long as
the design of the cage provides adequate structural support for
the endplate.
Trabecular metal, another material oten used for interbody
fusion, ofers a porous tantalum surface for fusions. his

896 THORACIC AND LUMBAR DISC DISEASE

difers from the standard cage design in which there is space
in the center of the cage to ill with additional grat material.
Tantalum has a modulus of elasticity similar to cancellous
bone and a friction coeicient substantially higher than autograt, allograt, or other common implantable materials. Van
de Kelt and Van Goethem47 have shown that these trabecular
metal spacers do provide an adequate environment for interbody fusions when used in a stand-alone fashion or reinforced
with pedicle screw ixation. hey reported a 94% and 97%
fusion rate, respectively, when comparing stand-alone trabecular spacers versus trabecular spacers with pedicle screw
ixation in single-level interbody fusions. Subsidence rates
were acceptably low in both groups.
Implant design also inluences the alignment achieved. An
increasingly large body of evidence shows that maintaining
or restoring lumbar lordosis is an important surgical goal
and that lordosis correlates with the outcome of surgery.48
Early cage designs were rectangular and tended to force the
vertebral endplates into parallel alignment. It is possible to
achieve lordosis with rectangular cages, either by resecting
bone posteriorly or by compressing the posterior disc space
and causing the posterior portion of the cage to subside.49
A disadvantage of this approach is that it results in loss of
posterior disc space height, which can lead to foraminal narrowing. A better solution is to use a cage that is tapered to
achieve lordosis.50–52 It is commonly said that anterior distraction is necessary to achieve lordosis, but distraction of the disc
space with an implant that is not tapered lattens the spine.
Placing large cages to achieve lordosis is a mistake. hey
require more root retraction to place, which is more likely to
result in nerve injury. A better solution is to use a tapered
device and not to strive for maximal anterior height restoration (Fig. 50.5).

A

B

Subsidence
In addition to achieving fusion, avoiding subsidence to maintain alignment is an important goal of interbody fusion
surgery. In mechanical testing, endplate failure has a linear
correlation with decreased bone density,53 and severe osteoporosis is considered to be a relative contraindication to interbody
fusion because of the risk of endplate collapse. Severe osteoporosis, according to Oh et al., is deined as a T-score less than
–3.0 on bone mineral density scanning.54 his study group
found subsidence of cages 3 mm or greater more prevalent in
their severely osteoporotic study population compared to
those patients with higher T-scores. Although the incidence
of subsidence was greater, they did not correlate this inding
with a negative impact on clinical outcomes.54 he strength of
the endplate is not uniform, and the central portion, where
most surgeons place their grats, is the weakest. Mapping
studies have shown that the posterolateral portion of the
endplate is most resistant to compression.55,56 Placing the cage
or grat in the area where the bone is strongest makes biomechanical sense,57 but may not be consistent with the goals of
an individual surgical case. If it is necessary to increase lordosis, better results are achieved by anterior placement. Putting
the grat in the posterolateral position might be stronger, but
would block compression of the posterior disc space and limit
lordosis. his is especially true with rectangular cage designs
or vertical titanium mesh cages.
Cage designs that optimize contact with the strongest portions of the endplate are desirable, and include cloverleaf
designs and large round cages, both of which have peripheral
endplate contact.58 Practical use of large round cages is limited
to anterior surgery because of the excessive dural retraction

C

FIG. 50.5 Using a tapered cage or spacer is the best way to achieve lordosis. Facet resection is sometimes
needed to allow the back of the disc space to narrow adequately. An advantage of allograft bone is the ease
with which it can be sculpted intraoperatively to achieve the desired shape. (A) In this case, more lordosis was
achieved than would be typically possible using commercially prepared devices by using a burr to increase the
taper of the graft. (B–C) Using larger grafts and distracting the disc space more does not increase lordosis; it
only increases the amount of dural retraction needed and increases the diiculty of the surgery. (B–C, Courtesy
Depuy Synthes Spine, West Chester, PA.)
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FIG. 50.6 Obvious subsidence of the cage into the inferior endplate of L5. Technical factors that may have
predisposed to subsidence include the use of a single small cage placed centrally. Endcaps were not used,
which would have increased the surface area of metal supporting the endplate. Inadequate grafting of the
interspace around the cage may also have been a factor, suggested by the absence of bone in the disc space.
Fortunately, a solid posterolateral fusion was achieved.

that would be necessary to place such an implant. Lordotic
cages placed laterally also achieve near-optimal endplate
contact. he surface area of the endplate that needs to be in
contact with the grat is unknown, but is commonly stated to
be 30%. his percentage is based on a study of thoracic vertebrae subjected to a physiologic load of 600 N. Failure of the
endplate occurred in 80% of specimens subjected to that load
when the grats were 25% or less of the endplate surface area.
When the grats exceeded 30% of the endplate surface, 88% of
the specimens remained intact (Fig. 50.6).59
Preservation of the endplate is important to maintain the
structural integrity of the vertebra. Oxland and colleagues60
removed slightly less than 1 mm of cortical endplate with a
power burr to expose trabecular bone; this resulted in a 33%
reduction in compressive resistance of the vertebra. If the
endplate is decorticated where it is not in contact with the
cage, the strength of the remaining endplate is preserved.61
Consequently, it is recommended that the endplates be carefully preserved during preparation of the disc space wherever
they are in contact with the implant, but that areas of the
endplate that are not load bearing can be decorticated to
increase contact of grat placed outside the cage with trabecular bone.

Our Preferred Technique
Our experience with PLIF dates back to 1994; the method of
interbody fusion described here has been used without modiication since 1999. Early results were reported in 2000 with

an interbody fusion rate of 92%.62 It is our practice always to
perform a posterolateral fusion simultaneously with the PLIF
to ensure the highest chance of achieving an arthrodesis. he
technique for PLIF evolved from that described by Stefee and
Biscup (personal communication, October 1994) for insertion of trapezoidal “ramps” made of carbon iber–reinforced
polymer. heir method was to insert the ramps sideways and
rotate them into their inal position, minimizing the amount
of root retraction needed and simplifying placement of a
lordotic grat.
We prefer to use a commercially prepared trapezoidal
allograt wedge for two reasons. First is that its size and shape
can be easily customized intraoperatively with a power burr
to match the individual patient’s anatomy. he second is that,
in contrast to titanium and polymer cages, this structural
device has the potential to incorporate in the fusion. Although
the grat is placed primarily as a spacer and it is the autologous
bone placed around the grat that is relied on to achieve
arthrodesis, incorporation of the allograt generally occurs,
resulting in a more robust fusion. here is no potential for
polymer or metal to incorporate and contribute to the fusion;
thus, a smaller area of the endplate is available to participate
in healing when using devices made of those materials.
Ceramic blocks have been used in Asia because of the potential
for bone ingrowth, but there is no experience with that material in the United States, and it does not share the ability to be
easily sculpted intraoperatively. Currently, several manufacturers produce allograt implants of this design.
he technique described here for preparation of the intervertebral space is applicable to any intervertebral cage or grat,
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FIG. 50.7 The patient is positioned in hyperextension, with pillows under
the thighs and the head of the bed elevated to help achieve maximum
lordosis. The abdomen hangs free to allow unimpeded venous return.
Electromyelographic monitoring is used to help prevent nerve injury due to
excessive traction.

and the principles outlined help prevent neural injury and
other complications that have been associated with this operation. he procedure begins with proper positioning, which is
essential to achieve a good outcome. he patient is positioned
in hyperextension to help create lumbar lordosis. he abdomen
should hang free for unimpeded venous return; this decompresses the epidural venous plexus and helps reduce bleeding.
A radiolucent positioning frame is useful so that intraoperative
luoroscopic images can be obtained to conirm correct placement of screws and grats (Fig. 50.7). Pedicle screws should be
placed before beginning the interbody fusion. PLIF destabilizes the motion segment and should not be done unless
adequate pedicle ixation can be achieved.
A wide laminectomy and resection of the medial portion
of the facet joints is essential to minimize retraction of the
dura and nerve roots. he wide exposure helps avoid traction
injury to the lumbar roots, which can cause neuropathic pain
and weakness. Generally, the exposure of the disc space should
extend lateral to the medial border of the pedicle below.
Adequate exposure may require sacriice of the facet joints,
especially in the upper lumbar spine. his sacriice is of little
consequence because stability is restored by pedicle screw
ixation. he facets should always be excised when correcting
deformity because this helps loosen the spine and facilitates
correction. he superior edge of the upper lamina should be
preserved to maintain the posterior ligamentous attachments
to the vertebra above the fusion.
An abundant epidural plexus is usually encountered at the
lateral border of the spinal canal. Bipolar electrocautery and
packing with cottonoid patties can prevent the excessive
bleeding that sometimes accompanies interbody fusion procedures. A paste made from absorbable gelatin foam powder
and saline is very helpful in controlling bleeding. he venous
plexus should be sharply divided to facilitate mobilization of
the nerve roots and dura. A nerve root retractor is used to
protect the dura, and a rectangular opening is cut in the anulus
with a scalpel. When extending the annular opening laterally,

care is taken to protect the exiting nerve root. his is easily
done by sweeping any sot tissue toward the root with a No. 1
Penield elevator and leaving the elevator in place to protect
the root while working laterally.
he anulus is opened bilaterally, and the disc space is distracted with intervertebral spreaders. hese are bars of
increasing width with rounded edges. hey are inserted into
the disc space horizontally and rotated 90 degrees, distracting
the disc space. If the disc space is initially very narrow, it is
sometimes helpful to use a smaller instrument irst, such as a
No. 4 Penield elevator, to identify the path. It is important not
to use force in order to avoid inadvertent penetration into the
vertebral body. Lateral luoroscopy can be helpful to conirm
that the starting tools are correctly placed in the interspace.
he disc is gradually distracted, working from side to side with
increasingly large spreaders until resistance is met. he interspace should not be overdistracted, or the endplates may
collapse. It is not necessary to maximize distraction to achieve
lordosis, and decompression of the nerve roots should be
accomplished by aggressive foraminotomy, not aggressive
distraction. Placing a maximally tapered grat is the best way
to increase lordosis. Trying to place a tall grat has many negative efects. It increases the amount of dural retraction necessary, it increases the volume of bone grat needed to ill the
interspace, and it increases the distance over which the fusion
must occur (Fig. 50.8).
Ater distracting the space to a comfortable working distance, usually 11 or 12 mm, one of the spreaders is removed,
and a four-sided Collis curette 1 or 2 mm smaller than the
largest spreader used is inserted horizontally, then rotated
clockwise and counterclockwise to separate the cartilage from
the bony endplate. his step is repeated at various depths and
angles to clean as much of the endplate as possible. hese
curettes can be very aggressive, and it is important to be
careful not to cut into the endplate. A Kerrison rongeur is used
to resect loosened anulus lush with the vertebral endplates;
this allows better visualization of the disc space so that a more
complete discectomy can be done.
he discectomy is completed with standard curettes and
pituitary rongeurs. A reverse curette is very efective in removing any remaining cartilage from the endplates. It is helpful
to mark the curettes so that they are not inserted past a depth
of 30 mm. In most cases, the anterior anulus prevents protrusion anterior to the vertebra, but the anulus is sometimes
deicient, especially in patients with spondylolisthesis. hus, it
is important to avoid anterior protrusion of the instruments
and visceral injury. Ater cleaning the interspace, the intervertebral spreader is reinserted, usually one size larger than was
possible before removing the disc and cartilaginous endplate.
Next, the opposite side of the disc is prepared in the same
fashion.
It now is obvious that the interspace has been grossly
destabilized. If a rotational deformity is present, it can be
corrected by rotating the bilateral intervertebral spreaders
simultaneously and “walking” the displaced vertebra into
alignment. If no rotational deformity is present, the spreaders
should be turned in opposite directions so that a rotational
deformity is not induced. A grat is chosen to it into the
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FIG. 50.8 (A–C) The disc is gradually distracted with
lat bars of increasing width that are inserted and
rotated. (D) An intraoperative image demonstrating
that wide exposure allows the intradiscal work to be
done with minimal dural retraction. (E–H) Collis
four-sided curettes and standard curettes are used to
fully clean the disc space. (I–J) Lordotic allograft
spacers are inserted horizontally and rotated into
position. Autogenous bone is packed around the
spacers. (K) Axial computed tomography at the level
of the disk space demonstrates wide decompression,
posterolateral fusion, and abundant bone packed
around the spacers. (A–C, E–J, Courtesy Depuy
Synthes Spine, West Chester, PA.)
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FIG. 50.9 Lateral listhesis and rotational deformity can be corrected eiciently with posterior lumbar interbody
fusion. The spine is destabilized by bilateral facet excision and complete discectomy. The distraction paddles
can now be used to translate the vertebra laterally, correcting axial rotation, lateral listhesis, and asymmetric
disc space collapse.

interspace. he grat should not be taller than the widest
spreader used. It can be tapered to achieve the desired lordosis.
Ater ensuring that the dura and exiting nerve root are protected, the trapezoidal allograt is inserted horizontally into
the disc space and then rotated into its inal lordotic position.
he intervertebral spreader is removed from the opposite side
of the disc space.
Cancellous grat is packed from the opposite side into the
middle of the interspace; a syringe with the end cut of is
useful for this step. Finally, the second trapezoidal allograt is
inserted into position. Additional grat is packed around the
allograt wedges to ill the disc space maximally with bone.
he foramina and the midline under the dura are inspected to
ensure that no cancellous bone or disc material was displaced
into the spinal canal or neural foramen. Last, the instrumentation is tightened in gentle compression to secure the grats and
achieve lordosis (Figs. 50.9 through 50.11).

Optimal Graft Material
he gold standard for achieving a solid fusion is cancellous
autograt bone, regardless of which cage device or intervertebral spacer is chosen. Brantigan63 reported a 97.7% fusion rate
when using autologous cancellous grat in the cage that he

designed. Numerous authors have reported similar fusion
rates using bone harvested from the lamina, spinous processes,
and facet joints, without using iliac grat.64 Miura and colleagues65 reported a 100% fusion rate at 12 months in 32
patients treated with carbon iber–reinforced polymer cages.
Kim and colleagues66 reported a 95% rate using local bone in
titanium vertical mesh cages in a prospective study of 50
patients. Kasis and colleagues67 reported improved clinical
outcomes in a prospective comparison when using local bone,
attributing at least some of the beneit to avoiding the pain and
complications of iliac grat harvest. McAfee and colleagues68
reported a 98% fusion rate in 120 patients using local bone in
carbon iber–reinforced polymer cages placed via a unilateral
transforaminal approach.
hese reports of fusion rates determined radiographically
must be interpreted in light of previous studies that suggested
that radiographic methods have limited reliability for the
determination of fusion success.69,70 Other authors have cautioned that the use of local bone may be associated with
pseudarthrosis, and if local bone is used, careful preparation
and cleaning is necessary to avoid incorporation of sot tissue
with the grat material.63,71 Synthetic ceramic bone grat substitutes combined with iliac crest aspirate have also been
reported to be highly efective for achieving interbody fusion,72
but experience is limited.
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FIG. 50.10 Acute rotational deformity causing degenerative scoliosis is corrected by posterior lumbar
interbody fusion. Note that the deformity at L4–L5 was lexible and resolved spontaneously with correction of
the structural deformity at L3–L4.

More recently, there has been a surge of enthusiasm for
the use of bone morphogenetic protein to achieve spinal
fusion.73 Recombinant human bone morphogenetic protein
(rhBMP-2) was shown to be highly efective in achieving
spinal fusion when used inside a titanium-threaded cage
placed anteriorly in the intervertebral space. In a 2-year prospective randomized trial of 279 patients, fusion was achieved
in 94.5% of patients compared with 88.7% in the control group
in whom iliac autograt was used.74 Although not approved by
the US Food and Drug Administration (FDA) for posterior
use, many surgeons have extrapolated the outcomes documented in the anterior clinical trial to posterior intervertebral
applications. Review of the published data on outcomes of
posterior interbody use of this material reveals conlicting
results. Although some authors report universal fusion with
few complications,75 others have reported a worrisome list of
unexpected outcomes.
A clinical trial of rhBMP-2 used in posterior threaded
fusion cages was stopped by the FDA because of a high rate
of new bone formation (28 of 34 patients) in the spinal canal
or neuroforamina, although the authors of the study were
enthusiastic about the fusion results and believed that there
was no clinical signiicance to the new bone formation.76
Radiculopathy and neurologic deicit associated with ectopic
bone have been reported by other authors,77,78 and radiculitis
has been reported with the use of rhBMP-2 even when no
ectopic bone has formed. he use of a barrier between
rhBMP-2 and the neural elements has been reported to eliminate this complication.79,80 Osteolysis and endplate resorption
resulting in subsidence and cage migration have also been
reported as a complication of using rhBMP-2. Reports regarding the clinical signiicance of these radiographic indings vary
signiicantly, and many surgeons continue to advocate for the

use of rhBMP-2 in posterior interbody applications.81-84
Optimal dosing and methods of application of this recombinant protein are unclear at this time. Although fusion rates
seem to be high with the use of rhBMP-2, questions remain
regarding safety, superiority, and cost efectiveness.

Posterior Lumbar Interbody Fusion Versus
Transforaminal Lumbar Interbody Fusion
Although Cloward, Stefee, Branch, and others emphasized the
importance of a wide exposure to minimize dural retraction
and nerve root injuries during PLIF, other authors described
a more medial approach, which was oten associated with a
high incidence of nerve root injuries. his association was
especially true before the advent of posterior instrumentation,
when it was oten recommended that the facet joints be preserved to avoid destabilizing the motion segment.85 Dural
and root injuries were particularly prevalent when threaded
fusion cages were used posteriorly because of the emphasis on
using large devices to achieve stability through annular distraction.86 Because the cylinders were designed to cut into the
endplates, the diameter needed was sometimes 50% greater
than the height of the interspace achieved.39 Even when using
smaller devices, rates of neurologic complications of 17% were
reported.87
In 1997, Harms and colleagues88 reported a technique for
performing a posterior interbody fusion through a more
lateral approach than previously described.89 hese investigators advocated a unilateral approach to the disc space through
the neural foramen by removing the facet joint. his approach
allowed access to the disc space through the triangular “safe
zone” between the exiting nerve root and the lateral dural

902 THORACIC AND LUMBAR DISC DISEASE

A

B

C

D

E

FIG. 50.11 In this patient, severe degenerative disease of the lumbar spine has resulted in spinal stenosis,
degenerative spondylolisthesis, and asymmetric disc space collapse. Because a posterior decompression is
needed to treat the patient’s stenosis and pseudoclaudication, posterior lumbar interbody fusion is the most
eicient way to simultaneously correct the patient’s deformity and achieve fusion.

edge.90 In this way, an interbody fusion could be performed
with minimal or no retraction of the dura. he transforaminal
technique has been enthusiastically adopted by many surgeons;
a number of studies have shown a reduction of nerve root
injuries when comparing PLIF and TLIF in their hands.91,92
he increased incidence of iatrogenic nerve root injuries,
reported by some authors, during a PLIF versus a TLIF may
be due to the technical aspects of the PLIF technique, which
requires a more complete exposure of the thecal sac as well as
dural retraction. Surgeons who favor the TLIF also report
decreased blood loss, operative time, dural tears, and need for
reoperation. Although these diferences are quoted in the literature, this has not been our experience.91-93

One theoretical disadvantage of the TLIF technique is that,
because only a unilateral approach to the disc space is done,
it is impossible to remove the disc material completely. Javernick and colleagues94 showed that, on average, 31% more disc
material could be removed when a bilateral approach was
done. his inding leads to concern that the fusion rate might
not be satisfactory with a unilateral approach. McAfee and
colleagues95 showed that, for anterior interbody fusions, 100%
of patients who underwent complete discectomies achieved a
solid arthrodesis, whereas only 86% of patients with incomplete discectomies achieved solid fusion. In an animal model,
the inclusion of disc material with autologous bone in cages
led to a signiicant impairment of fusion.96 Despite these
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Outcome and Complications of Posterior
Lumbar Interbody Fusion
he outcome of PLIF surgery depends on many factors. Probably the most important, as with any operation on the lumbar
spine, is proper patient selection. Lumbar fusion done for the
wrong reasons or on the wrong patient uniformly yields bad
results. Review of the published outcomes of PLIF surgery
makes it clear that PLIF is a technically demanding procedure.
Variations in technique, care, and skill have signiicant inluence on the rate of fusion and the frequency with which
complications occur.
In large series, fusion rates greater than 95% have routinely
been reported with PLIF, regardless of whether carbon iber–
reinforced cages, polymer cages, vertical titanium mesh cages,
allograt bone spacers, or stand-alone cylindrical threaded
cages have been used.19,96–99 In contrast, only 77% of the
patients reported by Rivet and colleagues100 achieved solid
arthrodesis, despite the use of cancellous iliac grat and supplementary pedicle ixation. Fuji and colleagues101 reported a
nonunion rate of 72% in their series of threaded cages placed
posteriorly without supplementary ixation. It is unclear
whether poor technique or other factors are responsible for
the poor fusion results reported in those series.
Probably the most devastating complication that can occur
with PLIF procedures is a nerve root injury.102 he reported
incidence of this complication varies widely, suggesting that
surgical technique is an important factor afecting the frequency with which this complication occurs. Hosono and
colleagues, in their review of 240 patients operated on by four
surgeons, correlated complication rates with the experience of
the surgeon.87 In that series, 41 patients had some kind of
nerve injury, mostly transient. In Brantigan’s series,63 despite
previous failed discectomy and the associated epidural scar in
83% of his patients, postoperative radiculitis was reported
in only 2 of 100 patients, and one patient experienced a
footdrop.
In the larger series of carbon iber–reinforced polymer
cages submitted to the FDA in which 221 patients were
operated on by 15 surgeons, 3 cases of relex sympathetic
dystrophy and 3 cases of motor deicit, 1 of which was permanent, were reported.97 Davne and Myers103 reported only a
0.4% rate of traction root injury in their series of 384 PLIF
procedures.

Krishna and colleagues104 reported postoperative neuralgia
in 7.1% of their patients, but they were able to reduce the
incidence of this complication by half by modifying their
technique and removing the superior facet to widen the
exposure. Barnes and colleagues86 reported a 13.6% incidence
of permanent nerve root injury when using threaded fusion
cages but no nerve root injury when using much smaller
allograt wedges. hese results reinforce the principle that
wide exposure, careful technique, and avoiding oversized
grats can minimize the risk of neurologic injury in PLIF.
Grat displacement and loosening is another complication
that was associated with PLIF when the technique was irst
described. his is a rare complication, however, with the addition of posterior pedicle screw stabilization. Subsidence of the
implants can occur with PLIF. Most authors have not carefully
documented this phenomenon. Factors predisposing to subsidence include inadequate grat technique and sizing, and
endplate injury during preparation. Patient factors such as
weight and osteoporosis are likely important.105 Implant type
may be a factor, but convincing evidence of this has not been
presented.106,107 Pedicle screws alone do not prevent subsidence ater PLIF.108
Vertebral compression fractures at the adjacent proximal
or distal level to the interbody fusion have also been reported.
Osteopenia/osteoporosis, short segment fusions, female
gender, and age older than 65 years were cited to increase the
risk of compression fractures at the nonfused vertebrae ater
interbody fusion.109
Other complications of PLIF are similar to the complications encountered in all lumbar spine surgery. Epidural
hematoma, wound infections, and other non–implant-related
complications seem to occur with similar frequency in PLIF
as in other reconstructive operations on the lumbar spine.

Summary
PLIF is a technically demanding operation that has an important role in the modern management of lumbar spine problems. Careful surgical technique emphasizing wide exposure
and avoiding oversized implants can lead to excellent results
with a low rate of complications and high fusion rates. Many
diferent types of implants and grats are available, without a
clear-cut advantage of one type of device over another. Excellent results have been reported with most commercially
available cages and grats. PLIF is a useful way to provide
anterior column support without the need for an anterior
incision. PLIF is especially helpful to avoid failure of posterior
instrumentation in patients who have undergone realignment
of high-grade spondylolisthesis and to prevent distal instrumentation failure in long fusions to the sacrum.110
Although PLIF with supplementary ixation creates a very
stif motion segment, the PLIF operation by itself destabilizes
the motion segment. his destabilization is useful for correcting spinal deformity but makes the addition of posterior ixation, such as pedicle screw ixation, important to ensure
successful healing of the fusion. In the treatment of degenerative conditions of the lumbar spine and back pain, PLIF ofers

S E C T I O N

concerns, although no prospective randomized comparison
has been done, the unilateral approach to the disc space seems
to result in adequate fusion rates.
In our experience, the unilateral transforaminal approach
is useful when extensive postoperative scar makes mobilization of the dura or exposure of one side of the disc diicult.
When trying to correct deformity, the greater laxity of the
motion segment achieved by a bilateral approach makes PLIF
the preferred technique, however. he technique of PLIF
described in this chapter involves extensive or complete facet
resection, eliminating any diferences in risk of nerve root or
dural injury between PLIF and TLIF.
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some theoretical advantages over traditional posterolateral
fusion techniques. Clinical studies generally have failed to
show superiority of PLIF convincingly over other techniques,
however. In clinical situations involving degenerative conditions of the lumbar spine and back pain, the role of PLIF as
part of the surgical treatment of the patient has more to do
with the experience of the surgeon than with any other factor.
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Posterolateral and lateral approaches to disc disease in the
thoracic spine developed as a consequence of poor outcomes
ater traditional posterior laminectomies, generally due to the
approach morbidity and inadequacy of ventral decompression achieved by these procedures in surgical management
of central and paramedian herniated discs. Posterolateral
approaches to the thoracic spine are varied and include costotransversectomy, transforaminal, transpedicular, transfacet
pedicle sparing, and transverse arthropediculectomy. Variations among these approaches largely hinge on the amount
of bone resected to achieve decompression. hese may be
seen as in a continuum with the lateral approaches, namely
the lateral rhachotomy, the lateral extracavitary approach,
and the lateral parascapular extrapleural approach. Improved
exposure ofered by these approaches facilitates better
decompression of centrally located, larger, or highly calciied
disc herniations, among many other pathologies. However,
these techniques come at a cost of being technically demanding and require signiicant sot tissue manipulation and
dissection.
In the lumbar spine, posterolateral corpectomy and arthrodesis is a fairly common procedure performed for pathologies
such as spinal deformity, degenerative disease, trauma, tumor
and infection. In many patients corpectomy can serve as a
workhorse for more complex disorders requiring efective
interbody fusion, and use of a less-invasive lateral approach
to perform lateral corpectomy and arthrodesis is increasingly
common and used for more complex disorders of the spine.
Interest in the procedure has exponentially increased ater its
introduction.
Although the focus of this section is thoracic and lumbar
disc disease, posterolateral and lateral approaches to corpectomy are among the most versatile of approaches for
vertebral body resections and have been adapted for use in
spinal deformity and scoliosis, thoracic and thoracolumbar
vertebral body trauma, vertebral neoplasm, and vertebral
osteomyelitis.

Posterolateral and Lateral Corpectomy in the
Thoracic Spine
Historical Perspective
Spinal cord decompression for thoracic disc herniation traditionally involved simple laminectomies. Adson performed the
irst laminectomy and decompression for thoracic disc herniation in 1922.1 Mixter and Barr reported on laminectomies for
19 disc herniations in 1934, of which 4 were in the thoracic
spine.2 Two of these patients developed transverse myelopathy
postoperatively, and another recurrence of symptoms was
noted shortly thereater. Similar results were noted by multiple
other series, with signiicant morbidity and mortality associated with the procedure.3-8 Perot and Munro in 1969 reviewed
91 cases of thoracic disc herniations treated with dorsal laminectomy and noted persistence of symptoms or paralysis in 40
of these patients.9 Importantly, they were able to demonstrate
improved outcomes with lateral disc herniations compared
with centrally located protrusions.
Costotransversectomy was introduced by Menard in 1895,
as with many approaches to the spine, for the treatment of Pott
disease.10,11 Variations were developed by Seddon (1935) and
Capener (1954).12,13 Hulme (1960) is believed to have been the
irst to perform the procedure for thoracic disc herniation,
although his technique was a modiication of the original and
involved a more extensive transverse arthropediculectomy.5
he lateral extracavitary approach (LECA) was originally
developed by Alexander14 and a modiied version by Capener15
in the treatment of tuberculous spondylitis. he procedure
was later introduced by Larson16 in 1976, allowing for wide
exposure using a fully extrapleural approach, which gave
surgeons the ability to span the thorax and abdomen without
taking down the diaphragm.17,18 Several authors have subsequently, and in recent decades, used modiied versions of the
procedure to access and treat all types of anterior spinal
pathology while allowing for the placement of posterior
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instrumentation. Patterson and Arbit19 described the transpedicular approach in 1978, which involved removal of the
entire pedicle and facet, afording a more direct exposure of
ventral disc space. his approach ofers the advantage of not
placing radicular vessels at risk but still provides reasonable
access to central and calciied discs.
he development of these approaches was driven out of
goals to improve the management of degenerative disease
and disc pathology via decreased morbidity with improved
decompression and partial corpectomy. hese techniques,
however, have been modernized to facilitate greater degrees
of corpectomy and even vertebrectomy in the management of
more diverse pathologies, including vertebral body fractures,
neoplasms, vertebral osteomyelitis, and spinal deformity (e.g.
kyphosis, kyphoscoliosis) to generate greater sagittal and
coronal plane corrections.

Indications and Choice of Approach
Absolute indications for surgical management of thoracic disc
disease, and cord compression from a variety of pathologies,
remain poorly deined. he natural history of the disease is
not well captured, and thus is relatively unknown, and symptoms do not always correlate with the extent of disease noted
on imaging.20-23 In general, patients with severe, intractable
radicular pain, progressive myelopathy, lower extremity weakness, or bowel and bladder dysfunction with evidence of cord
compression on magnetic resonance imaging are considered
to be good candidates for surgical treatment, not uncommonly
requiring partial corpectomy for decompression. Indications
for more extensive corpectomy or vertebrectomy via posterolateral and lateral approaches are outlined in separate sections,
but this chapter is focused on cord compression, progressive
neurologic deicits, or spinal column instability resulting from
degenerative, deformity, traumatic, infectious, or neoplastic
processes leading to destruction of the vertebral body that
causes anterior column instability or direct cord compression
via mass efect.
Surgeon opinion regarding choice of approach is also
inconsistent. Each approach carries with it unique beneits
and risks. Choice of approach requires careful evaluation of
patient-speciic pathology and overall medical status as well
as a consideration of surgeon experience with a particular
technique. In all cases, the most important goal during treatment is to minimize manipulation of a damaged/compressed
spinal cord while ensuring complete decompression and stabilization. Transpedicular and pedicle-sparing transfacet
approaches are oten cited as technically simpler than other
approaches, allowing for minimal bone removal and decreased
operative time.21,22,24,25 Costotransversectomy requires more
extensive sot tissue dissection and rib removal and comes
with increased risk of blood loss.24,26,27 here also exists the
potential for vascular compromise due to poor visualization
of the radicular vessels, especially when operating between T7
and L2 due to possible disruption of the artery of Adamkiewicz.28,29 he extrapleural nature of these approaches usually
eliminates the need for a chest tube. Posterior and posterolateral approaches, particularly when made via a central midline

incision, also allow for posterior instrumentation without the
need for an additional incision.
Transpedicular and pedicle-sparing approaches are suited
for more laterally located pathologies or in the treatment
patients with multiple medical comorbidities, who require less
anesthesia and historically a more expedient procedure.19,25,30
Densely calciied discs or centrally located pathologies have
been suggested to be better managed with a more direct
transthoracic or thoracoscopic approach.9,31 However, some
authors continue to prefer a costotransversectomy approach
with an interbody fusion ater removal of more ventral disc,
then impacting the calciied compressive disc away from
the dural sac and spine. Lateral and costotransversectomy
approaches tend to ofer advantages in exposure with paramedian pathology or lateral disc herniations with calciication,21,25,32-34 although it has been suggested that a direct lateral
approach can achieve decompressions in a variety of ventral
pathologies. As mentioned, vascular compromise must be
guarded against in these approaches, and some recommend
routine angiography in cases where the planned procedure
places multiple radicular vessels at risk.10,24,35 New modiications of and indications for these approaches continue to be
described.21,36 Beyond thoracic disc herniations, many of these
techniques have been used extensively for neoplasm, trauma,
deformity, and infection with good results.33,37-41 he extent of
corpectomy varies with the burden of disease. Vertebrectomy
is more commonly indicated in cases of extensive vertebral
osteomyelitis, fracture, or neoplasm but also facilitates
improved decompression or deformity correction in kyphosis/
kyphoscoliosis. hese approaches oten require anterior
interbody fusion devices and posterior instrumentation and
arthrodesis depending on the amount of bone removed and
subsequent instability.

Surgical Technique
Posterolateral Approaches
In posterior/posterolateral approaches, the patient is prone or
in a modiied prone/laterally tilted position. he approach side
is based on the laterality of the pathology, and a right-sided
approach is oten preferred in central pathology to avoid the
descending aorta. Special consideration must also be given to
the artery of Adamkiewicz with let-sided approaches in the
lower thoracic spine.5,42,43 Care must be taken intraoperatively
to accurately identify and mark the correct surgical level, and
intraoperative luoroscopic images should be compared with
preoperative radiographs to account for vertebral level anomalies.22,24 With a costotransversectomy, the incision is typically
midline and vertical rather than curving out over the rib.
Dissection is carried through the fascia, and subperiosteal
dissection proceeds for optimal spine exposure. he costotransverse articulation is an important landmark. It approaches
medially and ends just at and above the pedicle, to articulate
with the vertebral body and disc space, crossing along the
undersurface of the transverse process. he trapezius and
nondissected erector spinae muscles are further exposed and
dissection proceeds through the rib periosteum as laterally as
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Lateral Approaches
LECA has historically used a curvilinear incision extending
from the midline to approximately 7 to 12 cm lateral at its apex
(e.g., “hockey stick” incision). A thick cutaneous lap down to
the thoracodorsal fascia is mobilized and retracted. A vertical
incision is made in the latissimus dorsi parallel to its ibers at
the lateral extent of the incision down to the ribs, and is
mobilized. his mobile mass of latissimus and paraspinal
musculature can be mobilized medially for rib resection and
laterally for access to the central pathology. he rib at the
inferior level of the pathology is isolated from the neurovascular bundle and intercostal muscles, cut laterally, and disarticulated.16,46-48 A LECA can, in practicality, be performed via
a midline incision if extensile enough. he key diference
between the costotransversectomy and the LECA is not only
the central midline versus a more hockey stick–like incision
in LECA, but also in the amount of rib resection, with the
LECA generally resecting greater than 6 cm of rib. At this
point, the ipsilateral facet complex, transverse process, and

laminae can be resected for exposure of the dural sac and
posterior spine. A partial or complete corpectomy and complete decompression can then be accomplished. As with posterolateral approaches, interbody fusion and posterior
instrumentation and arthrodesis can be accomplished with
the same incision.
With upper thoracic disc herniations (T1–T4), additional
challenges are encountered, including a narrowed thoracic
cage, accentuated kyphosis, greater proximity to the brachial
plexus and mediastinal structures, and scapular bone and surrounding musculature.49 A proximal approach, or lateral parascapular extrapleural approach, involves a curvilinear midline
incision around the scapula. he trapezius and rhomboids
are transected, mobilized, and relected as a myocutaneous
lap, allowing the scapula to retract laterally. At this point,
the paraspinal musculature can be elevated subperiosteally
of the spinous processes and dissection proceeds as for
the LECA.
he direct lateral thoracic approach for the thoracic spine
is a modiication of a standard thoracotomy; the direct lateral
lumbar spine approach is detailed later in this chapter. During
the direct lateral thoracic approach, the patient is placed in
the lateral decubitus position (typically with sticky rolls),
with the torso, pelvis, and legs secured. We prefer not to “break”
the table or bend open the disc space for thoracic discs. However,
during the approach to the thoracolumbar spine, gently opening
this space can be beneicial to pull the ribs proximally and
with little morbidity or concern for plexus injuries. Obtaining
an anteroposterior (AP) luoroscopy image, followed by an
orthogonal view directly lateral (perpendicular to the loor
and parallel to the disc space endplates), centered at the disc
space of interest to minimize parallax, is crucial to decrease
the risk of surgical injury during discectomy and corpectomy,
as well as during cage and instrumentation placement. he
table should be adjusted to provide true AP and lateral images
when the C-arm is horizontal and vertical, respectively. Once
identiied, disc spaces of interest are marked on the lateral skin
parallel to the ribs, then sterile prep and drape is performed.
Entry into the thoracic cavity can then be performed via
partial rib resection or in between ribs for single-level disc
access. We prefer a partial rib resection to decrease the risk of
postoperative radiculitis or rib pain due to retractor pressure
at the rib undersurface. Care should be taken to avoid the
neurovascular bundle that lies on the inferior surface of each rib.
An oblique incision is made and the rib dissected through the
periosteum. Depending on the segments of interest and size of
the incision, multiple ribs can be exposed. he rib is dissected
circumferentially with the direct undersurface protecting the
pleura from being breached, and the rib is cut at the desired
interval. Recall that one can work in between ribs if single-level
disc pathology is approached. Once the portion of the rib is
cut and removed, dissection ensues around the posterior wall
in a preferably retropleural tissue plane on the undersurface
of the thoracic cage. his proceeds to the disc of interest via
blunt dissection, oten following a rib head to the disc space,
prior to localization. Discectomy ensues ater ensuring the
retractor blades are centered around the desired area in the
lateral and then AP planes. Alternatively, the index inger can
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needed prior to rib removal. he intercostal neurovascular
bundle is identiied on the rib undersurface and separated
from the rib, and the rib is then cut and disarticulated from
the vertebral body. A periosteal tissue plane can protect the
pleura during dissection. he pleura is mobilized (preferably
behind a subperiosteal tissue plane of the vertebra) and
relected anterolaterally, protected with malleable retractors
and moistened sponges. he intercostal nerve can be followed
medially to identify the intervertebral foramen. Visualization
is improved several ways, including laminectomy and by
partial removal of the pedicles, and the dural sac is exposed.
Having achieved visualization of the neural elements and
remaining bony landmarks, the surgeon can subsequently
proceed with partial or near complete corpectomy without
manipulation of the dura. If circumferential decompression is
desired, bilateral costotransversectomy can be performed.27,43
When this is performed, a temporary rod should be placed
contralateral to the side of decompression to maintain spinal
stability, optimize complete decompression, and reduce risk of
iatrogenic injury to the spinal cord.27 An interbody cage can
be placed posterolaterally to ill either the discectomy or
corpectomy defect. For larger defects, the spinal root oten
may need to be tied and resection, allowing greater exposure
for placement of larger interbody devices, such as titanium
mesh cages, expandable cages, or structural bony grats (e.g.,
femoral and humeral allograts).
he transpedicle and transfacet approaches use a posterior
midline incision. Paraspinal musculature is relected from the
spinous processes and laminae via subperiosteal dissection,
facilitating access to the posterior aspect of the spinal for facet
and/or pedicle removal and subsequent partial discectomy or
corpectomy. In the case of central pathology, bilateral facetectomies may be performed for improved access.19,31,44,45 Once
again a central cavity allows for anterior decompression.
Posterior instrumentation can be accomplished from the same
incision, and excised bone can be used if an arthrodesis is
desired in addition to the decompression.
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be used to enter the pleural space and digitally displace the lung
and pleural structures anteriorly. Posteriorly introducing the
inner dilator behind this and onto the disc, at the junction of
the rib head and vertebral body, can be performed. he lung
does not need to be delated. Some authors prefer variations
of this approach, which typically requires a chest tube. If the
surgeon remains in a plane mostly behind the parietal pleura,
and discectomy/corpectomy performed, a malleable tube or
red rubber catheter can be placed during closure and removed
prior to sealing the cavity without chest tube placement. Once
the dilator is positioned (preferably in the posterior third of the
disc) and lateral luoroscopic imaging is performed, an inner
wire and serial dilation ensues until the retractor is docked in
the appropriate trajectory (e.g., parallel to the disc space) and
stabilized via the retractor arm to the bed. For corpectomy,
thorough discectomies can be performed above and below
the vertebra of interest, followed by expansion of the retractor
over the vertebral body, using the prior discectomies, proximal
pedicle, and posterior vertebral body as a guide to placement.
Once placed and expanded to the appropriate size, orthogonal
lateral and AP luoroscopic imaging should be obtained, followed by corpectomy and thorough canal decompression. A
key anatomic structure to identify is the pedicle, in reference
to its relationship to the posterior vertebral body, rib, and disc.
Several interbody options can be used to span the corpectomy site, and instrumentation can be applied via the same
approach.

Outcomes
Disc Herniation
In general, outcomes are comparable between the posterolateral, lateral and transthoracic approaches when used for
disc herniation. However, studies do not speciically identify
the extent of corpectomy performed in addition to the disc
excision and decompression. Mulier et al reviewed 331 cases
of thoracic disc herniation and noted improved outcomes in
93% of patients treated with the transthoracic approach, 87%
of patients treated with posterolateral approaches, and 80%
of patients treated with lateral approaches.21 Worse outcomes
were noted with the presence and degree of preoperative
paresis, absence of radiculopathy, duration of symptoms, and
a history of previous surgery. Outcome does not appear to be
related to level of herniation, multiplicity, or the presence of
calciication or intradural penetration. Fessler et al, in their
meta-analysis comparing approaches to thoracic disc herniation, noted a 10% morbidity rate with the transthoracic and
LECA approaches.26 hey noted lower morbidity rates with
costotransversectomy (2%) and transpedicular approaches
(1%), although relatively few patients underwent these procedures in their analysis. Although the transthoracic approach
appears to cause the most reliable symptom relief, it poses
a greater risk. McCormick et al performed a meta-analysis
of complications ater various approaches between 1934 and
1998.24 hey noted a 13.4% rate of complications with the
transthoracic approach compared with 5.4% with costotransversectomy, 2.8% with LECA, and 4.6% with the transfacet

pedicle-sparing approach. hey noted no complications associated with the transpedicle approach in their review. However,
postoperative infections, pneumonia, and cerebrospinal luid
leak were speciically excluded from their analysis due to a
relative lack of data in the literature.24 Common complications
noted were neurologic compromise, misidentiication of the
surgical level, postoperative instability, cerebrospinal luid
leak, pulmonary complications, surgical infection, intercostal
neuralgia and general surgical complications such as deep
venous thrombosis and pulmonary embolus.
A more recent review by Lubelski et al compared thoracotomy, costotransversectomy, and LECA, analyzing 774 cases
in the literature between 1991 and 2011.27,32 he thoracotomy
approach had the highest rate of complications (39%), reoperations (3.5%), and death (1.5%) among the three approaches.
LECA had a complication rate of 17%, with the need for a
thoracostomy tube (9.6%) and wound infections (5.7%) being
the most common complications. Costotransversectomy had
a 15% complication rate. Wound infection (3.7%) and deep
vein thrombosis/pulmonary embolism (DVT/PE) (3.7%) were
the most common complications. Reoperation rate (1.3% with
LECA vs. 1.2% with costotransversectomy) and mortality rate
(0.6% for LECA vs. 1.2% with costotransversectomy) were
similar between the two approaches. Average operating time
with LECA was 544 minutes, and average estimated blood loss
was 3.3 L. With costotransversectomy, average operating time
was 405 minutes, average estimated blood loss was 2.0 L, and
average postoperative length of hospital stay was 6.7 days.
Results of operative management of traumatic, neoplastic,
infectious, or degenerative deformity pathologies with corpectomy or vertebrectomy in the thoracic spine are addressed in
their respective chapters in this text.

Posterolateral and Lateral Corpectomy in the
Lumbar Spine
Historical Perspective
Spinal fusion surgery was irst introduced by Hibbs and Albee
in 1911 for the treatment of Pott disease.50,51 Following Chandler’s description of lumbar fusion for low back pain, corpectomy and arthrodesis gained in popularity as surgeons
recognized that disc excision alone did not alleviate symptoms
of discogenic back pain.2,52 Watkins later introduced the
technique of posterolateral fusion with the aim of reducing
high rates of pseudarthrosis encountered in posterior fusion
surgery.53 Partial corpectomy with interbody fusion was subsequently proposed by Cloward54 in 1953, and this technique
quickly gained favor as a means by which to increase fusion
and grat compression surface area.55 Although reports of poor
outcomes in arthrodesis in the 1970s led the technique to
briely fall out of favor, focus on the technique was reinvigorated by development of the pedicle screw, fusion cages, and
modern biologics seen in the 1990s.56-59
More recently, interest in reducing postoperative hospitalization time and operative morbidity through minimizing
exposure and sot tissue trauma has been a driving force in
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Indications
Absolute indications stem from preservation of neurologic
function due to severe retrovertebral compression and/or
spinal instability, with many contributing diagnoses such as
trauma, tumor, deformity, infection/spondylodiscitis, and
advanced degenerative disease. Precise indications for posterolateral and lateral corpectomies in cases of degenerative
disc disease are ill deined, yet roughly 51% of lumbar spinal
fusion surgery is performed for a diagnosis of degenerative
disc disease.58,65-68 As expected in cases of chronic low back
pain associated with degenerative disease, initial nonoperative
measures including rest, activity modiication, physical
therapy, antiinlammatory medications, and oten epidural
steroid or other injections focused on the pathology.70-79 As
with many cases of lumbar degenerative disease, symptoms
nonresponsive to aggressive nonoperative management are
indications for surgery, with clear priority given to progressive
neurologic deicits, saddle anesthesia, or bowel and bladder
dysfunction. Although speciic indications for partial corpectomy or vertebrectomy and fusion in the setting of trauma,
neoplasm, infection, or degenerative deformity are discussed
in their respective chapters, intervention in each of these
conditions is recommended in the presence of progressive
neurologic deicits or spinal column instability.

Technique
Posterolateral
Ater induction of anesthesia and intubation, the patient is
placed in a prone position typically on a Jackson table. Care
is taken to pad all prominences and luoroscopy is utilized to
identify appropriate spinal levels. Posterolateral extracavitary
corpectomy is typically performed through a posterior midline
approach. Open approaches, even in fairly good bone, typically
require 2 levels of instrumented stabilization above and below
the corpectomy site, though 3 levels should be considered with
larger deformity corrections and/or poor bone quality. Once
incision is made, subperiosteal dissection proceeds to expose
spinal lamina, pars and facets, then spinous processes are
removed and laminectomy is performed using a high-speed
burr and Kerrison punches/rongeurs. Transverse processes,
pars and facets are decorticated to stimulate fusion. his
allows access to the pedicles and lateral vertebral body, and
pedicle resection and corpectomy may be performed using
the curettes and pituitary rongeur if desired.69 Autograt or
allograt grat material is placed over the decorticated areas.
Fusion may be augmented with various osteoconductive or
osteoinductive materials. Stabilization may be enhanced by the
addition of posterior pedicle screws from the same approach.

Lateral Transpsoas Approach (Extreme or Direct
Lateral Approach)
his procedure was irst reported in the literature by Ozgur
et al in 2006.60 he following procedural description is based
on their work, with slight modiication. Ater induction of
anesthesia, the patient is typically placed in the let side up,
right side down lateral decubitus position using anterior and
posterior sticky rolls, with an axillary roll in place. Tape is used
to secure the patient to the bed, at the torso and between the
ilium and greater trochanter. he break in the table is placed
just above the greater trochanter, and the table is oten gently
lexed to pull the iliac wing caudal and the ribs proximally. We
strongly prefer, however, to use angled instruments rather
than break or bend the table. When required, it is broken as
little as possible and only if access to the spine needs to be
improved or optimized. Attempts should be made to minimize
table break so that little, if any, signiicant stretching the
lumbar plexus or psoas occurs. Mild forward lexion of the
patient may assist to distract the posterior elements and may
increase working room between the iliac wing and the twelth
rib. Intraoperative luoroscopy is then used, irst obtaining a
perfect AP image with spinous process splitting the pedicles
symmetrically, then obtaining a later image in which the
caudal vertebral body has a lat endplate and the pedicles
overlap. Once luoroscopic conirmation is achieved by using
orthogonal views that the patient is in the true 90-degree
lateral orientation, discs of interest are marked on the lateral
abdominal wall using a radiopaque marker, and sterile prep
and drape is performed. A 1.5- to 2-cm posterolateral incision
can be made overlying the border between the abdominal
obliques and the erector spinae as an access portal to the
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the development of minimally invasive techniques for spinal
decompression and fusion. Although approaches for percutaneous posterior instrumentation are relatively straightforward,
addressing the anterior aspect of the spinal column through
minimally invasive methods is limited by the abdominal and
thoracic viscera in the lumbar and thoracic regions of the
spine. Historically, approaches to the anterior aspect of the
spinal column required violation of the peritoneum or pleura,
frequently necessitating the involvement of access surgeons.
As minimally invasive techniques evolved with the development and implementation of laparoscopic and thoracoscopic
instrumentation, limitations in postoperative visceral complications, a steep learning curve, and access surgeon support
persisted. It was, at least in part, in the interest of developing
an extracavitary approach to the anterior aspect of the spinal
column via tissue planes not requiring violation of the pleura
or peritoneum that the lateral transpsoas approach was
developed.
Initially reported as an endoscopic retroperitoneal technique in 2001, the direct lateral approach was quickly adapted
into an open, minimally invasive, psoas-splitting technique.60
Developed for treatment of degenerative disc disease, indications for the approach grew to predominantly mirror those
for anterior and posterior approaches to spinal fusion:
unstable degenerative disc disease, degenerative spondylolisthesis, degenerative scoliosis, disc herniation, and even
trauma, infection, or neoplastic processes.60-64 As with other
posterolateral approaches, the transpsoas approach (or direct
lateral in the thoracolumbar or thoracic spines) can be combined with partial corpectomy or vertebrectomy to facilitate
desired deformity correction, decompression, or preparation
for interposition constructs.
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retroperitoneal space via a Kocher clamp and then blunt inger
dissection. he posterolateral incision also allows for gentle
retraction of the peritoneum during passage of dilators
through the lateral approach.
Ater gaining access to the retroperitoneal space the surgeon’s inger can be used to gently lit the peritoneum anteriorly
in a sweeping fashion, thereby facilitating palpation down to
the psoas muscle and transverse process. Ater separating
these tissue planes the surgeon’s inger can then be redirected
supericially to directly under the lateral approach marking,
further facilitating anterior retraction of the peritoneum from
the abdominal wall. A surgical blade is then used to make a
skin incision overlying the direct lateral mark, and an initial
dilator (with attached free-run electromyographic neuromonitoring) is then passed through this incision and the
surgeon’s index inger, passed into the retroperitoneal space
via the posterolateral incision, is used to gently guide the sot
tissue dilator to the psoas muscle with care taken to protect
the peritoneum by liting it anteriorly during passage. Once
the dilator has reached the psoas muscle, it is used to split the
psoas ibers at the middle to anterior third of the muscle to
reduce risk to more posteriorly located nerve roots and the
lumbar plexus. Neurologic monitoring cannot be overemphasized as a means to reduce risk of injury to the lumbar plexus
and roots during this process. Ater the initial dilator has
reached the disc space, intraoperative lateral luoroscopy is
used to conirm appropriate positioning. Once conirmed, an
inner wire is placed into the disc space. Ater conirmation,
sequential dilators are used until a retractor can be inserted
over the inal dilator and secured to a retractor arm. Gentle,
controlled distraction can then be used to generate the desired
exposure. At this point, we prefer to conirm neural elements
are out of the ield using a neuromonitoring probe in all
quadrants of the disc space and retractor bed. Once lateral and
AP luoroscopy is used to verify appropriate retractor positioning, the surgeon proceeds with discectomy. Care should
be taken of all opposite-side structures, particularly if the
annulus is released via a cobb or other method. Our preference for lateral corpectomy is to perform discectomy at the
proximal disc space, identify the pedicle and posterior body
wall, and then perform caudal interbody space discectomy.
Once caudal discectomy is performed, the posterior vertebral
wall and pedicle are identiied once again, and the retractor is
opened to access the vertebral body for corpectomy. At the
onset, a lateral luoroscopic image is crucial to ensure one is
not overlying the canal and that the retractor is in an optimal
position. Once conirmed, and the pedicle and posterior vertebral body are identiied, the segmental artery is transected
using a bipolar and/or clips and a bovie. We then proceed with
corpectomy, or vertebrectomy and subsequent interposition
construct insertion.70 In addition to placement of static or
expandable interbody devices of titanium, polyetheretherketone, or bone, one can consider lateral ixation options such
as a plate or screw-rod constructs, the latter being our preference when required. Ater completion of instrumentation,
copious irrigation, and optimization of hemostasis, the retractor is slowly removed with direct visualization used to conirm
closure of the psoas and ensure excellent hemostasis. Incision

sites are then closed in a layered fashion and dressed with
sterile dressings.

Outcomes
In general, and as may be expected, outcome studies speciically analyzing corpectomy for degenerative disease are not
readily available. he following data help to deine some of the
roles for which the LECA and minimally invasive direct lateral
approach have been used in a variety of pathologies.

Lateral Extracavitary Approach
he versatility of the LECA allows for its use for a wide range
of spinal pathologies, including tumor, trauma, and infection
in addition to disc disease. However, good-quality, larger scale
studies speciically evaluating approach as the variable are
diicult to come by.
Resnick et al performed a retrospective review of 33 patients
with thoracic and thoracolumbar fractures treated by LECA
in an efort to outline complications from the approach.33
Patients were overwhelmingly male (91%), with a mean age of
32.5 years. Fractures were largely at the thoracolumbar junction. Mean blood loss was 3.1 L, and mean operative time was
7.74 hours. Complications were observed in 55% of patients.
he most common complication (33%) was a hemothorax or
pleural efusion requiring chest tube placement. Pneumonia
occurred in 21% of patients, and wound complications were
observed in 12% of patients. Other complications included
incisional hernias, sepsis, gastrointestinal bleeding secondary
to anticoagulation, and implant malposition. here were no
cases of neurologic worsening or death. Arnold and colleagues
reviewed 33 patients undergoing LECA for nontuberculous
thoracic and lumbar osteomyelitis.71 Of these, 22 patients
with extensive disease required fusion. Grat material used
included the rib in the thoracic spine and iliac crest in the
lumbar spine. hey noted good neurologic recovery ater the
procedure. hree of seven paraplegic patients improved, with
one patient regaining ambulation. All 11 patients with mild
weakness became neurologically intact, and 10 of 11 patients
with severe preoperative weakness achieved good functional
recovery. Although details on speciic complications were not
provided, the authors reported on two reoperations, and no
deaths. McCormick et al. studied 12 patients with dumbbell
or paraspinal tumors treated with LECA.72 hey noted gross
total removal of tumor, conirmed by computed tomography
or magnetic resonance imaging, in 10 patients. At mean
follow-up of 34 months, nine patients showed no evidence of
residual tumor. here were two deaths from systemic tumor
dissemination and recurrence in one patient. he study notes
no signiicant perioperative complications, although two
patients did require chest tube placement for pleural entry.
Lubelski et al compared LECA to costotransversectomy performed for any indication, including disc herniation, trauma,
osteomyelitis, scoliosis, and kyphosis.32 Overall, 54 patients
were included in the study, 19 of whom underwent LECA.
he average age was 53.7 years, and 74% were male. Mean
blood loss was 2.1 L, and average length of stay was 17.2 days.
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Costotransversectomy
Costotransversectomy has perhaps been most studied in its
application to address tumors in the thoracolumbar spine.
Sciubba and colleagues noted the utility of the surgery in
addressing spinal cord compression secondary to metastatic
lesions, efectively improving neurologic outcomes.74 One of
the earlier studies, by Cybulski et al., reported on performing
corpectomy and decompression in 15 patients with metastatic
tumors of the thoracic spine, 10 of whom also underwent
posterior instrumentation.75 hey noted neurologic improvement in 75% of patients and, importantly, no neurologic
deterioration. More recently, Chong and colleagues retrospectively analyzed 105 patients undergoing single-stage posterior
decompression with or without corpectomy for thoracic vertebral metastases.76 Twenty percent of patients noted an
improvement in Frankel grade, and 10 of 21 Frankel grade C
patients became ambulatory. Pain improvement was especially
pronounced in patients with anterior column reconstruction
and more than four ixation levels. Wiggins and colleagues
performed a retrospective review of their prospective database
and compared outcomes of 29 patients undergoing costotransversectomy with 18 patients undergoing anterior procedures for neoplasms.77 hey found a complication rate of 38%
in the costotransversectomy group and noted that it was
similar between the two groups. However, they did note two
cases of neurologic deterioration and one death in the costotransversectomy group compared with none in the anterior
group. Lu et al. similarly compared outcomes ater thoracolumbar corpectomy with the transpedicular approach in 34
patients with the anterior approach in 46 patients, noting
similar rates of complications, blood loss, and operative time
between groups.78 Good results have been noted using the
approach for large intradural ventral neoplastic lesions, as

noted in the series by Ito et al.79 and Kim et al.80 horat and
colleagues reported on their series of 11 patients with dumbbell tumors of the thoracic spine treated with single-stage
corpectomy using the costotransversectomy approach.81 hey
noted the ability to obtain total excision in 10 of the 11 patients.
No signiicant neurologic worsening was noted postoperatively, and two patients required thoracostomy tube placement.
Similar results were also noted by Ando et al. in their series of
16 patients undergoing a modiied costotransversectomy for
thoracic dumbbell tumors.82
Besides applications in tumor, the approach is fairly versatile and also allows for more extensive decompression, circumferential arthrodesis, and multilevel corpectomies for any
indication.83-86 In their meta-analysis, Lubelski et al. looked at
13 papers in the literature that detailed a costotransversectomy
approach for a variety of spinal disorders.27 hey noted an
overall complication rate of 15%, with wound infection (3.7%)
and DVT/PE (3.7%) being the most common complications.
hey also noted a mortality rate of 1.2% and a reoperation
rate of 4.3%.

Lateral/Posterolateral/Posterior Minimally Invasive Surgical
Thoracic and Lumbar Corpectomy
Increasing familiarity of lateral access anatomy, instrumentation, and implants has led to advanced applications of lateral
surgery for all types of spine disorders. Kim et al87 were among
the irst to describe minimally invasive posterolateral corpectomy in a combined cadaver and case series, including two
burst fractures, one plasmacytoma, and one metastatic lesion.
In their clinical cases a mean 79.2% of corpectomy procedures
were facilitated via the approach, with all patients achieving
satisfactory neural decompression, though they did report
diiculty with contralateral decompression. Average estimated
blood loss was 495 mL, with a mean operating room time of
5.8 hours. In 2010, Smith et al.88 treated 52 patients with
unstable thoracic or lumbar burst fractures with mini-open
lateral corpectomy. All patients received supplemental ixation
with anterolateral plating or transpedicular ixation, and titanium cages were used in 35% of patients. Average operative
time was 128 minutes, estimated blood loss was 300 mL, and
the complication rate was 13.5%. No patients had neurologic
deterioration, and postoperative American Spinal Injury
Association (ASIA) score signiicantly improved. Khan et al.89
reported on the use of a minimally invasive extreme lateral
approach to the thoracolumbar spine for corpectomy and
reconstruction in 25 patients with varying pathology, which
included tumor, infection, and fracture. hirteen patients
underwent anterior-only ixation, and the remaining 12 had a
staged posterior procedure. Mean operative time was 188.5
minutes, and average blood loss was 423 mL. Although mean
follow-up was only 5.1 months, these authors observed no
implant failures or wound complications at inal follow-up,
and patients reported a 62% decrease in visual analog scale
score. Gandhoke and colleagues90 used a minimally invasive
extreme lateral approach to treat thoracolumbar burst fractures in two patients with incomplete spinal cord injury.
Estimated blood loss was less than 500 mL in both patients,
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Complications were noted in 68% of patients. Approximately
half of these were classiied as intraoperative complications.
he common intraoperative complications included need for
transfusion, need for a thoracostomy, and DVT/PE. he most
common postoperative complications were pleural efusion,
infection, and reoperation. Of note, complications were not
found to be diferent between the two approaches studied.
Similarly, Graham et al. looked at 29 patients with signiicant
medical comorbidities and anterior spinal cord compression
secondary to a variety of diagnoses who underwent LECA.73
he average age was 53 years, and the population was 34% male.
hey noted death secondary to pneumonia in one patient,
and two patients had postoperative infections. Overall, they
concluded that LECA ofered a useful one-stage treatment in
medically complex patients for whom a two-stage procedure
may not be preferable.
Summarizing these and other studies, Foreman et al. performed a meta-analysis of the literature examining the use of
LECA for any indication.48 hey included 11 studies covering
278 patients in addition to their own series of 65 patients. hey
noted improved neurologic outcomes in 75% of patients and
improved pain outcomes in 85%. hirty-two percent of
patients were noted to have at least one complication.
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with an operating room time of 4 hours in one case and 4.5
hours in the second case. Both patients were neurologically
intact without pain at roughly 1 year follow-up, and both
patients had maintained their restored lordosis.
In addition to direct lateral approaches, posterolateral and
posterior transpedicular modiications using less-invasive
retractors and paramedian incisions have been used for vertebral corpectomy. Deutsch et al.91 reported their results of a
minimally invasive transpedicular corpectomy without
instrumentation in eight patients with metastatic disease.
Operations were planned as palliative procedures, but the
authors reported a 75% decompression of the canal with a
unilateral approach. hey also described an average blood loss
of 227 mL and mean operating room time of 2.2 hours, a
marked improvement over traditionally reported operative
times and estimated blood loss. Sixty-three percent (63%) of
patients had a postoperative improvement of at least one
Nurick grade.91 Smith and colleagues92 reported the results of
a cadaveric feasibility study for a minimally invasive LECA for
corpectomy. hey performed the procedure in three human
cadavers and achieved a circumferential volume decompression of 48% and mean vertebral body resection of 72%.
Average anterior height expansion was 47 mm and posterior
height expansion was 61 mm. No dural or pleural tears were
encountered, and of 24 screws placed there was only one
lateral breach. In the three clinic cases (a T11 burst fracture,
a T7 plasmacytoma, and a T4–T5 tuberculosis lesion), estimated blood loss was 517 mL and average operating room
time was 4.75 hours. Patients were all determined to have
excellent outcomes, and the authors concluded that the procedure was safe and associated with reduced blood loss and
minimal morbidity. Chou and Lu performed a case series
analysis consisting of minimally invasive transpedicular corpectomy and cage reconstruction in eight patients compared
with a similar cohort treated with an open procedure. hey
reported similar indings.93,94 In a comparative study, Lau and
Lou95 compared mini-open versus open posterior thoracic
corpectomy with cage reconstruction in oncology patients
with metastatic disease. Twenty-one patients underwent miniopen surgery and 28 patients had open surgery, with mean
operative times similar at approximately 4 hours. In the miniopen group, however, signiicantly reduced blood loss and
shorter length of hospital stay were observed. No diferences
were found in complication rate, revision rate, or postoperative ASIA change. here was a nonsigniicant trend toward
reduced infection rate in the mini-open technique.95

Summary
From the time of tuberculous pathology, deformity, and disc
disease, successful treatment of this and more advanced
pathologies has been made possible by the versatility of extracavitary, costotransversectomy, and now lateral approaches
to the spine. Although several reports allow conclusions
to be drawn regarding exceptional surgical utility, highlevel outcome studies remain elusive. Future investigation
will likely require prospective, multicenter study designs to

determine how truly impactful these approaches are toward
removing ofending pathology and improving patient quality
of life.
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Dilip K. Sengupta

Dynamic stabilization in the treatment of activity-related
mechanical low back pain was introduced nearly three decades
ago (Graf ligament in 19891 and Dynesys in 19942).
he need for dynamic stabilization originated from the
limitations of spinal fusion, which may not always result in
successful clinical outcome,3,4 and may lead to accelerated
degeneration of the adjacent segments.5,6 Nearly every possible
lexible design of dynamic stabilization devices has been
introduced for clinical application without proper biomechanical evaluation or design rationale. During the turn of the
21st century, the use of dynamic stabilization devices gained
momentum, but the enthusiasm has declined recently, as the
mechanical failure of the devices and failure of clinical success
were increasingly recognized. Dynamic stabilization is broadly
classiied into pedicle screw–based posterior dynamic stabilization (PDS) devices and interspinous/interlaminar distraction (IPD) devices.

Understanding Spinal Instability
When abnormal increased motion—in particular, translation—
is present on lexion-extension radiographs, especially in the
setting of spondylolisthesis, fusion is accepted as a reasonable
option.7 By this standard, however, relatively few patients with
low back pain have clear subjective or objective evidence of
instability. Biomechanical and radiologic studies using open
magnetic resonance imaging in lexion and extension have
shown that segmental motion either does not change signiicantly with lumbar disc degeneration,8–10 or may decrease,
except during early stages of disc degeneration.11
Panjabi redeined spinal instability as an abnormal-quality
motion, oten accompanied by an increased neutral zone (NZ)
motion caused by ligament laxity, even when range of motion
(ROM) is diminished.12 Panjabi uses the analogy of a marble
rolling in a soup bowl (Fig. 52.1).
Mulholland and Sengupta13 hypothesize that spinal instability does not mean “increased motion” as commonly misunderstood,14,15 but it indicates abnormal load distribution across
the vertebral endplate. he normal disc is isotropic; it consists
of a homogeneous gel of collagen and proteoglycan, and

behaves like a luid-illed bag that allows distribution of load
uniformly across the vertebral endplates.13 Disc degeneration
alters the isotropic properties of the disc. he disc becomes
nonhomogeneous, with areas of fragmented and condensed
collagen, cartilage fragments, luid, and gas.16 he nucleus
becomes depressurized and an increasingly larger load is
transmitted through the anulus, which leads to splitting and
inward folding of the anulus.17 Load transmission over the
endplates, therefore, becomes uneven.18,19 Focal loading of the
endplate cartilage and subchondral bony trabeculae can occur
with certain positions, leading to a sharp increase in back
pain, analogous to a stone in the shoe, a concept proposed by
Mulholland and Sengupta.13 his explains the clinical sign of
instability catch in mechanical back pain. Mulholland’s
hypothesis of abnormal loading as the primary cause of
mechanical back pain was supported by a close association of
abnormal disc pressure proiles to positive discography with
pain provocation.20 his was established by a pressure proilometry study by McNally and Adams.21
here is no real conlict between Panjabi’s abnormal motion
theory and Mulholland’s abnormal load distribution theory of
spinal instability. hese two factors may be interrelated. An
abnormal motion may cause abnormal load distribution,
which, in turn, may cause pain. On the other hand, it may be
anticipated that, if an abnormal motion does not cause abnormal load distribution, it may not be associated with pain
production, and explains why many dark discs do not hurt.

Biomechanical Goals of a Posterior Dynamic
Stabilization Device
Survival of a PDS device against fatigue failure in the long
term and its clinical success depend on how closely its design
adheres to the biomechanical goals.

Motion Preservation
he primary goal of dynamic stabilization is to preserve as
much normal motion as possible and limit any abnormal
motion. Since clinical instability occurs mostly during the
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FIG. 52.1 Panjabi’s analogy of a marble in a soup bowl, explaining the
relationship between spinal instability and change in range of motion. (A) In
an intact spine, the marble can move with little resistance across the neutral
zone (NZ) but faces increasing resistance toward the elastic zone (EZ). (B)
With an unstable motion segment the bowl is lat, allowing the marble to
move to and fro with little resistance; that is, increased NZ with no increase
in EZ. (C) A stabilized segment has a smaller cup that reduces primarily the
NZ, with minimal reduction of EZ movement. (D) A stabilized segment, but
with too much loss of motion, which is undesirable. (E) Uneven stabilization,
which has diferent stifness in two directions, which is again undesirable.
(Modiied from Sengupta DK. Use of posterior motion-sparing
instrumentation and interspinous devices for the treatment of degenerative
disorders of the lumbar spine. In: Shen FH, Shafrey CL, eds. Arthritis and
Arthroplasty: The Spine. Philadelphia: Elsevier; 2010:349–356.)

NZ motion secondary to ligament laxity, the key to stabilization should be restriction of the NZ while preserving
the elastic zone (EZ) motion as much as possible. All PDS
systems, regardless of their mechanism of action, can reduce
NZ motion, which explains their short-term clinical success.
In postlaminectomy instability, the ROMs may be increased
with abnormal translation and the goal of the PDS device
should be to restore a normal range and quality of motion.
Normally, it is unlikely that a dynamic stabilization device
will increase the ROM of a degenerated segment unless
it induces a favorable biologic reaction to the facet joint
and disc, such as restoring the height of a collapsed disc by
oloading these structures.

Load Transmission
he mechanism of pain relief with dynamic stabilization may
be unloading the disc and the facet joints by load sharing,
thereby preventing abnormal load distribution and high spot
loading.13 How much load should be shared by the device
is not clear, but it should alleviate any elevated intradiscal
pressure.

Resistance to Fatigue Failure
he most important challenge for dynamic stabilization devices
is to survive against fatigue failure despite allowing continued
motion. he key to survival against fatigue of a PDS device,
which is structurally weaker than a fusion rod, is appropriate
quality and quantity of motion restriction and load sharing so
that the device is never exposed to an abnormal load.
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FIG. 52.2 Dynesys restricts lexion too much, equivalent to rigid ixation,
but permits near-normal extension in the cadaver spine. NZ, neutral zone.
(Modiied from Schmoelz W, et al. Dynamic stabilization of the lumbar spine
and its efects on adjacent segments: an in vitro experiment. J Spinal Disord
Tech. 2003;16[4]:418–423.)

here are two important biomechanical principles to ensure
that the device or the device-bone junction is not exposed to
a failure load. Motion restriction should be uniform throughout the ROM. Should the device cause too much restriction at
any phase of motion—for example, Dynesys controlling
lexion smoothly, but acting as an extension block—the device
may be exposed to unusually high stress in extension repeatedly and may fail eventually (Fig. 52.2). he second biomechanical principle is that load-sharing should be uniform
throughout the ROM. If the device may unload the disc too
much in one phase of motion, oten in extension, the device
has to bear an unusually high load during that motion and
becomes likely to fail (Fig. 52.3).
he fatigue property of a fusion device is normally tested
in an ASTM standard spine model consisting of two plastic
cubes as vertebral bodies, but there is nothing available to
represent anatomic structures such as the disc or the facet
joints. Dynamic stabilization devices are expected to share
load with the disc and facet joints. herefore, unfortunately,
the fatigue property of a dynamic stabilization device cannot
be tested directly in a spine model. A crude estimation of the
fatigue load that a PDS device may encounter can be assessed
indirectly by studying the changes in the kinetic and kinematic
properties of the motion segment before and ater application
of the PDS device. hese may include the instantaneous axis
of rotation (IAR), intradiscal pressure changes, and pedicleto-pedicle distance excursion before and ater application of
the device in a cadaver spine or model.
Normally, the disc pressure increases both in lexion and
extension and is lowest in neutral position. A PDS device
should ideally permit the rise in disc pressure in both lexion
and extension but to a smaller magnitude due to load sharing
(see Fig. 52.3). If the disc pressure does not rise at all, particularly in extension, it may indicate that the device is acting like
a total load-bearing structure during extension rather than as
a load-sharing structure in extension. Similarly, a mismatch in
the location of the IAR of the device and the motion segment
is a predictor of the device encountering a higher load and
being more likely to undergo fatigue failure.
A normal pedicle-to-pedicle excursion during lexionextension may be as large as 6 to 9 mm, less in lateral bending,
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FIG. 52.3 Intradiscal pressure (IDP) changes with lexion-extension motion. Normally, the pressure at the
center of the disc rises both in lexion and extension. Stabilization with Dynesys restores disc pressure in lexion
to normal but unloads the disc completely and behaves like a total load-bearing structure, without sharing any
load with the disc. (From Schmoelz W, Huber JF, Nydegger T, Claes L, Wilke HJ. Inluence of a dynamic
stabilisation system on load bearing of a bridged disc: an in vitro study of intradiscal pressure. Eur Spine J.
2006;15[8]:1276–1285.)

and minimal in rotation (Fig. 52.4). he device should permit
a normal pedicle-to-pedicle distance excursion to permit
normal ROM and ensure that the device does not act as a
motion stopper in any direction or phase of motion. Unfortunately, only a few dynamic stabilization devices can accommodate such a large degree of lexibility.
Nonmetallic devices may deform, soten, and creep to
adapt to the kinematics of the motion segment and survive
fatigue better at the cost of reduced eicacy over time. Is creep
and sotening of a nonmetallic device a disadvantage? One
may argue that dynamic stabilization may stimulate a favorable biologic response to repair the motion segment, and its
subsequent creep or sotening is truly an advantage, when its
function is over. Conversely, metallic spring devices may
retain their mechanical property over a long period but are
more subject to fatigue failure should there be any mismatch
in kinematics. It is important to note that fatigue failure of a
nonmetallic device may not be recognized radiologically
unless there is screw loosening or breakage, but failure of a
metallic device cannot hide!
he following are design rationales for PDS devices:
1. Motion preservation with uniform efect throughout ROM
2. Load sharing uniformly throughout ROM
3. Minimum conlict with the IAR, intradiscal pressure,
and pedicle-to-pedicle distance excursion of the motion
segment
Other design-related factors are as follows:
1. Safe and easy salvage—conversion to fusion in case of
failure
2. Ease of implantation—top-loading screws
3. Compatibility with minimally invasive procedures
4. Restoration of normal sagittal alignment, for example,
lordosis
5. Biomaterial—metallic versus nonmetallic
6. Easy salvage procedure to address failure of the device,
such as conversion to fusion with a rod (Fig. 52.5).
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FIG. 52.4 (A) The pedicle-to-pedicle distance from lexion to extension
may be as large as 8 to 9 mm to preserve normal motion. (B) Dynamic
stabilization (e.g., Transition; Globus Medical) may need to permit an
excursion of the pedicle screw heads by the same magnitude. IPD,
interspinous/interlaminar distraction. (From Sengupta DK. Use of posterior
motion-sparing instrumentation and interspinous devices for the treatment
of degenerative disorders of the lumbar spine. In: Shen FH, Shafrey CL, eds.
Arthritis and Arthroplasty: The Spine. Philadelphia: Elsevier; 2010:349–356.)
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of the device to treat mechanical back pain in the absence of
decompression. Once that is established, application in conjunction with decompression procedures could be justiied.
Dynamic stabilization to supplement total disc replacement is
still in the experimental stage and may be considered as a
future indication.

Indications for Interspinous Process
Distraction
• Primary indication: central spinal canal and/or foraminal
stenosis with neurogenic claudication

• Secondary indication: Axial mechanical back pain

A

B

FIG. 52.5 Design rationale between second- versus third-generation
posterior dynamic stabilization devices. (A) Dynesys uses a side-loading
screw, which is not suitable for rod insertion. A recent design adaptation,
Dynesys DTO, makes it suitable for use in conjunction with fusion at an
adjacent segment and requires three diferent types of screws. It needs in
situ assembly and tensioning. (B) Transition has been designed to
accommodate implantation in isolation and in conjunction with adjacentsegment fusion using the same pedicle screw design. It uses top-loading
screws for all the segments, lordosis is built in, the bumper at the end ofers
larger pedicle-to-pedicle excursion, and it comes preassembled or can be
assembled on the back table.

Dynamic Stabilization Devices
he classiication of dynamic stabilization devices is a moving
target; new devices are being introduced and some devices
are being withdrawn. A broad classiication, as presented in
the earlier edition of this publication, includes pedicle-screw–
based PDS devices, and interspinous distraction devices (Box
52.1).

Indications for Pedicle Screw–Based Posterior
Dynamic Stabilization
he primary indication of dynamic stabilization is treatment
of mechanical back pain due to spinal instability. Radicular
pain or claudication pain can be adequately treated by decompression alone; the role of additional dynamic stabilization
here is only to prevent instability and back pain. Application
of a dynamic stabilization device with concomitant decompression to address radicular or claudication leg pain may not
be accepted as evidence in support of their eicacy to relieve
back pain. Such eicacy can only be established by application

IPD devices are ideally suited for indirect, less invasive
decompression of the spinal canal or the foramen causing
claudication pain. Direct decompression by conventional
laminectomy may achieve a more deinitive and longer-lasting
relief of symptoms. Intuitively, interspinous distraction may
produce less postoperative morbidity. Its use may only be
justiied in elderly patients with multiple comorbidities.
Osteoporosis and scoliosis may be relative contraindications
for IPD because of high incidence of device failure. Proponents
and enthusiasts of interspinous distraction sometimes recommend its use in the treatment of axial back pain. his is a
questionable indication. IPD devices can reduce the laxity of
the motion segment and secondarily reduce the unstable
motion in the NZ. his action may also address mechanical
back pain to some extent. Currently, a sound rationale, justiication, or evidence in favor of such indication is lacking.

Clinical Experience With Dynamic Stabilization
Pedicle Screw–Based Posterior Dynamic
Stabilization Devices
One of the earliest dynamic stabilization devices is the Graf
ligament, described by Henry Graf in 1992.1 his is the irstgeneration PDS device, and forms the basis of many other
devices introduced subsequently. he mechanism of action
or the design rationale has never been published in the
English literature. he monograph from the inventor in
French describes that the device locks the facet joints to
reduce painful motions.
he Graf ligament consists of braided polypropylene bands
that span between langes at the titanium pedicle screw heads
under tension, locking the facet joints. he surgical procedure
is simple and, unlike fusion, it avoids exposure of the transverse processes or the need to harvest bone grat. Unfortunately, as a result of compression applied to the screws, there
is a high incidence of radicular symptoms secondary to either
disc herniation or foraminal narrowing.22,23 Increased facet
loading may lead to back pain.
he clinical outcome during short-term follow-up (up to 2
years) is reported to be as good as with conventional fusion.23
However, the long-term outcome with Graf ligament stabilization has conlicting reports in the literature. Gardner24 and
Markwalder and Wenger25 reported reasonably good results with
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FIG. 52.6 (A) Original Dynesys, now presented as Dynesys LIS. (B) Dynesys top-loading device.

BOX 52.1

Classiication of Dynamic Stabilization Devices

Pedicle Screw–Based Posterior Dynamic Stabilization (PDS)
Devices
Nonmetallic Devices
Dynesys LIS and Dynesys top-loading system (Zimmer-Biomet)
Transition (Globus Medical)
Metallic Devices
DSS-II Dynamic Stabilization System (Abbott Spine)
BioFlex (Bio-Spine
Stabilimax NZ (Applied Spine Technologies)
Cosmic Posterior Dynamic System (Ulrich GmbH)
Hybrid Devices (Metallic Component With Plastic Bumper)
CD Horizon Agile (Medtronic Sofamor Danek)
Dynesys DTO system (Zimmer-Biomet)
NFlex (Synthes GmbH)
Transition (Globus Medical)
Interspinous Distraction (IPD) Devices
Rigid Devices With Free Flexion
X-Stop interspinous process decompression device (Medtronic Sofamor
Danek)
Flexus (Globus Medical)
Superion (VertiFlex)
Rigid Devices With Restricted Flexion
Wallis system (Zimmer-Biomet)
Interspinous Locker (NHS)
Flexible Devices
Nonmetallic: DIAM (Medtronic Sofamor Danek)
Metallic: Colex (Paradigm Spine)
Indications for IPD Devices
Primary: spinal stenosis with neurogenic claudication
Secondary: axial-mechanical back pain

the Graf ligament even at 5- to 10-year follow-up. On the other
hand, from a retrospective case control study, Hadlow et al22
reported that the Graf ligament produces a worse outcome at 1
year and a signiicantly higher revision rate at 2 years compared
to the fusion group. he Graf ligament is still used in a few
centers in both Europe and Asia, but its use has declined.24,26

Dynesys Dynamic Stabilization System
he most extensively used pedicle screw–based PDS system to
date is Dynesys (Zimmer-Biomet).2,27 his was introduced in
Europe as a true dynamic stabilization device, to be used
without fusion. In 2004, Dynesys was introduced in the US
market as a fusion device under 510(k) US Food and Drug
Administration (FDA) approval.
he design incorporates a plastic cylinder (Sulenepolycarbonate urethane) around the cord to apply a distraction
force unloading the facet joints, which is thought to be the
cause of back pain with the Graf ligament. his is a design
improvement over the Graf ligament and may be considered
as a second-generation PDS device (Fig. 52.6). A review of the
literature provides the best resource for understanding the
mechanism of PDS systems in general.
he design rationale or the mechanism of action of Dynesys
has never been presented in the English literature. he current
designs of Dynesys are the original lateral side-loading system,
Dynesys LIS, and an alternative Dynesys top-loading system.
In biomechanical testing on a cadaver spine, the Dynesys
device is shown to reduce range of lexion more than extension,28 (see Fig. 52.2), apparently because the device holds the
segment in close to full lexion. he extension is produced by
an abnormal distraction of the disc space, with the plastic
cylinder acting like a fulcrum. his is evidenced by an abnormal negative disc pressure during extension.29 Conversely, in
vivo, Dynesys limits extension more than lexion,30 as expected,
because the device acts like an extension stop. In lexion,
Dynesys acts as an ideal load-sharing device. However, in
extension, Dynesys acts as an extension stop, and becomes
totally load-bearing, allowing no load transmission through
the disc29 (see Fig. 52.3). Because of uneven restriction of
motion and uneven load-sharing properties, Dynesys may be
subjected to high stress at the pedicle screws.31 his may
explain why screw loosening and breakage had been so rare
with the Graf ligament but fairly common with Dynesys, as
high as 17% in some clinical series27,32 (Fig. 52.7).
he clinical outcome with Dynesys used as a dynamic
stabilization device, as reported by the inventor group in
Europe, was comparable to spinal fusion but without the need
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FIG. 52.7 Dynesys LIS stabilization at L4–L5 segment in (A) extension and (B) lexion. The segment is held in
the lexed position and does not permit extension of the index segment. The screws are loose in both L4
and L5.

for fusion.2 Over 60% of their cases had spinal stenosis and
Dynesys was used in conjunction with decompression. his
made it diicult to evaluate whether the good outcome was
secondary to Dynesys or decompression. Subsequent studies
by Grob et al.27 found that stand-alone Dynesys produced a
good outcome in only 39% of cases compared to 69% when
combined with decompression. A similar experience was
reported by other independent researchers.33
Most clinical outcome studies with Dynesys were reported
from outside of the United States. Dynesys was introduced in
the United States as a fusion device. he initial clinical outcome
reported from the United States involved Dynesys as a fusion
device, used with posterolateral bone grat.34
Dynesys has been used in the United States since 2004,
when it was approved by the FDA for stabilization of spinal
segments as an adjunct to fusion.35 In 2009, an FDAcontrolled investigations device exemption (IDE) clinical
trial was completed for use of Dynesys as a stand-alone PDS
device. he Orthopaedic and Rehabilitation Devices Panel of
the FDA released an Executive Summary available on their
website.36
he objective of this FDA IDE study was to assess the safety
and eicacy of the Dynesys system for patients requiring onelevel or contiguous two-level posterior spinal stabilization of
the lumbar and/or sacral spine following decompression for
degenerative back and leg pain. he outcome with the Dynesys
system was compared to a posterolateral spinal fusion procedure using autogenous bone grat with a rigid posterior
instrumentation (Silhouette Spinal Fixation System).
he IDE study database was initially closed on September
20, 2007, but was reopened for additional data entry on
November 6, 2008, in order to respond to deiciencies pointed
out by the FDA. It was closed again on March 13, 2009. he
original study design was approved for 399 patients at 30
sites (266 Dynesys, 133 Silhouette). he inal study design

involved a total of 367 patients, randomized in 2 : 1 ratio (253
Dynesys, 114 Silhouette) at 26 sites. A total of 28 patients
were nonrandomized and are referred to as the Dynesys
training cohort.
he inclusion criteria emphasized predominant leg pain,
with a leg pain visual analog scale (VAS) score greater than 4
out of 10. Patients with predominant axial mechanical back
pain and back pain more than leg pain were excluded. A total
of 74.6% of Dynesys patients and 70% of Silhouette patients
have reached the 24-month primary endpoint, but only
57.3% and 56%, respectively, completed data entry within the
protocol-deined study window. he study reported 52.1%
overall clinical success rate in Dynesys patients compared with
40.4% in Silhouette patients. he overall clinical success rates
drop to 47.0% for Dynesys and 37.5% for Silhouette if only
patients in the protocol-deined windows are considered.
he Dynesys and Silhouette patients experienced diferential results depending on primary indication, instability versus
stenosis, and one versus two levels. For instability, Dynesys
patients performed notably better; 64.6% achieved success
criteria with Dynesys as opposed to 41.5% with Silhouette.
However, for central canal stenosis, the outcome was reversed,
with Silhouette patients (54.5%) performing better than
Dynesys patients (37.3%) in achieving success criteria. Singlelevel disease had better outcome compared to two-level disease
in both the groups.
he FDA panel pointed out several deiciencies in this
study. he study was not blinded, which may have led to
reporting bias among patients and investigators, potentially in
favor of the investigational treatment. he study design was
noninferiority in nature, and the follow-up rate in both the
groups was very low. At the end, the FDA did not approve
Dynesys for use as a nonfusion device.
he failure of Dynesys as a stand-alone nonfusion stabilization device by the FDA resulted in a sharp decline of its use
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implant design. his system uses a regular top-loading pedicle
screw, actively creates lordosis, and permits increased pedicleto-pedicle distance excursion, and is preassembled. It may
therefore be considered as a third-generation PDS device.
It consists of a cylindrical polycarbonate urethane spacer
around a polyethylene tetraphthalate (PET) cord similar to
Dynesys. he system comes preassembled or can be assembled
in the back table and does not require in situ tensioning.
It is implanted between regular, top-loading pedicle screws,
making insertion and conversion to fusion as a salvage procedure simple (see Fig. 52.5B). It incorporates a sot bumper at
the end, which allows adequate pedicle-to-pedicle excursion
in lexion-extension (see Fig. 52.5B). he length of the spacer
deines the unloading of the facet joint. he capability of
creating an active lordosis is built into the metal spools that
connect the sot section of the device to the pedicle screws.
Lordosis ensures unloading of the disc. hese two important
mechanical properties permit uniform motion restriction
in all directions and uniform load sharing throughout the
ROM, which is important to increase resistance to fatigue.
Although this device has made several design improvements
compared to Dynesys, its advantages remain to be established.
he device has only been approved by the FDA under 510(k)
as a fusion device, but no clinical outcome has been reported
yet. he failure rate of the device in terms of screw loosening
or breakage are found to be not superior compared to Dynesys
(Fig. 52.8).
he DSS-II dynamic stabilization system44 was developed
by the author and is one of the earliest titanium metallic
springs used for dynamic stabilization. Its predecessor, the

B

FIG. 52.8 Transition system used for rigid fusion at the L5–S1 segment (S1 is lumbarized) and dynamic
stabilization at L4–L5. Note screw breakage at L4 at 18-month follow-up.

S E C T I O N

in the United States. Most of the recent clinical outcome
studies are reported from Europe and Asia.37–43
Hoppe et al.,37 in a review of 39 cases treated with Dynesys
for monosegmental (L4–L5) instability with a mean 7-year
follow-up, reported high success rates (>85% of patients) in
long-term, low adjacent-segment disease (ASD). hey concluded that Dynesys stabilization is a possible alternative to
other stabilization devices. Zhang et al.43 from China
reported a review of 46 cases treated with the Dynesys system
compared to 50 cases with posterior lumbar interbody fusion
(PLIF) with a greater than 4-year follow-up. he authors
concluded that both Dynesys and PLIF can improve the
clinical outcomes for lumbar degenerative disease. Compared
to PLIF, Dynesys stabilization partially preserves the ROM
of the stabilized segments, limits hypermobility in the upper
adjacent segment, and may prevent the occurrence of ASD.
Conversely, St. Pierre et al.41 reviewed their 52 cases treated
with the Dynesys system in Canada with 5-year follow-up
and concluded that Dynesys was associated with a high rate
of ASD over long-term follow-up, despite maintaining a low
fusion rate. Prior ASD was the strongest predictor of progressive ASD. In a recent meta-analysis, Lee et al.39 reported
that spinal fusion still remains the method of choice for
advanced degeneration and gross instability; however, spinal
degenerative disease with or without grade 1 spondylolisthesis, particularly in patients who require a quicker recovery,
will likely constitute the main indication for PDS using the
Dynesys system.
he Transition Stabilization System (Globus Medical)
evolved from Dynesys, addressing several limitations in
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FIG. 52.9 DSS-II system for stabilization of L4–L5 motion segment: (A) anteroposterior and (B) lateral
radiographs.

DSS-I, was a C-shaped titanium spring which, on biomechanical testing, showed uneven restriction to extension and excessive unloading of the disc in extension, indicating possibility
of fatigue failure. It was therefore never used clinically. he
second-generation DSS-II is an α-shaped titanium spring
implanted between the pedicle screws. his design improvement produces active lordosis and permits adequate pedicleto-pedicle excursion and physiologic translation of the IAR of
the motion segment. he system allows uniform motion
restriction and uniform load sharing throughout the ROM,
the two essential biomechanical characteristics for survival of
the implant against fatigue failure. he device has never been
introduced for general use, but a pilot clinical trial in a small
group of patients (n = 19) was completed in Sao Paulo, Brazil
for patients with mechanical back pain without needing
decompression (Fig. 52.9). he clinical outcome was encouraging, but, more important, no implant failure was observed
in 2 to 3 years of follow-up.44
he BioFlex (Bio-Spine Corporation),45 a coil spring made
of nitinol 4 mm in diameter for increased lexibility, has been
used extensively in Seoul, Korea. his device has been used
most commonly in conjunction with interbody cages to
achieve fusion, although it has also been used alone as a
nonfusion device.46 Recently, a titanium version of the device
has been approved by the FDA under 510(k) as a fusion device,
but no clinical use in the United States has been reported yet.
In a retrospective study, Yang et al.47 reported a review of 28
cases treated with BioFlex stabilization for L4–L5 degenerative
spondylolisthesis, with 82% of cases experiencing good or
excellent clinical outcome. Park et al.48 reported encouraging
clinical outcomes in 27 cases but cautioned against hardwarerelated complications that they encountered in ive cases at
1-year follow-up (Fig. 52.10).

Stabilimax NZ (Applied Spine Technologies),49 a dualcore spring device developed by Panjabi, is designed to apply
sot resistance against both compression and distraction. he
design rationale is to limit the NZ motion but leave the
elastic zone unafected. Currently, the device is undergoing
an FDA-controlled IDE trial to assess whether it is at least as
safe and efective as fusion in patients receiving decompression surgery for the treatment of clinically symptomatic
spinal stenosis at one or two contiguous vertebral levels from
L1–S1.49,50
he Cosmic Posterior Dynamic System (Ulrich GmbH)51
has a unique design that incorporates a rigid rod connected
to the pedicle screws with a hinged screw head, which is
expected to permit motion. No biomechanical data are available in the peer-reviewed literature. here are some clinical
reports of its use in journals that are not peer reviewed.52 In a
retrospective study, Yang et al.47 reported a review of 23 cases
treated with Cosmic stabilization for L4–L5 degenerative
spondylolisthesis, with 78% of cases experiencing good or
excellent clinical outcome. Kaner et al.53 reported only one
case with screw loosening, but no screw breakage, at 2- to
5-year follow-up in a review of 30 cases treated with Cosmic
stabilization following decompression.
he AccuFlex (Globus Medical) titanium rod has a spiral
cut to make the rod lexible and can be inserted between
regular pedicle screws. his device has been used clinically for
fusion54 but not for nonfusion dynamic stabilization as yet.
his metallic device ofers some lexibility but does not permit
any signiicant pedicle-to-pedicle excursion.
Hybrid devices incorporate a metallic rod connected to a
lexible segment, with a nonmetallic bumper to allow shock
absorption as well as some degree of pedicle-to-pedicle
excursion. he primary clinical indication is to address
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FIG. 52.10 BioFlex system for stabilization of L3–L4 and L4–L5 segments in (A) lexion and (B) extension.

advanced degenerated segments with rigid fusion and
address moderately degenerated adjacent segments by stabilizing with a lexible device without fusion in order to prevent
progression of degeneration. he Transition system described
earlier is an example that can be used as a dynamic stabilization system only as well as a rigid to lexible hybrid system.
he CD Horizon Agile (Medtronic Sofamor Danek) system
incorporates a sot cylindrical bumper at the end of a fusion
rod, held by a metallic cable in its center, similar to the fabric
cord as used in the Dynesys system described earlier. Following initial clinical use, the device was recalled by the company
for reported fatigue failure of the cable.
he Dynesys Transition Optima (DTO) implant (ZimmerBiomet) is a modiication of the original Dynesys system that
combines a hybrid rigid to dynamic stabilization. his transition system allows for arthrodesis of critically unstable vertebrae in combination with the dynamic stabilization of adjacent
moderately degenerated segments. In a recent study, Lee
et al.55 reported their small experience using this hybrid
system in 15 cases. hey reported better outcome and greater
preservation of posterior disc height with the use of the hybrid
system compared to rigid fusion (see Fig. 52.5).

NFlex (Synthes GmbH) has a similar design, in which a
6.0-mm titanium fusion rod is connected to a lexible end made
of 3.25-mm titanium core and a polycarbonate urethane sleeve.
he sleeve allows sot resistance to both lexion and extension,
permitting the essential pedicle-to-pedicle excursion. Although
the device may permit compression and elongation, its ability
to permit anteroposterior translation remains a concern. he
device has been used clinically since the fall of 2006.56 In 2012,
Coe et al.57 reported 2-year outcomes in 65 of 72 cases treated
in ive centers. hey concluded that the NFlex system was efective in improving pain and functional scores at 2 years and may
be considered an efective alternative to rigid fusion with
appropriate patient selection (Fig. 52.11).

Interspinous Distraction Devices
One of the earliest and most frequently used IPDs was the
X-Stop device (Medtronic). his titanium spacer can be
inserted with a minimally invasive approach under local
anesthesia; therefore, elderly patients with medical comorbidities are considered ideal candidates. Biomechanical studies in
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A

B
FIG. 52.11 (A) NFlex system schematic indicating the rigid and dynamic levels. (B) Clinical application at the
L4–L5 and L5–S1 segments.

cadaver spines have demonstrated that X-Stop signiicantly
decreases posterior intradiscal pressure58,59 and reduces facet
pressures; it decreases the contact area at the facets as well.60
An in vivo study with MRI scan also demonstrated that X-Stop
increases the spinal canal and foramen diameter during extension.61 his device holds the spine into a position of lexion, a
position of relief from claudication pain. Because it is not tied
with Dacron ligament to the adjacent spinous process, it can
permit further lexion.
In a prospective randomized, multicenter study on 191
patients with neurogenic intermittent claudication, the eicacy
of X-Stop was compared to nonoperative treatment.62 At
2-year follow-up, the X-Stop group had improved symptom
severity, physical function, and patient satisfaction scores at
all of the time points compared to the nonoperative group. he
reoperation rate was 6% at 2 years for the X-Stop group, which
is comparable to the reoperation rate for lumbar decompression procedures. here were some limitations to this study,
including a lack of blinding and loss to follow-up. But the
major limitation of the study was failure to compare the eicacy of X-Stop to a conventional surgical treatment for spinal
stenosis, that is, decompressive laminectomy. he device
received FDA approval for use in one- or two-level stenosis in
patients over 50 years with signiicant neurogenic claudication
with or without back pain ater failed conservative treatment
for at least 6 months.
he main complication of this device is dislodgement of the
spacer with or without breakage of the spinous process. his
is because the device is not lexible and does not permit extension movement of the spine. In a randomized control trial,
Anderson et al.63 reported that the X-Stop device was more
efective than nonoperative treatment in the management of
neurogenic claudication secondary to degenerative lumbar
spondylolisthesis. However, in another study, Verhoof et al.64
reported failure of X-Stop in seven of 15 (58%) consecutive
cases within 2 years when the device was used for degenerative
spondylolisthesis. A similar experience was reported by other
authors as well.65

he Superion device (Vertilex) is another metallic device
similar to X-Stop, but with a smaller proile, and can be
inserted through a minimally invasive approach without disrupting the interspinous ligament. his device is also metallic
and not lexible, permitting lexion but no extension. Patel
et al.66 reported 3-year clinical outcomes of a randomized,
controlled FDA IDE trial of Superion (190 cases) compared to
a control group with X-Stop (201 cases) for the treatment of
moderate degenerative lumbar spinal stenosis. hey reported
better outcomes with Superion, achieving a success rate of
80% for each of the individual components of the primary
endpoint (Fig. 52.12).
he Wallis device (Zimmer Spine) is an example of a rigid
nonmetallic polyetheretherketone spacer, retained between
the spinous processes by a Dacron tape, which prevents its
accidental dislodgement.67 his device holds the spine into
lexion and stops extension. In addition, the holding ligaments
also restrict further lexion. As a result, its manufacturers and
inventors have recommended its use for indications beyond
spinal stenosis, for example, mechanical back pain with early
disc degeneration.68,69
An FDA IDE trial is currently comparing the Wallis system
to total disc replacement for the treatment of mild to moderate
degenerative disc disease of the lumbar spine at the L4–L5
level.70 An updated report of this trial is not available, but a
prospective randomized controlled trial to assess the eicacy
of the Wallis system has been reported from Europe.71 Sixty
patients with an average age of 58 years (range, 34–81 years)
with spinal stenosis were randomly assigned to two groups
with an equal number of patients: decompression alone or
decompression with Wallis implant. he Wallis group had
better improvement of symptoms, but it was not statistically
signiicant. Korovessis et al72 reported a prospective controlled
study, designed to investigate if the implantation of Wallis
implant cephalad to short segment instrumented fusion in 25
cases, and a control group without; they found that the adjacent segments with Wallis implant stabilization resisted
degeneration more than in the control group. Floman et al68
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FIG. 52.12 Superion system (A) collapsed and (B) expanded after insertion between the spinous processes.
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C

FIG. 52.13 The Colex system. Clinical application to L4–L5 and L5–S1 segments in (A) anteroposterior and (B)
lateral radiographs.

reported failure of the Wallis interspinous implant to lower the
incidence of recurrent lumbar disc herniation in patients
undergoing primary disc excision.
he DIAM system (Medtronic Sofamor Danek) is an
H-shaped, polyester-covered, silicone bumper that is placed
between the spinous processes with a suture to hold it in place.
he device has been used in Europe for a few years. A recent
clinical study failed to establish eicacy of DIAM in improving
back pain when compared to decompression alone.73 An FDAregulated clinical trial for DIAM was initiated in late 2006 for
patients with lumbar spinal stenosis. he FDA also granted
another IDE trial to study DIAM in patients with low back
pain caused by degenerative disc disease.74 In February of
2016, the Orthopaedic and Rehabilitation Devices Panel of the
FDA Medical Devices Advisory Committee presented its
report on the DIAM Spine Stabilization Trial.75 his was a
prospective, randomized, controlled pivotal clinical trial, with
nonoperative control, randomized at a 2 : 1 ratio, no blinding,
and the primary endpoint to be determined at the 12-month

time point. Inclusion criteria were degenerative disc disease,
in the 18 to 70 years age group, with Oswestry Disability Index
score greater than 30 and visual analog scale (VAS) score for
back pain greater than or equal to 8 out of 10. Study success
was deined as superiority in the treatment group at 12 months.
he DIAM subjects reported better outcomes (64%) as compared to the control group (24.5%) in the primary and secondary efectiveness assessments. Spinous process erosions and
spinous process fractures were observed in DIAM subjects
throughout the course of this clinical trial. Despite signiicantly superior clinical outcome in the DIAM group, the panel
suggested a postapproval study to provide long-term safety
and efectiveness data with the device with 5-year follow-up.
he Colex device (Paradigm Spine), is a U-shaped titanium
device, retained in place by clamping its wings around the
adjacent spinous processes (Fig. 52.13). In contrast to other
IPD devices, it allows both lexion and extension and does not
act as an extension stop. Biomechanical studies report that it
restores normal lexion-extension in a destabilized spine rather
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than holding the spine in lexion.76 Kong et al. reported a
comparable outcome at 1-year follow-up with Colex versus
PLIF for degenerative back pain.77 However, the Colex group
had preserved motion and the PLIF group had an adverse
efect on the adjacent segment. Bae et al.78 recently reported
the 3-year follow-up of the prospective randomized controlled
trial (FDA IDE study) of Colex interlaminar stabilization (n
= 196) versus instrumented fusion (n = 94) in patients with
lumbar stenosis. Both groups showed improvement, but the
percentage with a clinically signiicant improvement (≥15) in the
Oswestry Disability Index seemed larger for the Colex group.
In addition, ROM was maintained with the Colex device in
the index and adjacent segment compared to increased ROM
in the superior adjacent segment in the fusion group. Five-year
follow-up data of the same study showed a similar outcome.79
Device slippage due to loosening, bony erosions in osteoporotic bones, and/or progression of instability are the main
concerns with the Colex device.80 Because of the smaller size
of the S1 spinous process, there is a concern of failure of the
Colex device at the L5–S1 level. However, in a retrospective
study, Xu et al.81 reported a consecutive series of 33 patients
with degenerative lumbar spinal stenosis or lumbar disc herniation at the L5–S1 level, stabilized successfully with Colex,
and observed no signiicant implant failure.
Many other spinous process distraction devices are being
developed or are beginning an FDA trial. A comprehensive
review is beyond the scope of this chapter. A systematic review
comparing four diferent commonly used IPD devices (DIAM,
Wallis, Colex, and X-Stop) was reported by Lee et al.82 Out of
a total of 286 articles, 20 were included in the inal assessment.
Two assessors independently extracted data. he authors found
that the complication rate of combined interspinous dynamic
stabilization and decompression treatment (32.3%) was greater
than that of decompression alone (6.5%), but no complication
that signiicantly afected treatment results was found. Interspinous dynamic stabilization produced slightly better clinical
outcomes than conservative treatments for spinal stenosis. No
signiicant diference in treatment outcomes was found in the
studies that compared interspinous dynamic stabilization with
decompression or fusion alone. he authors concluded that
clinical outcomes with the IPD devices were similar to those of
conventional techniques and that no additional clinical advantage could be attributed to interspinous dynamic stabilization.
However, few studies have been conducted on the long-term
eicacy of interspinous dynamic stabilization.

Summary
PDS evolved from failure of fusion to address mechanical back
pain due to spinal instability. IPD devices have been primarily
introduced to treat spinal stenosis with claudication or radicular pain by indirect decompression. Spinal instability is poorly
deined, but the current understanding is abnormal quality of
motion, leading to uneven load transmission. his occurs
mostly during NZ motion. he biomechanical goals of PDS
devices are to preserve motion as much as possible but prevent
any abnormal motion and to unload the disc and facet joints

by load sharing. he biggest challenge for PDS devices is to
survive fatigue failure despite allowing continued motion. he
key to this survival is uniform load sharing and uniform
restriction of motion throughout ROM. Unfortunately, many
PDS devices have been introduced without any biomechanical
basis, and their clinical success was confounded by combining
the efect of a concomitant decompression for leg pain. It is
essential that eicacy of PDS devices to treat back pain be
established before they are recommended for secondary
indications, such as preventing instability ater decompression
or preventing adjacent-segment degeneration. IPD devices are
primarily indicated for treatment of neurogenic claudication
in the elderly with comorbidities by minimal intervention and
indirect decompression. Clinical studies to establish their
eicacy against open and direct decompression is lacking.
heir recommendation in the treatment of mechanical back
pain does not have any scientiic basis. Product development
and marketing is expensive; therefore, most clinical trials are
aimed at establishing clinical success rather than a proper
scientiic evaluation of their clinical eicacy. Most of the new
PDS devices are introduced in the US market with FDA
approval under 510(k) as a fusion device. he clinical use for
dynamic stabilization without an attempt of fusion has become
an of-label use in the United States. his has led to the concept
of sot fusion, which indicates intertransverse fusion only,
using a PDS device. Expectation is that resultant fusion would
be less stif than conventional fusion with rigid instrumentation and therefore less likely to produce adjacent-segment
disease. here is no clinical evidence to support this concept
yet. Dynamic stabilization has raised a great deal of enthusiasm, theoretical promises, and many expectations. Like any
new technology, these procedures are apt to breed clinical
failures. he need for detailed consideration of design rationale and proper clinical evaluation without confounding
factors to prove safety and eicacy cannot be overemphasized.
Fusion remains the method of choice for advanced disc/facet
degeneration and gross instability. However, disc degeneration
in multiple segments—particularly in young patients with
concerns about adjacent-segment disease following fusion—
will likely constitute the main indication for PDS. Future
applications of dynamic stabilization may include salvage of
failed disc prosthesis or nuclear replacement. In the future,
PDS may be considered to provide temporary mechanical
support for any pharmacologic treatment aiming for repair or
regeneration of the intervertebral disc.
PEARLS
1. Clinical instability causing mechanical back pain may be deined
as abnormal quality of motion leading to uneven load
distribution in the motion segment.
2. The goals of PDS are motion preservation and to prevent
abnormal motion in the NZ.
3. The mechanism of pain relief by PDS is load sharing with the
disc and the facet joints.
4. The goal of interspinous distraction is indirect decompression
for the spinal stenosis, with minimal intervention.
5. The primary indication for PDS is activity-related mechanical
back pain.
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3.

4.
5.

PITFALLS
1. The biggest challenge for dynamic stabilization devices is
survival against fatigue, despite allowing continued motion.
2. Avoid too much distraction and kyphosis with a PDS device,
which increases the poor outcome and device failure.
3. Avoid using any dynamic stabilization device in the presence of
osteoporosis to prevent implant loosening.
4. For advanced disc degeneration, fusion remains the gold
standard of surgical treatment.

6.

7.

8.
9.
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Introduction
he goal of minimally invasive spine (MIS) surgery is to
accomplish the intended goals of treatment, whether they be
decompression, fusion, and/or realignment. he key concepts
that guide MIS approaches are to (1) decrease muscle crush
injuries during retraction; (2) avoid detachment of tendons to
the posterior bony elements, especially the multiidus attachments to the spinous process and superior articular processes;
(3) maintain the integrity of the dorsolumbar fascia; (4) limit
bony resection; (5) utilize known neurovascular planes; and
(6) decrease the size of the surgical corridor to coincide with
the area of the surgical target site. Recent advances in instrumentation, combined with reinement of surgical techniques,
have allowed treatment of an ever increasing number of spinal
disorders.

Anatomy of the Posterior Paraspinal Muscles
he posterior lumbar paraspinal muscles are part of a larger
biomechanical system that includes the abdominal muscles
and their ibrous attachment to the spine through the dorsolumbar fascia. his network of muscles is responsible for
generating movements of the spine while maintaining its
stability.1,2 In addition to maintaining spinal posture in its
neutral position, the paraspinal muscles guard the spine from
excessive bending that would otherwise endanger the integrity
of the intervertebral discs and ligaments.3 Panjabi et al. have
proposed that the paraspinal muscles apply minimal resistance
inside the neutral zone, but increase their stifness exponentially once the range of motion falls outside this neutral zone.4,5
his dynamic stabilizing system is controlled by an interconnected chain of mechanoreceptors imbedded in the muscle
fascicles, disc anulus, and spinal ligaments.6 Functional electromyelography (EMG) studies reveal that spinal stability is
achieved by the simultaneous contraction of several agonistantagonist muscles.3,7,8 Architectural studies suggest that the
individual paraspinal muscles may have diferent primary
roles as either movers or stabilizers of the spinal column.9 he
anatomic position of the intermuscular planes vary from level

to level and may afect the proper location of the incisions.10,11
In general, the intermuscular plane at the L1–L2 level is closer
to the midline than at the L5–S1. Placement of the paramedian
incisions should take into consideration this inding along
with other characteristics unique to the individual patient,
including the depth of the surgical target site from the skin
and the trajectory of the pedicles in cases in which the same
incision will be used for pedicle screw insertion.

Multiidus Muscle
he posterior paraspinal muscles are composed of two muscle
groups: the deep paramedian transversospinalis muscle group,
which includes the multiidus, interspinales, intertransversarii
and short rotators, and the more supericial and lateral erector
spinae muscles, which include the longissimus and iliocostalis
(Fig. 53.1). hese muscles run along the thoracolumbar spine
and attach caudally to the sacrum, sacroiliac joint, and iliac
wing. he multiidus is the most medial of the major posterior
paraspinal muscles and is the largest muscle that spans the
lumbosacral junction. It is believed to be the major posterior
stabilizing muscle of the spine.3,9,12 Compared to other paraspinal muscles, the multiidus muscle is short and stout. It has
a large physiologic cross-sectional area (PCSA) but short iber
lengths. his unique architectural anatomy is designed to
create large forces over relatively short distances (Fig. 53.2A).9
Furthermore, the multiidus sarcomere length is positioned on
the ascending portion of the length-tension curve (Fig. 53.2B).
When our posture changes from standing erect to bending
forward, the multiidus is able to produce more force as the
spine lexes forward. his serves to protect the spine at its most
vulnerable position. Not only is the multiidus muscle designed
for maximal active force generation during spinal lexion and
extension maneuvers, passive stability is created through
increased stifness of the extracellular matrix surrounding the
multiidus muscle at the muscle bundle level.13
he multiidus is the only muscle that is attached to both
posterior parts of the L5 and S1 vertebrae and is, therefore,
the sole posterior stabilizer that both originates and inserts
to this segment. he morphology of the lumbar multiidus
is complex.14 Unlike the other paraspinal muscles that have
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speciic origins and insertions, the multiidus muscle is formed
by ive separate bands, each having its own origin and several
diferent insertion sites. Each band consists of several fascicles
arising from the tip of the spinous process and the lateral
surface of the vertebral lamina. Caudally, the diferent fascicles
diverge to separate attachments into the mammillary processes
of the caudal vertebrae 2 to 5 levels below their origin and
downward through each vertebra to the sacrum. For example,
ibers from the L1 band insert into the mammillary processes
of the L3, L4, and L5 vertebrae; to the dorsal part of S1; and
to the posterior superior iliac spine. Biomechanical analyses,
based on the multiidus muscle anatomy, show that it produces

posterior sagittal rotation of the vertebra, which opposes a
counter-rotation generated by the abdominal muscles. he
multiidus can further increase lumbar spine stability through
a “bowstring” mechanism in which the muscle, positioned
posterior to the lumbar lordosis, produces compressive forces
on the vertebrae interposed between its attachments.15

Erector Spinae Muscles
he erector spinae muscles are composed of the longissimus,
iliocostalis, and spinalis (in the thoracic area).14,16 In the
lumbar spine, the longissimus is positioned medially and
arises from the transverse and accessory processes; it inserts
caudally into the ventral surface of the posterior superior iliac
spine. he laterally positioned iliocostalis arises from the tip
of the transverse processes and the adjacent middle layer of
the thoracolumbar fascia; it inserts into the ventral edge of the
iliac crest caudally.17 Unilateral contraction of the lumbar
erector spinae laterally lexes the vertebral column; bilateral
contraction produces extension and posterior rotation of the
vertebrae in the sagittal plane. In addition to their role as the
major extensor muscles of the trunk, the iliocostalis and
longissimus also exert large compressive loads as well as lateral
and posterior shear forces at the L4 and L5 segments. While
these forces increase the stifness and stability of the normal
vertebral column, the shearing forces may also exacerbate
instability and deformity in a malaligned spine.18 In contrast
to the multiidus muscle, microarchitectural studies reveal
that these muscles are designed as long muscle fascicles with
relatively small PCSA. his anatomic morphology suggests
that they serve to move the trunk to extension, lateral bending,
and rotation. With this type of design, they are less likely to
act as primary stabilizers of the vertebral column.19

Psoas
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FIG. 53.1 Magnetic resonance cross-sectional image through the L4–L5
disk space showing the multiidus (M), iliocostalis (IL), longissimus (LO),
quadratus lumborum (QL), intertransversarii (IT), and psoas muscles.
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he interspinales, intertransversarii, and short rotator muscles
are short, lat muscles that lie dorsal to the intertransverse
ligament (see Fig. 53.1). he intertransversarii and interspinales run along the intertransverse and the interspinous
ligaments of each segment. he short rotators originate from
the posterior-superior edge of the lower vertebra and attach to
the lateral side of the upper vertebral lamina. Because of their
small PCSA, they are not able to generate the forces needed for
movement or stability of the spinal column. More likely, they
act as proprioceptive sensors, rather than force-generating
structures.20

Innervation of the Posterior Paraspinal Muscles
he innervation of all of the posterior paraspinal muscles is
derived from the dorsal rami. he iliocostalis is innervated by
the lateral branch, while the lumbar ibers of the longissimus
receive innervation from the intermediate branch. he multiidus is innervated by the medial branch of the dorsal rami
(Fig. 53.3). he medial branch curves around the root of the
superior articular process and passes between the mammillary
and accessory processes to the vertebral lamina, where it
branches to supply the multiidus muscle, the intertransversarii and interspinales muscles, and the zygapophyseal joints.21
During its extramuscular course, the medial branch is
strongly attached to the vertebral body in two locations. he
irst attachment is to the periosteum lateral to the zygapophyseal joints by ibers of the intertransverse ligament. he mammilloaccessory ligament provides the second attachment in
the lumbar spine. his strong ligament covers the medial
branch and is oten calciied.22 hese attachments to the vertebra are of clinical importance, as they expose the medial

branch to possible damage during a midline posterior surgical
approach.23
Direct damage to the nerve is also possible during insertion
of pedicle screws.13 Insertion of a pedicle screw in the area of
the mammillary process can injure the medial branch arising
from the cephalad-level nerve root, causing denervation
injury and consequent atrophy to the multiidus fascicles that
arise from the adjacent cephalad level.24–26 For instance, pedicle
screws placed at L2 may damage the L1 nerve, which denervates the multiidus bands that originate at L1 and insert into
the vertebrae caudally. Moreover, the monosegmental innervation of the multiidus makes it particularly susceptible to
atrophy, as it lacks a collateral nerve supply from adjacent
muscle segments.14 It is intriguing to consider that dysfunction of this muscle could contribute to adjacent-level disc
degeneration.

Fiber Type Characteristics of
the Paraspinal Muscles
Fiber type analysis can provide important information about
the use pattern of a muscle.27,28 here are two major iber types
in skeletal muscles: type I, also known as a “slow twitch,” and
type II, or “fast twitch.” he type I ibers possess low adenosine
triphosphatase (ATPase) activity, prolonged twitch duration
(hence, “slow twitch”), and a low maximal velocity. In addition, type I ibers contain higher mitochondrial content and
greater oxidative enzyme complements than type II ibers.
Type II ibers are characterized by higher ATPase activities
and correspondingly shorter isometric twitch durations. With
this design, they are better suited to support the regeneration
of adenosine triphosphate through anaerobic mechanisms.
Type II ibers can be further subdivided into type IIa and IIx
ibers. Type IIx ibers are generally more extreme in each of
these respects than the type IIa ibers.28–30
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L1 medial branch
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L3
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FIG. 53.3 (A) Anatomic specimen showing the spatial relationship of the medial branch of the posterior rami
(MBPR) nerve (highlighted in black and retracted with a rubber vessel loop), the facet joint (FJ), and transverse
process (TP). (B) Path of the L1 medial branch of posterior rami nerve to the L1 multiidus muscle. The L1 MBPR
traverses the L2 transverse process and rises posteriorly to innervate the multiidus muscle that originates from
the L1 spinous process. The L1 multiidus then separates into four bands that insert into the lamina and
superior articular processes of the L3, L4, L5, and S1. (From Regev GJ, Lee YP, Taylor WR, Garin SR, Kim CW.
Nerve injury to the posterior rami medial branch during the insertion of pedicle screws: comparison of
mini-open versus percutaneous pedicle screw insertion techniques. Spine (Phila Pa 1976). 2009;34:1239-1242.)
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One of the most striking features of the lumbar paraspinal
muscles is the predominance of type I muscle ibers compared
with other skeletal muscles. Polgar and Johnson studied the
distribution of iber types in 36 human muscles.31 A signiicantly larger type I to type II iber ratio was observed in the
multiidus, longissimus, and iliocostalis muscles compared to
muscles of the extremities. he predominance of type I ibers
and selective type II atrophy has been found in other studies
that analyzed iber type distribution and size in normal paraspinal muscles. It is presumed that, along with the adaptation
to their stabilizing tonic work characteristics, the phenomenon
of type II atrophy can be explained by the sedentary modern
lifestyle that deprives these muscles of stimulation from
exercise.32 he relatively larger size of type II ibers in professional athletes further supports this assumption.33,34
he morphology of iber type distribution between the
diferent paraspinal muscles and in diferent areas inside the
muscle is well known. Jorgensen et al. reported a higher proportion of type I ibers in the longissimus than in the multiidus
or iliocostalis muscles.35 Furthermore, the multiidus muscle
is composed of a relatively high percentage of type I ibers,
consistent with a postural function. he psoas muscle, on the
other hand, is composed of a higher percentage of type II
ibers, such as in the appendicular muscles.36 Mannion et al.
showed that, in women, the mean size of the type I iber is
signiicantly greater than that of either the type IIA or the type
IIx, while men have relatively larger-sized type II ibers.37 In
the older population, a loss of muscle mass leads to a decrease
in both iber type sizes with slightly more efect in type II
ibers.38–40 he most profound changes in iber size and iber
type distribution occur in patients with degenerative conditions of the spine.29 Compared with the control, the muscle of
low back pain patients had a signiicantly higher proportion
of type IIx ibers than type I ibers. hey proposed that the
relatively low proportion of type I ibers in patients with low
back pain render them less resistant to fatigue and more
susceptible to injury.

Paraspinal Muscle Injury
Characteristics of Paraspinal Muscles
in the Postsurgical Spine
Spine surgery inherently causes damage to surrounding
muscles.41 his injury can be followed by atrophy of the
muscles and subsequent loss of function. Among the diferent
surgical approaches to the spine, injury to the muscle is greatest when using the midline posterior approach.42 he multiidus muscle is most injured when using this approach. Muscle
atrophy coincides with decreased muscle cross-sectional area
(CSA), which, in turn, correlates with decreased force production capacity of the muscle.41,43–49
Muscle biopsies obtained from patients undergoing revision spinal surgery exhibit an array of pathologic features that
include selective type II iber atrophy, widespread iber type
grouping (a sign of reinnervation), and “moth eaten” appearance of muscle ibers.40 Although these pathologic changes can

occasionally be found in biopsies from normal individuals, the
pathologic changes are more prevalent ater surgery.50 Atrophy
of the paraspinal muscles can readily be seen in postsurgical
back patients.51 Reductions in the CSA of the paraspinal
muscles are greatest following a midline approach for a posterolateral fusion.42,47,52 Using electromyography, paraspinal
muscle function adjacent to instrumented fusions was
signiicantly diminished ater traditional midline open transforaminal lumbar interbody fusion (TLIF).53 In contrast,
electromyography evidence of muscle function was well
maintained ater minimally invasive transforaminal lumbar
interbody fusion (MIS TLIF).53

Mechanism of Paraspinal Muscle
Injury During Surgery
he factors responsible for muscle injury during surgery have
been well studied in both animals and humans. Muscle damage
can be caused by several diferent mechanisms. Direct injury
to the muscle is caused by dissection and stripping of tendinous attachments from the posterior elements of the spine.
Additionally, extensive use of electrocautery causes localized
thermal injury and necrosis to the tissues. he most signiicant
factor responsible for muscle injury is likely the use of forceful
self-retaining retractors. Kawaguchi and co-workers quantiied the factors responsible for muscle necrosis following a
standard open midline posterior approach.54–56 hey proposed
that injury is induced by a crush mechanism similar to that
caused by a pneumatic tourniquet during surgery of the limbs.
During the application of self-retaining retractors, elevated
pressures lead to decreased intramuscular perfusion.57–60 he
severity of the muscle injury is closely correlated to the degree
of intramuscular pressure and length of retraction time. A
pressure-time parameter can be calculated by multiplying the
intramuscular pressure and the length of time of the surgery.
A high pressure-time product was shown to be tightly correlated to muscle necrosis. hey concluded that muscle damage
can be reduced by intermittent release of the retractors during
prolonged surgery combined with a relatively longer incision
that allows reduced retraction pressures.
Denervation is yet another mechanism that leads to muscle
degeneration and atrophy following surgery. Muscle denervation can occur in a discrete location along the supplying
nerve or can be located in several points along the nerve and
the neuromuscular junction. As previously described, nerve
supply to the multiidus is especially vulnerable to injury
because of its monosegmental innervation pattern.14 Muscle
denervation is also possible through damage to the neuromuscular junction following long muscle retraction and necrosis.
Shorter retraction time or an intermittent release of muscle
retraction has been shown to signiicantly decrease degeneration and denervation of the muscles.59 Gejo et al. examined
the relationship between retraction time and postoperative
damage to the paraspinal muscle by measuring postoperation
signal intensity of the multiidus muscle using T2-weighted
MRI.61 Long retraction time during surgery was found to correlate with high signal intensity in the multiidus muscle even
at 6 months ater surgery. hey proposed that these indings
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Correlation of Muscle Injury
With Clinical Outcomes
here appears to be a correlation between muscle damage and
long-term postoperative pain. Sihvonen et al. found signs of
severe denervation of the multiidus muscle in patients with
failed back syndrome.62 Muscle biopsies showed signs of
advanced chronic denervation consisting of group atrophy,
marked ibrosis, and fatty iniltration. Moreover, iber type
grouping, a histologic sign of reinnervation, was rare. hey
hypothesized that the denervation injury resulted from direct
damage to the medial branch of the posterior rami during
muscle retraction associated with the posterior midline
approach. he lack of reinnervation was thought to result
from the absence of intersegmental nerve supply to the multiidus. Signs of severe denervation of the paraspinal muscles
correlate with poor outcome of postsurgical patients. hey
also showed that poor clinical outcomes are associated with
abnormal EMG patterns 2 to 5 years ater surgery.
Changes in multiidus CSA and T2 signal intensity vary
signiicantly depending on the surgical approach. here is
signiicantly less atrophy ater MIS TLIF compared with open
TLIF. hese changes are correlated with improved pain scores,
disability, and creatine kinase levels.63 Changes in the paraspinal atrophy were signiicant in the multiidus muscle but not
in the longissimus muscle between open TLIF and MIS TLIF
groups.64 Other parameters of surgical success seem to favor
a minimally invasive approach.
he integrity of the paraspinal muscles may have an efect
on fusion rates.65 Patients with less atrophy of the paraspinal
muscle group had higher rates of solid fusion than patients
with more signiicant paraspinal atrophy.65 he most clinically
obvious and pronounced beneit of minimally invasive posterior techniques over the conventional midline open approaches
is the decreased postoperative infections. he Scoliosis
Research Society Morbidity and Mortality studies show a
nearly 5-fold decrease in rates of deep surgical site infections
when a TLIF is performed using MIS techniques. his has
been shown in several other studies, with a wide range of
signiicant diferences.66 In a more direct comparison of open
TLIF versus MIS TLIF, Ee et al. showed that the relative risk
of deep surgical site infections.67

Preservation of Muscle Function and Integrity
MIS surgery techniques strive to minimize muscle injury
during surgery. By minimizing the use of self-retaining retractors, intramuscular retraction pressure is reduced, leading to
less crush injury. Furthermore, focusing the surgical corridor
directly over the surgical target site allows for less muscle stripping that may otherwise disrupt its tendinous attachments or
damage their neurovascular supply. Kim et al. compared trunk
muscle strength between patients treated with open posterior
instrumentation versus percutaneous instrumentation.68 Tests

were performed isometrically at multiple lexion positions.
Patients undergoing percutaneous instrumentation displayed
over 50% improvement in extension strength, while patients
undergoing traditional midline open surgery had no signiicant
improvement in lumbar extension strength. Extension strength
correlated with preservation of multiidus CSA as measured on
MRI. In a similar study, Stevens et al. assessed the postsurgical
appearance of the multiidus muscle using a high-deinition
MRI sequence.69 In patients treated via an open posterior TLIF
technique, marked intermuscular and intramuscular edema
was observed on postsurgical MRI at 6 months ater surgery. In
contrast, patients in the MIS TLIF group had a normal appearance on MRI following surgery.
Hyun et al. retrospectively assessed a group of patients who
underwent unilateral TLIF with ipsilateral instrumented
posterior spinal fusion via an open technique.45 Contralateral
instrumented posterior spinal fusion was performed at the
same level employing a paramedian, intermuscular (Wiltse)
minimally invasive approach. Postoperatively, there was a
signiicant decrease in the CSA of the multiidus on the side
of the open approach while no reduction in the multiidus
CSA on the contralateral side was observed.
Decreases in tissue trauma not only have local efects but
alter overall systemic physiology. Kim et al. studied circulating
markers of tissue injury in patients undergoing open versus
MIS fusions.69,70 Markers of skeletal muscle injury (creatinine
kinase, aldolase), proinlammatory cytokines (interleukin 6
[IL-6], IL-8), and antiinlammatory cytokines (IL-10, IL-1
receptor antagonist) were analyzed with enzyme-linked immunosorbent assay techniques. Twofold to sevenfold increases in
all markers were observed in the open surgery group. he
greatest diference between the groups occurred on the irst
postoperative day. Most markers returned to baseline in 3 days
for the MIS group, whereas the open surgery group required
7 days. IL-6 and IL-8 are known cytokines that participate in
various systemic inlammatory reactions.71–73 It is possible that
such elevations in inlammatory cytokines have direct efects
beyond the surgical site. As such, persistently elevated levels of
proinlammatory cytokines have been associated with organ
failure in postsurgical patients.74

Preservation of the Bone-Ligament Complex
It is well accepted that excessive facet resection leads to altered
motion and spinal instability.75–78 Furthermore, a laminectomy
leads to loss of the midline supraspinous/interspinous ligament complex, which can contribute to lexion instability.79,80
In cases in which signiicant bony resection is required, or
when there is an underlying relative instability (such as in
spondylolisthesis), concomitant fusion is oten recommended
following a decompressive laminectomy.79–82 Eforts to limit
such potentially destabilizing surgery have been pursued
via unilateral laminotomies in which the spinous processes
and corresponding tendinous attachments of the multiidus
muscle and the supraspinous/interspinous ligaments are
preserved (Fig. 53.4). When this technique is combined with
minimally invasive tubular retractors, bilateral decompression
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relect chronic denervation of the muscle caused by damage
to the neuromuscular synapses.
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FIG. 53.4 (A) A minimally invasive decompression procedure for the treatment of L4–L5 spinal stenosis. The
strategy is to use a bilateral paramedian approach that spares the tendinous attachment of the multiidus
muscle at the spinous process. (B) Postoperative computed tomographic scan demonstrating good
decompression of the spinal canal without noticeable damage to the posterior paraspinal muscles.
Decompression of the left lateral recess via the right paramedian approach (and vice versa) allows minimal
facet resection during decompression of the lateral recess.
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FIG. 53.5 Posterior view illustrating three diferent decompression methods tested by inite element analysis:
(A) minimally invasive unilateral laminotomies; (B) midline interlaminar decompression, which retains the
spinous process but sacriices the interspinous/supraspinous ligaments; and (C) midline open laminectomies
with resection of the spinous processes. (From Bresnahan L, Ogden AT, Natarajan RN, Fessler RG. A
biomechanical evaluation of graded posterior element removal for treatment of lumbar stenosis: comparison of
a minimally invasive approach with two standard laminectomy techniques. Spine (Phila Pa 1976). 2009;34:17-23.)

for stenosis can be achieved with good clinical results.83–85 he
long-term outcome of such MIS procedures and their efect
on spinal stability have yet to be shown clinically. However,
biomechanical studies suggest that such MIS techniques have
signiicant efects on spinal stability.
Biomechanical and inite element analyses have been used
to assess the consequences of various lumbar decompressive
procedures on spinal motion.86,87 Bresnahan et al. compared
three decompressive techniques to treat two-level spinal stenosis: open laminectomies versus interlaminar midline
decompression (which retains the spinous process but sacriices the interspinous/supraspinous ligaments) versus MIS
unilateral laminotomies (Fig. 53.5).87 hese studies show that
open laminectomy produces marked increases in lexion,
extension, and axial rotation. For lexion-extension, there is a

greater than twofold increase in motion, which leads to
increased stress on the anulus. No changes in lexion were
noted when the interlaminar or MIS models were studied.
Axial rotation increased by 2.5-fold in the open and interlaminar groups but only 1.3-fold in the MIS group. Similar indings
have been shown in biomechanical studies in human lumbar
cadaveric specimens.86 hese indings lend further support to
the concept that MIS techniques have relevant efects on spinal
motion and stability.

Summary
Preservation of normal spinal motion and stability constitutes
the best means for ensuring improved long-term outcomes
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he term minimally invasive spine (MIS) surgery describes
a variety of surgical techniques that employ key concepts
in spinal surgery. he guiding principles of MIS are to (1)
decrease muscle crush injuries during retraction, (2) avoid
injury of osseotendinous attachments important for spinal
stability, (3) maintain the integrity of the dorsolumbar fascia,
(4) limit bony resection, (5) avoid injury to the neurovascular
supply of muscle compartments by using known anatomic
planes, and (6) decrease the size of the surgical corridor to
coincide with the area of the surgical target site. hese principles can be used in a variety of settings. In the lumbar spine,
the most signiicant application of these principles has been
for posterior approaches to the lumbar spine.

Surgical Anatomy of the Posterior Paraspinal
Muscles
he posterior lumbar paraspinal muscles are responsible for
maintaining spinal posture in its neutral position. Furthermore, the paraspinal muscles guard the spine from excessive
bending that would otherwise endanger the integrity of the
intervertebral discs, facet joints, and ligaments.1 It is the body’s
dynamic stabilizing system that prevents pain and injury to
the spinal column due to repetitive loads during the course of
daily activities. he posterior paraspinal muscles are composed
of several muscle groups that run along the thoracolumbar
spine and attach caudally to the sacrum, sacroiliac joint, and
iliac wing.
Posterior spine surgery using midline approaches inherently causes damage to surrounding muscles.2,3 Muscle injury
leads to long-term muscle atrophy, which, in turn, leads to
decreased force production capacity of the muscle.2,4–12 he
multiidus muscle is most severely injured when using this
approach for several reasons. First, its medial location inherently requires that it be displaced most during retraction. his
predisposes the muscle to greater retraction pressures and
makes it more vulnerable to disruption of its neurovascular
supply.2,7 Of equal importance, the midline posterior approach
inevitably leads to disruption of the multiidus tendon attachment to the spinous process and the integrity of the dorsolumbar fascia.

Key Concepts for Minimally Invasive Spine
Retraction Systems
A key advance in minimally invasive surgery came from
Perez-Cruet and colleagues13 with the development of the
tubular retractor. A cylindrical retractor allows the surgical
corridor to be opened via serial dilation using sequentially
larger concentric tubes. his decreases the need for muscle
stripping during the exposure. Furthermore, a tubular retractor maximizes the surface contact area, which, in turn, minimizes the pressure per unit area. Another key concept in MIS
is use of a retractor holder mounted to the table instead of
using a “self-retaining” mechanism. In a self-retaining retractor system, constant pressure on the tissues must be exerted
to hold the retractor in place. Studies show that the maximum
intermuscular pressure around a tubular retractor decreases
by 50% within 3 seconds.14 hereater, the pressure is undetectable. With self-retaining retractors, the pressure remains
unchanged.

Minimally Invasive Spine Surgical Corridor
he guiding principles of MIS posterior lumbar surgery are
to avoid injury to the multiidus tendon attachment to the
spinous process and to maintain dorsolumbar fascia integrity.
his is accomplished by using paramedian approaches rather
than midline approaches. Decompression, microdiscectomy,
interbody fusion, posterolateral fusion, and pedicle screw
instrumentation can be accomplished through this surgical
corridor. Emerging techniques for advanced reconstruction—
including posterior corpectomies and strut fusion for burst
fractures, tumors, and infections—are also possible.

Posterior Lumbar Approaches
Tubular Microdiscectomy
he treatment of herniated discs via MIS tubular microdiscectomy is the most common technique currently used in the
United States. his system, developed by Foley and Smith,
consists of a series of concentric dilators and thin-walled
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FIG. 54.1 Intraoperative and luoroscopic images of the tubular microdiscectomy technique. (A, C)
Intraoperative image and (B, D) corresponding to the lateral luoroscopic image of the surgical target site
showing the lateral pars and inferomedial transverse process (TP) after removal with a ine Kerrison rongeur.
This maneuver allows for palpation of the pedicle and assists identiication of the exiting nerve root adjacent to
the ball-tip probe.

tubular retractors of variable length. he use of the tubular
retractor rather than blades allows the retractor itself to be thin
walled (0.9 mm). he tube circumferentially deines a surgical
corridor through the erector spinae muscles. he appropriate
depth of retractor prevents the muscle from intruding into the
ield of view. he retractor allows for the appropriately sized
working channel to permit spinal decompression. he typical
retractor size is approximately 18 mm for microdiscectomy
(Fig. 54.1). Surgery is typically performed using an operating microscope. Several randomized controlled trials have
been performed to compare traditional open microdiscectomy with minimally invasive tubular microdiscectomy.15–17
hese studies all show that tubular microdiscectomy is safe
and eicacious compared with well-established traditional
techniques. However, clinically signiicant superiority was
not shown, likely relecting the diiculty in demonstrating
diferences between the two already successful procedures.
In a meta-analysis of 6 trials comprising 837 patients, clinical
improvements in pain and function were similar in both the
minimally invasive and traditional open groups, but there

were higher risks of incidental durotomies and reoperations
for recurrent disc herniations.17a

Lumbar Decompression
An important goal of minimally invasive posterior surgery is
maintaining the tendinous attachment of the multiidus to the
spinous process. During a traditional laminectomy, the
spinous process is removed and the multiidus muscle is
retracted laterally. Upon wound closure, the multiidus origin
can no longer be repaired to the spinous process. he midline
approach afords a symmetrical view of the posterior elements,
which allows for safe resection of the lamina, ligamentum
lavum, and medial facets. he symmetrical view allows the
surgeon to readily identify and orient the surgical corridor.
However, a thorough decompression can be achieved without
need for removal of the spinous process. In a technique originally described by Weiner and colleagues,18 the spinal canal
can be approached through a unilateral portal via a hemilaminectomy technique. Decompression of the central canal and
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FIG. 54.2 Magnetic resonance (A) axial and (B) sagittal images in a patient with spinal stenosis. Intraoperative
luoroscopic navigation (C) anteroposterior and (D) lateral images showing insertion of the initial dilator. The
surgical corridor is overlaid with the tubular retractor in solid white and surgical target sites in dashed lines. (E–F)
Intraoperative photomicrographs of the surgical target site. (E) Initial bony exposure of the base of the spinous
process and facet joint line; top is medial. (F) Visualization of the dural tube to the contralateral side using a
unilateral approach.

contralateral recess can be achieved by angling the tubular
retractor dorsally to view the undersurface of the spinous
process and contralateral lamina (Fig. 54.2). he dural tube
can be gently pushed down and the ligamentum lavum and
contralateral superior articular process resected to achieve a
bilateral decompression.

he eicacy and safety of minimally invasive posterior
lumbar decompression have been assessed in multiple
studies.18–24 In a review by Asgarzadie and Khoo,25 this technique provides long-term symptomatic relief equivalent to
traditional open surgery but with signiicant reductions in
operative blood loss, postoperative pain, hospital stay, and
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FIG. 54.3 Magnetic resonance cross-sectional image through disc space of (A) L2–L3, (B) L3–L4, (C) L4–L5, and
(D) L5–S1. The outline of the tubular retractor is overlaid on each image. Note the proximity of the ipsilateral
facet joint at the higher lumbar levels. At L3–L4 and above, care must be exercised to avoid inadvertent injury
to the ipsilateral facet joint. (E) A bilateral approach can be used to decompress the lateral recess from the
contralateral sides (F).

narcotic usage. he efect of the MIS learning curve remains
a signiicant concern, as increased complication rates are seen
during the initial series of patients.26 Despite the learning
curve, the overall complication rates remain low, even in
patients who are elderly or medically frail.27–29
It is important to consider the anatomic variation of the
lower lumbar spine with the upper lumbar spine with this

particular technique. At L3 and above, the lamina between the
spinous process and facet joint can be narrow (Fig. 54.3). With
a unilateral approach, it may be diicult to reach the ipsilateral
recess without excessively removing the ipsilateral inferior
articular process. An option is to use a bilateral crossover
technique to reach the right lateral recess from a let-sided
hemilaminectomy and vice versa.2 Anatomically, the lateral
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FIG. 54.4 Minimally invasive spine transforaminal lumbar interbody fusion surgical corridor is shown. (A)
Magnetic resonance cross-sectional image through the L4–L5 disc space showing the neurovascular plane
between the multiidus and longissimus muscles (arrow). (B) Intraoperative photomicrograph showing the
lateral aspect of the multiidus muscle and the neurovascular bundle (arrow). (C) Intraoperative image and (D)
corresponding illustration showing the technique of manual blunt dissection to the surgical target site. (E)
Image of a spine model with the surgical target site noted (red and black lines). (F) View of the surgical target
site through a minimally invasive retractor.

recess is more accessible through a contralateral approach
when using the unilateral approach. In a preliminary study of
four patients and seven levels of decompression, the total
operating time was 32 minutes per level and the estimated
blood loss was 75 mL. he average postoperative stay was 1.2
days. All patients had resolution of neurogenic claudication
and there were no complications.30

Posterior Lumbar Interbody Fusion
An extension of the minimally invasive hemilaminectomy
technique is transforaminal lumbar interbody fusion (MIS
TLIF). he unilateral approach is used to perform the analogous decompression and is combined with a complete facetectomy. he surgical corridor is in the neurovascular plane
between the multiidus and longissimus muscles (Fig. 54.4). A
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FIG. 54.5 Minimally invasive spine transforaminal lumbar interbody fusion decompression is shown. (A) Image
of a spine model with removal of the inferior articular process of the cephalad level and overhang of the
superior articular process of the caudad level. (B) Corresponding view through a minimally invasive retractor. (C)
Intraoperative photomicrograph of the dural tube with a Penield probe reaching to the contralateral side. (D)
Postoperative computed tomographic scan with overlay of the surgical corridor.

complete facetectomy allows for decompression of the spinal
canal from the ipsilateral to the contralateral side (Fig. 54.5).
Access to the disc space is through a window bordered medially by the dural tube, proximally by the exiting nerve root,
and distally by the pedicle and superior endplate of the caudad
vertebra, thus forming within the Kambin triangle (Fig. 54.6).
Angled curettes are used to perform a subtotal discectomy
from a unilateral approach. If necessary, an osteotome is used
to remove the overhanging rim of the posterior vertebral
endplate during discectomy. Fusion is performed using interbody spacers that can be placed anteriorly for maximum lordosis correction. A second cage may be inserted by using the
smooth trials to push the irst cages to the far side of the disc
space. Dual cage constructs may be desirable when there is
signiicant osteoporosis or at L5–S1 in a multilevel fusion.
he clinical safety and eicacy of this technique has
been well established. Schwender and colleagues31 reported
on 49 patients who underwent MIS TLIF through a paramedian, muscle-sparing approach using an expandable
tubular retractor system. Of these patients, 26 patients had
degenerative disc disease with herniated nucleus pulposus,

22 had spondylolisthesis, and 1 had a Chance-type fracture
as their primary diagnosis. he minimum follow-up was 18
months with a mean follow-up of 22.6 months. Operative
time averaged 240 minutes (range, 110–310 minutes), and
average estimated blood loss was 140 mL (range, 50–450 mL).
No patients required a blood transfusion, and there were no
intraoperative complications. Length of hospital stay was
1.9 days on average (range, 1–4 days). All 45 patients who
had preoperative radicular symptoms had resolution of their
symptoms. All patients with mechanical low back pain had
postoperative improvement of their pain. Four complications
were noted postoperatively (two from malpositioned screws,
one from grat dislodgement causing new radiculopathy, and
the last from radiculopathy caused by contralateral neuroforaminal stenosis). Visual Analog Scale pain scores improved
from 7.2 to 2.1, and Oswestry Disability Index scores improved
from 46% to 14% at last follow-up.
Numerous studies have since conirmed the safety and
eicacy of this technique.32–40 hese studies show that MIS
TLIF can achieve results comparable with traditional open
techniques but with less postoperative pain, decreased blood
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FIG. 54.6 Minimally invasive spine transforaminal lumbar interbody fusion discectomy is shown. (A) Illustration
and (B) corresponding photomicrograph of the surgical target site after facetectomy to expose the Kambin
triangle, which is bounded medially by the dural tube, proximally by the exiting nerve root, and distally by the
pedicle and superior endplate of the caudad vertebra. (C) Image of a spine model after facetectomy. The
Kambin triangle is in red. (D) Corresponding view through a minimally invasive retractor. (E) Intraoperative
image during discectomy showing a paddle distractor and sizer and (F) during cage insertion.
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loss, and shorter hospital stays, particularly when compared
with anteroposterior circumferential fusion.41 Another signiicant advantage of MIS is the marked decrease in rates of surgical site infections. Several studies show several-fold decreases
in deep infection rates with MIS posterior lumbar fusions.41a-41d
Shorter hospital stay, faster return to work, and decreased
rates of reoperations due to infections lead to decreased overall
cost of care.41d-41h he long-term beneits of minimally invasive
fusion techniques have yet to be elucidated. It is intriguing to
consider that preservation of the osseomusculotendinous
complex may provide dynamic stability to the adjacent segments and provide some degree of protection from adjacentsegment disease.41i,41j

Percutaneous Pedicle Screw Instrumentation
Insertion of pedicle screws through a midline approach
requires massive retraction of the multiidus muscle, subjecting the muscle to high retraction pressures and disruption of
its osseotendinous attachments and neurovascular supply. he
rationale for MIS pedicle screw insertion lies in the preservation of multiidus muscle function. Pedicle screw insertion can
be performed percutaneously or via a paramedian mini-open
technique. With the percutaneous technique, the pedicle is
entered using a Jamshidi-type trocar needle under luoroscopic
control (Fig. 54.7). Once the needles are within the pedicle, the
stylets are removed and guidewires inserted. he guidewire
is then used to direct cannulated taps and screws into the
pedicle (Fig. 54.8). Sequential sot tissue dilators are used to
create a path for the tap and screw. he outermost dilator
can be used as a protective sleeve during pedicle tapping. A
cannulated pedicle screw is then placed over the guidewire.
Rods are inserted percutaneously to minimize sot tissue
trauma.
In the mini-open technique, a longitudinal, paramedian
incision is placed slightly lateral to the lateral edge of the
pedicles. Dissection is performed through the intermuscular
plane between the multiidus and longissimus muscles. A
tubular retractor system is subsequently deployed ater tissue
dilation is performed. he pars interarticularis and the mammillary processes of the cephalad and caudal levels are exposed
with gentle electrocautery. A high-speed burr to create a
starting point and pedicle probes are used to enter the pedicle.
Cannulated or noncannulated pedicle screws can be used with
this technique. he exposure allows for decortication of the
pars, facet joint, and transverse processes for bone grating
and fusion. A standard rod and end caps can then be placed.
he mini-open technique ofers several advantages over the
percutaneous method. It allows for direct visualization of the
anatomy and the choice of using either cannulated or noncannulated pedicle screw systems. he mini-open technique also
allows for greater access for bone grating posteriorly. On the
other hand, the mini-open technique threatens the medial
branch of the dorsal rami, which extends downward to the
transverse process of the caudal level, where it passes between
the mammillary and accessory processes. It then curves posteriorly, where it branches to supply the multiidus muscle, the
intertransverse muscles and ligaments, and the facet joint of

the cephalad level. As a result, insertion of a pedicle screw
through the mammillary process at one level can cause injury
to the medial branch nerve of the dorsal rami that supplies the
adjacent cephalad level. In a cadaveric study comparing these
MIS techniques, Regev and colleagues found that the miniopen technique causes injury to the medial branch of the
dorsal rami more frequently than the percutaneous technique.42 hey recommend that pedicle screw insertion at the
cephalad level be performed percutaneously if one desires to
minimize denervation of the multiidus complex at the cephalad adjacent level.
he overall safety and accuracy of minimally invasive
pedicle screw insertion has been shown in several studies.
Ringel and colleagues43 assessed a total of 488 pedicle screws
implanted in 103 patients via a percutaneous technique. hey
found that only 3% of screws were rated as unacceptable,
leading to nine screw revision surgeries. hese results mirror
a growing body of evidence that relects the safety and eicacy
of minimally invasive posterior spinal instrumentation.31,44,45
hese results are comparable with pedicle screws inserted via
a traditional open approach. In a meta-analysis of 130 studies
and 37,337 pedicle screws placed, the overall screw accuracy
was 91.3%.46

Limitations and Drawbacks
Radiation Exposure
Several techniques for minimally invasive posterior screw
insertion exist, but the percutaneous pedicle screw technique
is the least tissue disruptive and is currently adapted for single
or multilevel fusions. Its use, however, depends on intraoperative luoroscopy. In the past, luoroscopy was mainly
used for lateral luoroscopic pedicle screw guidance in open
surgery. However, multiplanar luoroscopic techniques are
necessary for minimally invasive spinal instrumentation.
Obtaining multiple views in several planes increases accuracy
but increases operating times. he operative time for two
screws on the same vertebra level reaches 10 minutes or longer
using advanced luoroscopic techniques, whereas lateral-only
luoroscopic methods require less than 5 minutes per level.47–49
With increased insertion times associated with advanced luoroscopic guidance, the cumulative exposure to radiation
increased concomitantly.
Studies have shown that luoroscopically guided pedicle
screw placement exposes surgeons to 10 to 12 times the
dose of radiation required when compared with nonspinal
musculoskeletal procedures.50 Despite these concerns, the
convenience of the C-arm, combined with a high degree of
accuracy, has made intraoperative luoroscopy an increasingly
necessary part of advanced spinal surgery. he addition of
navigation technology is a promising means of decreasing
radiation exposure to the surgical team. Kim and colleagues51
showed that the use of navigation-assisted luoroscopy for
MIS TLIF markedly decreases direct exposure to radiation. In
addition to reducing radiation exposure, navigation eliminates
the need for cumbersome protective lead gear and clears the
surgical ield by removing the C-arm during surgery.
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FIG. 54.7 Percutaneous pedicle screw insertion requires scrupulous intraoperative imaging. (A, E, I) The trocar
needle is inserted using a perfect en face anteroposterior image of the pedicle. The endplates should be lat
and the top of the pedicle is in line with the superior endplate. The needle is inserted from a lateral to medial
direction until the tip reaches the medial border of the pedicle (I and J). The C-arm is then brought under the
table for a lateral view (B, F, J). If the needle is correctly inserted into the pedicle, the tip should be past the
posterior vertebral body line (K and L). (A–D) Initial position of the needle in the anteroposterior, lateral, and
axial planes, respectively. (E–H) Needle halfway across the pedicle. (I–L) Needle at the medial border of the
pedicle. Once past the posterior vertebral body line, the needle can be inserted another 5 mm in preparation
for insertion of the guidewire.

Learning Curve for Minimally Invasive
Spinal Surgery
he barriers to widespread adoption of minimally invasive techniques appear to be related to technical diiculties of the procedures and a lack of adequate training opportunities. In a survey of
spinal surgeons, Webb and colleagues52 showed that most

surgeons perceive MIS to be eicacious and want to perform
more MIS procedures. However, most have not pursued MIS
surgery because of concerns with technical diiculties of the
procedure and a lack of adequate training opportunities. he
technical diiculty of the procedure, combined with inadequate
training, is evident in initial studies of MIS surgery. Nowitzke
evaluated the learning curve for tubular decompression and
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FIG. 54.8 Percutaneous pedicle screw insertion uses guidewires to guide the taps and screws through the
pedicle and into the vertebral body in a reliable manner. (A) Once the Jamshidi needle is safely passed through
the pedicle and into the vertebral body, the inner stylet is removed and the guidewire inserted. (B) The cannula
is then removed and soft tissues opened with serial dilators. (C) The tap is then passed over the guidewire and
into the dilator sleeves, which is monitored on a lateral luoroscopic image. It is critical to maintain control of
the guidewire to avoid inadvertent advancement into the abdominal cavity. (D) After tapping, cannulated
pedicle screws with extension sleeves are inserted over the guidewire. Again, a lateral image is used to monitor
the guidewire and to insert the tulips to a consistent depth. (E) Once all the screws are in place, a contoured
rod is inserted under the dorsolumbar fascia and through the rod sleeves. (F) The rod sleeves are then used to
reduce the rod to the tulips and insert the locking caps.
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2. Unintentional durotomies more often occur in patients with
severe stenosis and facet cysts. Meticulous release of the tissue
adherent to the dural tube before use of the Kerrison rongeur
decreases this risk.
3. Insertion of an interbody cage during MIS TLIF procedures
endangers the exiting nerve root. Care should be taken to
maintain the pars interarticularis, which serves to protect the
nerve during cage insertion. Similarly, the dural tube should be
adequately released and decompressed to allow the traversing
nerve root to move out of the path of the cage during insertion.

KEY POINTS

Summary
he posterior spine is dynamically stabilized by a diverse
group of muscles that lie in close proximity to the vertebral
column. hese muscles possess a single tendon origin at the
spine process and multiple tendon insertion sites distally
along the superior articular processes. Each of these muscles
possesses unique anatomic and structural characteristics that
relect their primary role. he multiidus muscles are made
up of short and powerful ibers that enable them to produce
large forces over short distances, making them a powerful stabilizer. Traditional posterior midline open approaches disrupt
the function of these muscles through tendon detachment,
devascularization, and crush injury. Currently, minimally
invasive techniques use surgical approaches in which these
events are minimized. Paramedian incisions avoid detachment of the multiidus tendon origin. Table-mounted, tubular
retractors minimize retraction pressure. Specialized surgical
instruments and implants accommodate narrow surgical corridors. he short-term results of these techniques are well
demonstrated in multiple studies. he long-term efects of
minimally invasive posterior spinal surgery are not yet known,
but it is anticipated that maintaining muscle function will have
efects on future events such as adjacent-level degeneration
and level of function.
PEARLS
1. Ensure adequate preparation and training for all MIS procedures
by performing the entire procedure, skin to skin, on a cadaveric
specimen.
2. Use intraoperative imaging to precisely position the retractor
directly in line with the intended surgical corridor.
3. Avoid the temptation to excessively open the retractor because
this leads to additional muscle creep that further obscures the
surgical target site.
4. Use instruments speciically designed for MIS procedures that
are properly angled and bayoneted for use down a long, narrow
surgical corridor.
5. Consider the use of expandable tubular retractors that contain a
gap between the blades to allow increased angulation of
instruments.
PITFALLS
1. MIS procedures are reliant on luoroscopic imaging, which can
lead to excessive radiation exposure to the surgical team. Proper
protective wear should include not only a lead gown but also a
thyroid shield and protective eyewear. Strong consideration
should be given to use of protective gloves.

1. The posterior paraspinal musculature, particularly the multiidus
muscle, provides a critical dynamic stabilizing function.
2. Prevention of multiidus muscle injury is the main concept in
minimally invasive posterior lumbar surgery.
3. Multiidus muscle injury can occur by detachment of the
tendon origin at the spinous process.
4. Table-mounted, tubular retractors minimize muscle crush injury
by maximizing the surface area of the retractor and avoiding the
prolonged elevated retraction pressures associated with
self-retaining retractors.
5. Minimally invasive posterior lumbar techniques remain
technically demanding, leading to higher complication rates
and longer operative times during the early period of the
learning curve.
6. A diicult learning curve demands that surgeons have suicient
preclinical training and that education is obtained before the
application of MIS surgery in clinical practice.
7. Meticulous use of luoroscopic imaging is required to prevent
instrumentation-related complications.
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required conversion to open surgery.53 Villavicencio and colleagues41 noted a higher rate of overall perioperative complications, Dhall and colleagues54 found a higher rate of
instrumentation complications, and Peng and colleagues55 noted
longer operative times when comparing MIS TLIF versus open
TLIF. However, it is important to note that a better understanding of the learning curve may decrease the complication rates
associated with initial adoption of MIS techniques.56
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Overview
Various surgical ields have been revolutionized by expansion
of minimally invasive techniques in the recent past. In spine
surgery, minimally invasive surgical (MIS) techniques have
evolved to safely allow access to the spine with less collateral
damage compared to traditional open surgical approaches.
he basic principles and treatment goals are unchanged. he
most basic tenet of minimally invasive spine surgery is to
perform the same surgery as has traditionally been done open
but with less approach-related morbidity and equal or better
outcomes. MIS techniques have demonstrated less blood loss,
decreased postoperative pain and narcotic demand, shorter
hospital stays, earlier mobilization and return to work, lower
disability index at 2 years postoperatively, and lower infection
rates as compared with open surgical techniques.1–5,6 However,
adoption of minimally invasive lumbar surgery techniques is
associated with a prolonged learning curve, initially longer
operative times, and higher initial rate of complications.7
Nonetheless, with increasing popularization of MIS techniques
and incorporation in surgical training programs, these practices are progressively utilized successfully in patient care.
he concept of percutaneous spinal ixation was irst introduced by Magerl in 1982 for management of thoracolumbar
trauma.8 To decrease the related high risk of pin tract infection
and screw loosening, in 1995, Matthews and Long described
a technique for percutaneous transpedicular screw ixation
connected by a subcutaneous plate.9 his was both poorly
tolerated by the patient due to prominent instrumentation and
associated with a high nonunion rate. Today, a variety of different instrumentation systems may be used in posterior-based
minimally invasive lumbar spine surgery. hese primarily
include traditional pedicle screws, percutaneous pedicle
screws, facet screws, and cortical screws. Each type of instrumentation has been shown to be safely and efectively used in
minimally invasive surgery.

Indications and Contraindications
he indications for minimally invasive posterior spinal instrumentation are similar to traditional open surgery. Minimally

invasive posterior spinal fusion with instrumentation has been
used safely and efectively to treat instability associated with
spondylolisthesis, degenerative disc disease, large or recurrent
disc herniations, postlaminectomy instability, degenerative
scoliosis, and trauma. Minimally invasive fusion with instrumentation can be performed safely in the revision setting and
is oten advantageous, as it allows the surgeon to access the
spine through a native surgical corridor free of scar tissue.
A number of high-quality studies have shown the harmful
efect of open exposure related to muscle detachment, ligamentous disruption, denervation, adjacent facet joint disruption, and prolonged muscle retraction. In all, these events can
lead to increased risk of local instability and adjacent-level
disease, requiring further surgery. Kim et al.10 compared open
versus percutaneous posterior pedicle screw ixation and
found signiicantly greater cross-sectional area of the multiidus muscle and greater trunk extension strength in the percutaneous posterior ixation cohort. Kim et al.11 compared
conventional open versus mini-open posterior spinal fusion
and instrumentation. hey reported increased postoperative
serum levels of proinlammatory cytokines interleukin (IL)-6
and IL-8 as well as increased serum creatinine kinase and
aldolase in cohort undergoing open procedure. Hu et al.12
have shown the accuracy of postoperative MRI in evaluating
multiidus injury and atrophy.
hough there are no absolute contraindications to minimally invasive posterior spinal instrumentation, relative contraindications include high-grade spondylolisthesis (grade
3 or 4) and previous posterior ixation requiring an open
approach for removal or extension of instrumentation.
Obesity poses an interesting case for minimally invasive
surgical techniques. Obesity (body mass index [BMI] >30)
remains a national epidemic, with a prevalence of 35.7% in the
United States.13 Complication rates as high as 36% to 50% have
been reported for obese patients undergoing lumbar fusion.14
Although obesity certainly makes minimally invasive surgery
more challenging, it can be done safely and efectively in this
population. In obese patients, we have found it helpful to
measure the distance from the dorsal aspect of the facet at the
level of the intended procedure on the preoperative magnetic
resonance imaging (MRI) to help determine the length of
retractor needed (Fig. 55.1). his measurement is oten a lower
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FIG. 55.1 Degenerative spondylolisthesis with body mass index (BMI) >40. A 43-year-old woman (BMI = 41)
presented with neurogenic claudication. (A) Flexion-extension radiographs show unstable degenerative
spondylolisthesis. (B) Magnetic resonance imaging (MRI) shows bilateral subarticular stenosis and facet
arthropathy. (C) The expected length of tubular retractor is measured from the skin edge to the facet joint on
axial and sagittal MRI. (D) Postoperative radiographs after minimally invasive transforaminal lumbar interbody
fusion, posterior spinal fusion, and decompression at L4–L5. Visual analog scale score: preoperative = 10,
postoperative = 1.

estimate, as the patient is lying supine during MRI yet positioned prone for surgery. he surgeon should consider the
technical challenges of performing MIS procedures that
become progressively demanding as the working depth
increases. his is particularly true for fusion surgery. During
a surgeon’s initial experience with minimally invasive lumbar
fusion surgery, patients with an expected retractor length
greater than 80 mm are a relative contraindication, particularly early in the learning stages. However, with experience,
obesity becomes a relative indication for minimally invasive
fusion and instrumentation rather than a contraindication, as
tubular retractors and percutaneous techniques drastically
minimize surgical exposure in obese patients where adipose
tissue and the deep (oten thick) musculature make traditional
open techniques diicult. Our personal experience has found
that pedicle screws oten can be placed more easily through a
minimally invasive Wiltse-type approach as compared with
midline approaches because there is much less muscle, fat, and
sot tissue retraction necessary to obtain the correct screw
trajectory.

Minimally invasive lumbar surgery in obese patients also
creates less postoperative dead space, which may lead to lower
infection rates. O’Toole and colleagues15 reviewed surgical site
infections in MIS decompressions, discectomy, and fusion
cases. A total of 1338 cases were included for the review. hree
postoperative surgical site infections were identiied. Two
patients developed supericial cellulitis ater minimally invasive fusions and one patient developed discitis ater a microendoscopic discectomy. he reported surgical site infection
rate for simple decompressive procedures was 0.1% and 0.74%
for fusion with internal ixation. he overall infection rate for
the entire cohort was 0.22%. he reported infection rate for
minimally invasive fusion compares favorably with open
fusion infection rates. Importantly, there were no cases of
postoperative deep wound infection in O’Toole and colleagues’
cohort. he one patient with discitis developed symptoms 1
month ater developing a lower extremity cellulitis. he disc
space biopsy grew the same organism as the cellulitis. No
patient in their series required reoperation for a deep wound
infection. In contrast, Picada and colleagues16 reported a 3.2%
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Technical Outcomes of Transpedicular
Lumbar Instrumentation
he goal of lumbar instrumentation is to provide stability
required to improve the rate of spinal fusion. Pedicle screws
engage all three anatomic columns of the vertebra as deined
by Denis.17 his biomechanical advantage allows the need for
fewer instrumented levels, early postoperative mobilization,
and obviates the need for casting or rigid orthoses.
Lonstein et al. reviewed their experience with pedicle screw
instrumentation over a 10-year period.18 Of the 4790 pedicle
screws reviewed, 94.9% were placed fully within the pedicle
and vertebral body. Only 0.2% were associated with nerve root
irritation due to improper screw placement. Overall, they
concluded that with attention to technical details of the operative technique, there were few complications with use of
pedicle screws. In a more recent review, Parker et al.19 revisited
pedicle screw placement accuracy. In a review of 6816 consecutively placed pedicle screws, they found a 0.9% rate of
pedicle breach. hese indings suggest pedicle screw placement to be a safe procedure with low rates of complications
due to misplacement, which can certainly still occur even with
experience and routine use.

placement (Fig. 55.3). Sot tissue is cleared to expose the
standard pedicle screw entry points (Fig. 55.4). Screws can be
placed using a variety of methods—including freehand, under
C-arm guidance, or using navigation—depending on surgeon
preference. In addition, both posted- and tulip-style screws
can be used if working through the tubular retractor systems
that are available.

VII
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FIG. 55.2 Wiltse approach. ES, erector spinae; IL, iliocostalis lumborum; LT,
longissimus; M, multiidus.

Traditional (“Mini-Open”) Pedicle Screws
Minimally invasive fusions use the surgical corridor as
described by Wiltse20 between the multiidus and longissimus
paraspinal muscles (Fig. 55.2). his trajectory is ideal for
pedicle screw placement as well as decompression and disc
space preparation if required for fusion. Anatomic localization
can be done using standard luoroscopy and a radiographic
marker placed on the skin.
Ater the appropriate trajectory is localized with luoroscopy, sequential dilators are passed through the fascia and
docked onto the facet joint. A tubular retractor (typically 20
or 22 mm) is then docked and secured over the dilators. he
use of an expandable retractor allows the blades to expand
cephalad or caudad, creating a corridor for pedicle screw

FIG. 55.3 Tubular retractor docked on desired facet and expanded.

Pars
Facet
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deep wound infection ater reviewing 817 patients who underwent an open lumbosacral fusion.
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FIG. 55.4 Pedicle screw entry sites visualized through a tubular retractor.
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Surgeon preference dictates the sequence of steps when
planning for minimally invasive fusion. Early on in a surgeon’s
experience, it may be easiest to place the pedicle screw tracts
irst, before the decompression or facetectomy. his will preserve “normal” anatomy to help orient the surgeon to the
anatomic starting points. However, our experience has shown
that it is more eicient to perform the decompression and
interbody spacer placement before screw tract preparation if
required. his minimizes the surgical exposure during the
portion of the procedure that requires the most medial angulation of the retractor and thereby helps to limit muscle creep
(Fig. 55.5).

Percutaneous Pedicle Screws
Pedicle screws can be safely and efectively placed percutaneously to avoid the additional dissection required for the

FIG. 55.5 Visualization of dura and transforaminal lumbar interbody fusion
discectomy through a tubular retractor.

A

placement of traditional pedicle screws. Percutaneous pedicle
screw placement has the advantage of less muscle injury and
less potential damage to the medial branch nerve (innervation
of the multiidus), and it can be used efectively over long
segment fusions.10,21 he placement of percutaneous pedicle
screws can require more operative time and more radiation
exposure for accurate placement.

Technique of Percutaneous Pedicle
Screw Placement
We prefer to place percutaneous pedicle screws using luoroscopy as it is readily available, though navigation technology is
becoming more widely accessible. he orientation of the
C-arm beam is of critical importance. he anteroposterior
(AP) images must be true AP images of each pedicle for which
the surgeon is planning screw placement (Fig. 55.6). he
spinous process should be in the midline of the vertebral body,
equally spaced between both pedicles. he superior and
inferior endplates should be parallel, and the pedicles should
be appropriately located at the caudal end of the ascending
articular process. On the lateral view, the superior endplate
should appear as one line and the pedicles should overlap and
thus appear as one. True AP and lateral radiographs are of
critical importance because a small variance can produce a
large degree of error.
he pedicle of interest is localized using the AP luoroscopic
image. he skin is incised just lateral to the lateral pedicle
border. he thoracolumbar dorsal fascia and muscle fascia are
incised in line with the skin incision. A Jamshidi trocar is used
to cannulate the pedicle. he ideal starting point is at the 10
and 2 o’clock positions on the let and right pedicles, respectively. he Jamshidi trocar is slowly advanced a few millimeters
to gain purchase in bone. A lateral luoroscopic image is
obtained and should conirm that the trocar is placed within
the center of the pedicle. Under AP luoroscopic imaging, the
trocar is advanced approximately 20 mm. he tip should

B

FIG. 55.6 Fluoroscopic imaging for percutaneous pedicle screw placement. (A) “True AP”: pedicles are located
just below the ascending articular process, and the superior endplate is parallel to the x-ray beam. The spinous
process is in the middle of both pedicles. (B) “True lateral”: both pedicles appear as one. The superior endplate
is parallel to the x-ray beam.
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FIG. 55.7 Pedicle cannulation. (A) The ideal anteroposterior starting point. (B) The Jamshidi trocar has been
advanced until it sits within the center of the pedicle. A lateral view is obtained. If the Jamshidi tip is at the
neurocentral junction, then it may be safely advanced under lateral luoroscopy. (C) Once the trocar is placed
past the neurocentral junction in a satisfactory position, the guidewire may be inserted and advanced into the
cancellous bone. (D) Screw holes are tapped, and screws are passed over the guidewires. Intermittent
luoroscopy is recommended to identify potential guidewire migration. (E) The appropriately sized rod is
passed. Use direct visualization and palpation to avoid trapping muscle beneath the rod, which can lead to
severe postoperative pain. (F–G) Final images.

remain lateral to the medial border of the pedicle. A lateral
image is obtained and should show the tip of the trocar at or
past the neurocentral junction. If so, the trocar can be safely
advanced to its desired depth. If the tip of the trocar is at or
medial to the medial border of the pedicle on the AP view and
has not yet passed the neurocentral junction on the lateral, the

pedicle screw tract has breached the medial border of the
pedicle (Fig. 55.7).
Ater appropriate placement of the Jamshidi trocar is
conirmed radiographically on orthogonal views, a guidewire
is passed. hese steps are repeated at each pedicle. he
Kirschner wires (K-wires) are secured out of the ield, and the
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TABLE 55.1

Minimally Invasive Surgery Transforaminal Lumbar Interbody Fusion (TLIF) Results
EBL
(mL)

OR Time
(min)

DDD + HNP,
spondylolisthesis

<140

240

1.9

32

Technical: 4
Pseudo: 0
Revisions: 4

Spondylolisthesis,
large HNP

433

192

5.3

NR

738

149

10.8

NR

Technical: 2
Revisions: 4
Technical: 0
Revisions: 2

456

NR

6.1

22

8.2

27

Study

Procedure

Diagnosis

Schwender et al.5
(2005)

MIS TLIF–PS (n = 49)

Park and Ha2
(2007)

MIS PLIF–PS (n = 32)
Open PLIF (n = 29)

Schizas et al.4
(2009)

MIS TLIF–PS (n =18)

DDD,
spondylolisthesis

961

Open TLIF (n = 18)
Peng et al.3 (2009)

MIS TLIF–PS (n = 29)

Spondylolisthesis,
DDD

Open TLIF (n = 29)

Dhall et al.1 (2008)

MIS TLIF–MO (n = 21)

Spondylolisthesis,
DDD

Open TLIF (n = 21)

Hospital
Stay (days)

Mean
Change ODI

150

216

4

29

681

171

6.7

30

194

199

3

NR

505

237

5.5

Complications

Technical: 2
Pseudo: 3
Technical: 2
Pseudo: 0
Complication rate: 6.9%
Technical: NR
Revisions: 0
Solid fusion: 80%a
Complication rate: 13.8%
Technical: NR
Revisions: 0
Solid fusion: 87%a
Technical: 2
Pseudo: 1
Revisions: 3
Technical: 2
Pseudo: 0
Revisions: 1

DDD, degenerative disc disease; EBL, estimated blood loss; HNP, herniated nucleus pulposus; MIS TLIF–MO, minimally invasive transforaminal lumbar interbody fusion with screws
placed by a mini-open technique; MIS TLIF–PS, minimally invasive transforaminal lumbar interbody fusion with percutaneous pedicle screws; NR, not reported in the study; ODI,
Oswestry Disability Index; OR, operating room; PLIF, posterior lumbar interbody fusion; pseudo, pseudoarthrosis.
a
Not statistically signiicant.

decompressive and interbody work are performed. A cannulated pedicle screw is then placed over each K-wire and the
appropriately sized rod is passed. It is critical to continue
lateral C-arm visualization to ensure that the K-wire is not
advanced anteriorly during this process. When irst performing this procedure, we encourage the liberal use of luoroscopy.
With experience, radiographic exposure and operative time
will diminish.

Studies Comparing Mini-Open and Percutaneous
Pedicle Screws
he decision regarding which minimally invasive instrumentation technique to use is largely surgeon dependent. Regev
and colleagues21 compared mini-open pedicle screw placement with percutaneous pedicle screw insertion in cadavers.
Ater screw placement, the authors dissected out the medial
branch nerve, which originates from the dorsal rami of each
spinal nerve and innervates the multiidus muscle. In this
study, percutaneous pedicle screw placement better preserved
the segmental innervation of the multiidus, with only 20% of
cases causing disruption of this innervation compared with
84% medial branch nerve transection using the mini-open
pedicle screw insertion technique. he clinical signiicance of
this diference is unknown.
To date, no clinical studies have directly compared the use
of traditional pedicle screws placed through a tubular retractor

(mini-open) to percutaneous pedicle screws. However, multiple studies have reported perioperative data regarding percutaneous versus open screw insertion (Table 55.1). Schizas and
colleagues4 reported their experience with 18 minimally invasive transforaminal lumbar interbody fusions (TLIFs) using
percutaneous pedicle screw ixation and compared this with
18 open TLIFs. he percutaneous pedicle screw patients used
2.7 cGy/cm2 of radiation as compared with 1.8 cGy/cm2 in the
open TLIF group. he minimally invasive TLIF operative time
averaged 4.3 hours in the last third of their experience. heir
estimated blood loss was 456 mL. Peng and colleagues3 also
reviewed the results of minimally invasive TLIFs. hey used an
average 105 seconds of luoroscopy, estimated blood loss (EBL)
of 150 mL, and operative time of 216 minutes. Neither of these
studies reported any technical complications with minimally
invasive TLIFs performed by percutaneous screws. Foley’s22
initial experience was similar, with an average operative time
of 290 minutes and EBL of 25 mL. He reported one technical
complication of a loose locking plug that required revision.
Dhall and colleagues1 compared minimally invasive TLIFs
with traditional pedicle screws with open TLIFs. heir average
EBL was 194 mL, and their average operating room time was
199 minutes. here were two technical complications in the
minimally invasive group with one misplaced pedicle screw
and one case of interbody cage migration. he open group also
had one misplaced screw. Schwender and colleagues5 reported
on their initial experience with minimally invasive TLIFs and
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Consideration for Radiation Exposure
As discussed, minimally invasive spine surgery, particularly
percutaneous techniques for which no exposed anatomy is
available for guidance, requires greater use of luoroscopy.
he clear concern with the use of luoroscopy is exposure to
ionizing radiation to the surgeon, the operative room staf,
and the patient. Rampersaud et al.23 performed a cadaveric
study to determine occupational radiation exposure during
lumbar luoroscopy. hey noted 10 to 12 times greater radiation exposure to the surgeon during thoracolumbar pedicle
screw placement than other, nonspinal musculoskeletal
procedures that use luoroscopy. Exposure was greatest to the
torso and hand when the surgeon was positioned ipsilateral
to the beam source and increased with cadavers with larger
dorsal body surface. Kim and colleagues24 performed a twophased cadaveric and prospective clinical review comparing
navigation-assisted luoroscopy and standard luoroscopy use
in minimally invasive TLIFs. In the cadaveric study, they noted
a longer setup time for navigation (9.7 minutes) compared
with luoroscopy (4.8 minutes). he mean luoroscopic time
was 42 seconds in the luoroscopy group and 29 seconds in
the navigation group. he average radiation exposure to the
surgeon was undetectable in the navigation group and was

12.4 mrem in the luoroscopic group. Clinically, minimally
invasive TLIFs with navigation used 57 seconds of luoroscopy
and minimally invasive TLIFs with luoroscopy used 147
seconds. hey found that total luoroscopy time was statistically greater with standard luoroscopy and that radiation
exposure to the surgeon was undetectable with the navigationassisted technique. Kim and colleagues reported no cases of
screw malposition in either group and blood loss, operating
time, and hospital stay were similar in both groups.25 In a 2014
prospective randomized study, Villard et al.26 showed that the
use of intraoperative three-dimensional, luoroscopy-based
navigation reduced surgeon exposure to ionizing radiation
almost 10-fold compared to the freehand, nonnavigated
technique; radiation exposure to the patient was decreased in
the navigated group but did not reach statistical signiicance.
Bindal et al. prospectively recorded radiation exposure in
24 consecutive minimally invasive TLIF procedures.27 he
mean luoroscopy time was 1.69 minutes (101 seconds). he
mean exposure was 76 mrem at the surgeon’s dominant hand,
27 mrem under a lead apron, and 32 mrem at an unprotected
thyroid level. he mean exposure to the patient’s skin was
between 59 mrem and 78 mrem depending on the orientation to the x-ray beam. According to Bindal and colleagues,27
the radiation exposure to both surgeon and patient was
relatively low. hey extrapolated that it would take 194 cases
to exceed the acceptable torso radiation limits. he radiation levels that they observed also compared favorably with
other luoroscopic procedures, such as percutaneous coronary
interventions. Nonetheless, all surgeons should be judicious
with the use of intraoperative radiation. Computer-assisted
navigation has been proposed as one means to reduce the
need for luoroscopy.

Fluoroscopic Versus Navigation-Assisted Spinal
Instrumentation
Fluoroscopically guided percutaneous posterior lumbar
instrumentation is considered an accurate and safe procedure.28,29 However, the AP and lateral images are limited in
assessing the screw in the axial plane that best demonstrates
the position of the intended screw in relation to the neural
elements.
Navigation-assisted pedicle screw placement is gaining
popularity around the United States and worldwide. hese
techniques are designed to improve intraoperative orientation
and hence the accuracy and precision of instrumentation.
Additionally, navigated procedures signiicantly reduce or
eliminate radiation exposure. his technology pairs preoperative or intraoperatively obtained imaging of the spine to corresponding intraoperative anatomy. Currently, four types of
navigation guidance are available: luoroscopic navigation,
intraoperative isocentric luoroscopic navigation, preoperative computed tomography (CT), and intraoperative CT. To
achieve the goal of providing real-time three-dimensional
guidance, algorithms establish a spatial relationship between
image data and surgical anatomy. here are three distinct ways
to achieve this: “surface matching,” paired point registration,
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percutaneous screw insertion. heir average operative time
was 240 minutes and EBL of 140 mL. In this series there were
two misplaced screws and interbody cage dislodgement. Park
and Ha2 compared 32 minimally invasive posterior lumbar
interbody fusions (PLIFs) with 29 open PLIFs. All minimally
invasive cases were stabilized with percutaneous screws. he
average operating room time was longer for the minimally
invasive cases compared with open cases, 191 minutes and
150 minutes, respectively. he average EBL in the minimally
invasive cases was 432 mL compared with 737 mL. here were
two technical complications, one screw malposition and one
interbody cage migration, reported in the minimally invasive
group and none in the open group. hese diferences were not
statistically signiicant.
In 2005, Kim and colleagues10 compared longitudinal
changes in multiidus cross-sectional area and trunk extension
strength in both open and percutaneous pedicle screw constructs. he T2 cross-sectional area of the multiidus muscle
was recorded on preoperative and postoperative MRIs. Trunk
extension strength was measured using a MedX lumbar extension machine. Multiidus cross-sectional area decreased from
1140 to 800 mm2 in open pedicle screw constructs as compared with percutaneous pedicle screw constructs in which
multiidus area decreased from 1320 to 1270 mm2. Trunk
extension strength increased in both open and percutaneous
pedicle screw constructs, but the improvements in strength
were only statistically signiicant in the percutaneous pedicle
screw cohort.
Overall, there are not enough comparative data to make
any evidence-based decisions between the use of traditional
pedicle screws through tubular retractors and percutaneous
pedicle screws. More clinical data are necessary.
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and automated registration. he speciics of navigation technology are beyond the scope of this chapter. Data suggest that
navigation can be used safely for percutaneous pedicle screw
placement and there is evidence that its use improves accuracy
rate. However, caution is warranted when known identiiable
landmarks are not visualized and great care must be taken to
avoid dislodgement of the positioning arrays, which can cause
the navigation to err.
Waschke et al.30 reviewed their experience with CT navigation and luoroscopically guided 4500 pedicle screw placements. hey did ind a statistically signiicant improvement in
accuracy when utilizing CT navigation and 3D reconstruction
and intraoperative CT control of the screw position. his
diference was most pronounced in the thoracic spine. Gelalis
and colleagues31 performed a systematic review of prospective
in vivo studies comparing freehand, luoroscopy-guided, and
navigation techniques; 26 studies and 6617 screws were
included in their analysis. hey concluded that all techniques
were considered safe; however, navigation did exhibit the
greatest accuracy and increased safety. he percentage of
pedicle screws fully conined within bony anatomy ranged
from 69% to 94% in the freehand group, 28% to 85% in the
luoroscopy-guided group, 81% to 92% for the luoroscopybased navigation group, and 89% to 100% in the CT-based
navigation group.

Intraoperative Electrophysiological
Monitoring
Calcancie and colleagues irst described intraoperative electromyographic monitoring as a nonimaging modality for
assessment of pedicle screw placement.32 his can be used
in conjunction with techniques described earlier or independently. Dermal or subdermal needle electrodes are placed in
given muscles of the lower extremities and a monopolar probe
is used by the surgeon to touch the exposed pedicle screw
head, delivering progressively increased current intensities.
Recordings from distal electrodes identify motor function of
individual nerve roots. he pedicle wall provides an anatomic
barrier without breach of the bony wall. A stimulation threshold of 10 to 20 mA strongly suggests that the screw does not
breach the medial pedicle wall. An elicited action potential
with a current intensity of 8 mA or less should prompt inspection and repositioning of the screw. A stimulation threshold
above 15 mA is associated with a 98% likelihood for accurate
screw placement when postoperative CT scan was obtained.33
Raynor et al. retrospectively analyzed their experience with
4857 pedicle screws using evoked electromyography in
addition to intraoperative imaging and direct palpation of
the pedicle border and found improved accuracy of screw
placement.34

2. When irst placing screws through a tubular retractor, expose
the pars and the medial portion of the transverse process well.
3. Pedicle screw tracks may be easier to prepare before performing
the decompression and facetectomy when more bony
landmarks are present.
4. When placing percutaneous screws, luoroscopic images must
be “perfect” AP and lateral views. Otherwise, percutaneous screw
placement may be aberrant.
5. Start simple. Surgeons should build conidence and skill
beginning with less technically demanding procedures and
anatomy.

KEY POINTS
1. Minimally invasive pedicle screw instrumentation is associated
with less blood loss and shorter hospital stays but longer initial
operative times.
2. Minimally invasive instrumentation has a lower infection rate
than open instrumentation.
3. Obesity is an initial contraindication to minimally invasive
instrumentation and fusion, but as a surgeon gains experience,
obesity is a relative indication.
4. Technical complications have been comparable in minimally
invasive instrumentation and open instrumentation.
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PEARLS AND PITFALLS
1. When working through a tubular retractor, remember to move
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position instrumentation in the direction you want to direct it.
Do not let the retractor dictate what you see and do.
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Introduction
Lumbar spinal fusion has long been used in the treatment of
a wide variety of spinal pathologies causing spinal instability
and pain. Various spinal fusion techniques are the subject of
ongoing clinical investigations, with the goal of improving
surgical technique, grat biomaterials, and implant designs in
order to achieve a stable symptom-free spinal column with the
least chance of patient morbidity.
Surgical morbidity ater spinal fusion remains signiicant,
despite multiple advances in technique and implant design.
he standard open paraspinal approach involves extensive
stripping of the paraspinal musculature, which has been
shown to lead to denervation and atrophy.1,2 Additionally, the
large dissection may be associated with prolonged recovery
and in-hospital complications.3–7
he development of less invasive surgical techniques has
allowed surgeons to accomplish their treatment goals without
utilizing the traditional open dissection. his approach may
lead to lower surgical blood loss, lower transfusion rates, and
shorter hospital stays for similar outcomes.8–13 Additional
beneits have been shown in regard to total cost and utility,
with decreasing perioperative costs and less utilization of
hospital resources and operative time.14–16
Minimally invasive spinal surgery (MIS) is a rapidly evolving ield that is supported by a number of technological
innovations. hese include the operative microscope, C-arm
luoroscopy, tubular retractor systems, cannulated pedicle
screws, and, for some, image guidance systems. he basic
hand instruments used during a minimally invasive spinal
procedure are similar to those used during a traditional spinal
case, but are oten longer and bayoneted to improve visualization through a tubular retraction system. A high-speed burr
or drill, with a long and thin shat, is useful in decorticating
or thinning the bony elements of the spine. To be successful
with MIS, a surgeon must be familiar with the microscopic
anatomy of the spine. he surgeon must gain the skills necessary to work safely and eiciently despite a limited ield of
view and must become facile with the use of MIS equipment.
Numerous surgeons have evaluated the learning curve needed
to become proicient with minimally invasive techniques.
With increasing experience, operative time, blood loss, and

outcomes improve.17,18 Care should be taken when irst introducing MIS lumbar fusion techniques, as the overall complication rate has been shown to be signiicantly higher during a
surgeon’s irst 20 to 30 cases.19 he learning process is best
accomplished in a slow, stepwise fashion, mastering basic
skills with simple cases before attempting to approach the
more challenging spinal pathologies in an MIS fashion. his
chapter will provide an overview to the ield of MIS as it
applies to lumbar fusion techniques for common conditions
of the lumbar spine.

Principles of Minimally Invasive Spinal Surgery
Whether using traditional open approaches or a minimally
invasive technique, the goal is to treat and correct the underlying spinal pathology. MIS has the additional goal of doing this
while minimizing damage to the paraspinal muscle envelope.
As with any spinal surgery, careful analysis of preoperative
imaging and patient symptomatology are important to correctly localize the pathology and devise an efective treatment
plan. Localizing luoroscopy is used to localize the pathologic
levels and plan the skin incision to ofer the most direct access
to the necessary structures. It is important to note that the
paraspinal musculature should not be cut or resected, but
rather should be split inline with the muscle ibers using serial
tubular dilators (Fig. 56.1). Exposure should be limited only
to those areas of the spine that are necessary for the procedure,
and electrocautery should be limited.
here are two distinct paraspinal muscle compartments
that need to be considered when planning the surgical
approach. Overlying the midline spinal structures is the
multiidus compartment. his midline compartment contains
the large multiidus muscle, which surrounds the spinous
process, lamina, and facet joints. he multiidus is innervated
by the medial branches of the dorsal rami and receives its
vasculature from the segmental vessels, which course along
the base of the transverse process and enter the lateral margin
of the muscle in the region of the pars interarticularis. Overlying the transverse processes is the lateral compartment (Fig.
56.2). Within the lateral compartment, the erector spinae
muscle group lies with its longitudinally oriented ibers. he
starting point for lumbar pedicle screws lies within the lateral
969
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A
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FIG. 56.1 (A) Individual and (B) assembled serial tubular dilators are used to gain access to the spine through
muscle splitting rather than cutting through the paraspinal muscles.

barrier between compartments, which can disrupt the blood
supply to the multiidus muscle. Separate fascial incisions
should be made to access the two compartments separately;
however, a well-placed single skin incision can be made to
access both regions.
Both the surgeon and patient must understand the beneits
and limitations of MIS compared with other options, including open surgery. he surgeon and patient should discuss the
goal of surgery and treatment of the underlying spinal pathology, and it should be made clear to the patient that the
approach is a secondary issue. Surgical consent should always
include the possibility that the less invasive procedure may
have to be aborted in favor of an open procedure if the pathology proves too diicult to treat though an MIS approach.

A
B
C

Surgical Setup for a Posterior
Fusion Procedure

FIG. 56.2 Deep paraspinal muscle compartment: The multiidus muscle
(C) overlies the midline, and the lateral compartment (A, B) contains the
longissimus and iliocostalis muscles, overlying the transverse processes.

Setup and Imaging

compartment, as do the transverse processes, which provide a
fusion surface for a posterolateral onlay fusion.
Many procedures will require access to both compartments.
In the multiidus compartment, the midline structures will be
accessible, and the lateral compartment will need to be utilized
for the placement of pedicle screws and posterolateral fusion.
Operating in a paraspinal compartment requires a fascial
incision over each individual compartment. he underlying
muscle should be split or dilated in order to reach the desired
structure below. Care should be taken not to divide the fascial

Following placement of surgical monitoring equipment and
the induction of general anesthesia, the patient should be
positioned prone on a radiolucent spinal frame (Fig. 56.3). he
abdomen should be free of compression and free access to
the lumbar region for luoroscopy should be conirmed. he
preoperative imaging studies should be available in the room,
with the operative plan clearly marked. he surgeon should
ensure the availability of the proper implants and instruments
prior to commencing with the operative procedure.
Ater a sterile skin preparation and draping, the C-arm
mobile luoroscopy unit is used to demarcate the location of
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FIG. 56.3 The patient is positioned prone on a radiolucent spinal frame.

A

B

been shown to signiicantly increase the radiation exposure to
the patient, physician, and nursing staf.20,21 While the clinical
signiicance of this increased exposure is unclear, planning
and judicious use of luoroscopy to limit radiation exposure
is recommended.

Surgical Incisions and Approach
he number and length of skin incisions should correspond
to the surgical plan, which must be more thoroughly planned
compared to a traditional open surgery. A single skin incision
may be used during diferent phases of the surgical procedure
to reach diferent areas of the spine. For instance, one incision
may initially be used to decompress the neural elements in the
multiidus compartment. Subsequently, the same skin incision
may be used to perform a posterolateral fusion and place
pedicle screw instrumentation in the lateral compartment.
Although a single skin incision is used, separate fascial incisions should be used to reach each individual compartment.
When working through perimedian incisions, two distinct
fascial layers will be encountered. he supericial layer corresponds to the thoracodorsal fascia, while the deeper layer is a
thin fascia that overlies the muscle of the compartment. Both
fascial incisions should be a little longer than the corresponding skin incision to allow the subsequently placed tubular
retractors to be maneuvered and angulated freely as needed to
reach the various areas of the spine necessary to perform the
operation. he muscles of the compartment can be split with
the surgeon’s digit or with an instrument such as a Cobb elevator. It is oten helpful to palpate bony landmarks, such as the
facet joint or transverse processes, to assist with placement of
the initial instruments through the skin and muscle portal to
the vertebral column.
When operating through a tubular retractor, the smallest
dilator is then docked at the appropriate bony site and serial
dilation is used to expand the operative corridor. Care should
be taken when bringing each subsequent dilator into contact
with the bony vertebra. he correct length of the tubular
retractor can then be selected, inserted, and secured using an
operating table–mounted retractor holder. Once the tubular
retractor is in place, the position of the retractor should be
veriied using luoroscopy (Fig. 56.4).

C

FIG. 56.4 (A) Following insertion of the tubular dilator system, (B) the tubular retractor is secured in place
using an operating table–mounted rigid retractor holder. (C) Fluoroscopy is used to verify correct positioning of
the tubular retractor.
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bony landmarks, which are drawn on the skin. A critical step
is to ensure that the skin incisions are localized in an optimal
position to allow access to the underlying spinal pathology. In
some cases, it may be useful to introduce a spinal needle along
the proposed trajectory of the surgical incision and check the
position of the needle on both anteroposterior (AP) and lateral
luoroscopic views to ensure that an optimal path to the
pathology is achieved.
Care should be taken in positioning and planning for C-arm
use in order to minimize intraoperative radiation exposure.
On average, a surgeon performing an MIS procedure is
likely to receive about 10 to 20 times the radiation exposure
compared with an open technique. Additionally, operating on
patients with a body mass index greater than 35 kg/m2 has
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Spinal Decompression
he topic of spinal decompression is substantial and exceeds
the goals of this chapter; however, a few points deserve
mention. Our preference is to perform the decompression irst
when performing both a decompression and fusion of the
lumbar spine. his allows the surgeon to obtain local autologous bone from the decompression site that may be used for
the spine fusion and exposes important bony landmarks, such
as the pedicle, that will be useful in subsequent stages of the
procedure. he decompression will be done by entering and
traversing the multiidus compartment. hus, it is useful to
perform a facet fusion during this phase of the procedure
before exiting the multiidus compartment.

Posterior Interbody and Transforaminal
Interbody Fusion
When performing a posterior lumbar interbody fusion (PLIF)
or transforaminal lumbar interbody fusion (TLIF) via a minimally invasive approach, it is important to align the tubular
retractor collinear with the disc space on the lateral view (see
Fig. 56.5). When performing a TLIF procedure, the tubular
retractor must be aligned with enough lateral to medial angulation to allow the surgeon to reach the contralateral side of
the disc space for preparation of an adequate fusion bed (Fig.
56.6). During the exposure, an adequate amount of facet joint
must be removed to minimize retraction of the neural elements and provide working access to the disc space.22
he detrimental efects of overretraction of the neural elements with the PLIF procedure have been well documented
in the literature.23 Facet removals for a PLIF or TLIF can be

FIG. 56.5 Lateral luoroscopic view shows the tubular retractor positioned
in a proper alignment (i.e., collinear with the disc space).

achieved with either osteotomes or a high-speed burr. It is
helpful to skeletonize the upper and medial portions of the
caudal pedicle (e.g., L5 pedicle for an L4–L5 TLIF) to gain
adequate access to the disc space and allow safe retraction/
protection of the dural/neural elements.
Once the disc space has been adequately exposed, the
posterolateral anulus is incised with a scalpel and the posterior margin of the disc is removed. he posterior “lip” of
the vertebral body should be resected so that the opening is
lush with the most concaved portions of the disc space. Disc
material and cartilaginous endplate are thoroughly debrided
from the interbody space using curettes, shavers, and/or pituitary rongeurs until the interspace is clean, leaving intact only
bony endplates to support the interbody cage. If the disc space
is collapsed, the endplates should be dilated to restore the
foraminal height and improve the sagittal contour of the spine.
Ater disc space preparation, the interspace should be
packed with autologous bone grat or an adequate fusion substrate. An appropriately sized interbody fusion cage is selected
and packed with the grat material before impacting the cage
into the disc space. he optimal position of the cage is toward
the anterior portion of the disc space.24,25 his produces better
reconstruction of the sagittal contour of the spine and allows
ample bone grat material to be packed around and behind
the cage. With correct placement of interbody fusion cages,
similar improvements in sagittal contour have been seen with
both MIS and open surgery.26
Instrumentation, most commonly with pedicle screws, is a
standard component of both the modern PLIF and TLIF
procedures. Following the insertion of pedicle screws and
rods, compression of the interbody construct is performed to
restore the lumbar lordosis and ensure compressive loading of
the interbody grats.

FIG. 56.6 Angulation of the tubular retractor system allows access to the
contralateral side of the disc space and therefore preparation of the fusion
bed.
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From the traditional midline approach, access to the intertransverse region for onlay fusion requires complete stripping
of the paraspinal muscles to the tips of the transverse processes,
an act that causes destruction of the multiidus muscle and
signiicant postoperative scarring.2 Using the paraspinal
muscle–splitting approach (Wiltse approach), exposure of the
intertransverse region is simple to achieve without major
muscle stripping. his provides direct access to the intertransverse region for fusion.
he skin incision for a paraspinal approach with intertransverse fusion is made at least 3.5 to 4 cm lateral to the midline.
he fascia is divided in line with the skin incision and the
paraspinal muscles are split in line with their ibers to expose
the transverse processes. For fusion purposes, the entire
transverse process at both levels should be exposed. Either a
tubular retractor (preferably an expandable tubular retractor)
or side-to-side retractor (e.g., McCullough retractor) can be
utilized to visualize the intertransverse interval. We prefer to
use an expandable tubular retractor, which allows both transverse processes to be simultaneously exposed (Fig. 56.7).
Once the intertransverse region has been exposed, the sot
tissues are meticulously cleaned away from the transverse
processes and intertransverse membrane. he transverse
processes are decorticated using a high-speed burr. hen, the
interval is packed with autologous bone grat or a suitable
grat material. Care should be taken when withdrawing the
retractors in order not to displace the grat materials from
the fusion bed.

Facet Fusion
Fusion of the facet joints is a useful adjunct to interbody or
intertransverse fusion, but has not been well accepted as

FIG. 56.7 Use of an expandable tubular retractor allows simultaneous
exposure of both transverse processes.

stand-alone fusion due to the relatively small surface area
of the facet joints. However, the facet joint ofers a number of
theoretical advantages as a fusion site, including the ease of
access to the joint, the small gap across which the fusion must
heal, and the compression of the fusion site that is achieved
during normal upright posture of the patient. In addition, a
facet fusion is a quick, simple, and low-morbidity procedure.
To perform a facet fusion, the retractor should be docked
on the facet that resides in the lateral portion of the multiidus compartment. If decompression of the spinal canal
is required, facet fusion can easily be performed during the
exposure through the multiidus compartment. Once the facet
is exposed, the capsule is removed with electrocautery, and
the articular surfaces of the inferior and superior articular
processes are identiied. A high-speed burr is used to decorticate the facet joint along its entire length, and the joint space
is packed with fragments of autologous bone or a suitable
bone substitute. In some cases, osteophytic bone material
may overlie the true facet joint, which should be removed
to expose the native joint surfaces. he surgeon should be
cognizant of the normal anatomy of the facet joint, with the
superior articular process lying lateral and deep to the inferior
articular process. he speciic topography of the facet joint can
also be deined preoperatively by analyzing imaging studies,
either magnetic resonance imaging (MRI) or computed
tomography (CT).

Pedicle Screw Instrumentation
Pedicle screw instrumentation has emerged as the most
common form of internal ixation used for thoracolumbar
arthrodesis. Pedicle screws ofer numerous advantages compared with hooks or wires, which are less rigid. Pedicle screws
can be used when posterior spinal elements are deicient due
to prior surgery and provide rigid segmental immobilization,
minimizing the need for postoperative brace immobilization. Because of the three-column support provided by the
transpedicular ixation, these implants are efectively used in
various complex spinal pathologies, including deformities,
where corrective forces must be employed.27
With the advent of cannulated pedicle screw systems, these
implants can be placed through the same skin incisions used
for the decompression or fusion portions of the spinal operation. Our preference is to place instrumentation as the inal
stage of surgery so that the bulk of the implants will not
physically interfere with other stages of the operation.
Some surgeons prefer to use noncannulated pedicle screws,
placed with direct visualization of the spinal anatomy, using
an expandable tubular retractor system. his approach is best
used for short procedures (one or two levels), in the lower
lumbar spine, where the natural spinal lordosis brings the
trajectory of the pedicles into close proximity. In such a situation, it is not diicult to place pedicle screws at adjacent levels
using a small, paramedian incision and appropriate expandable retractor system. Placement of pedicle screws in an MIS
fashion ofers signiicant advantages compared to traditional
pedicle screw instrumentation, which requires full exposure
of the spine and major paraspinal muscle stripping.
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FIG. 56.8 True anteroposterior imaging of each vertebra to be
instrumented is crucial for safe pedicle screw placement.

superior endplate as a single, dense line (Fig. 56.10). he
pedicles will be superimposed. he posterior cortex of the
vertebral body should also appear to be a single radiopaque
line, conirming that no rotation of the vertebra is present. he
true lateral view is useful during pedicle tapping, placement
of pedicle screws, and assembly of the construct. In cases in
which scoliosis is present, the C-arm may need to be angled
(“wig-wagged”) to obtain a true lateral view of each individual
vertebra.
When performing percutaneous instrumentation, obtaining properly aligned C-arm images is, by far, the most important step in the procedure. hus, it cannot be overemphasized
that good images should be obtained prior to attempting to
implant percutaneous pedicle screws. If adequate C-arm
images cannot be obtained due to severe osteopenia, obesity,
intraabdominal contrast or any other reason, placement of
percutaneous pedicle screw implants should not be attempted.
Ater obtaining a true AP luoroscopic image of a given
level, a Kirschner wire (K-wire) should be aligned over the
skin of the back so that it appears to bisect the pedicles (Fig.
56.11). Next, a horizontal line is drawn along the skin using
the K-wire (Fig. 56.12). his step should be repeated using a
true AP image for each of the vertebrae in the construct. Vertical lines are then drawn (using a K-wire placed over the skin
of the back) along the lateral pedicle shadow (Fig. 56.13). Skin
incisions for percutaneous pedicle screw insertion should be
placed about 1 cm lateral to the vertical line (Fig. 56.14).
Once the skin and fascia have been divided, the surgeon
can digitally palpate the transverse process of the vertebra
whose pedicles are to be cannulated. A Jamshidi needle is then
placed at the base of the transverse process (at the junction of
the transverse process and superior articular process) and a
true AP image is obtained (Fig. 56.15). he goal is to position
the tip of the needle directly over the lateral margin of the
pedicle shadow (at the 3 and 9 o'clock positions) on the true
AP view (Fig. 56.16). he tip of the needle should be adjusted
until it lies directly at the lateral border of the pedicle. he

FIG. 56.9 Marking of the exact C-arm angle where the true anteroposterior
image can be obtained helps the radiology technician and assists rapid
return to the proper image.

FIG. 56.10 True lateral images are also necessary for proper pedicle screw
instrumentation.

Cannulated Pedicle Screw Insertion
he irst step in placing cannulated pedicle screws involves
obtaining a true AP image of each vertebra to be instrumented
(Fig. 56.8). Because of the natural sagittal contour of the spine,
the C-arm must be angulated to the speciic sagittal proile of
each individual vertebra in order to obtain the true AP view.
It is helpful to have the radiology technician mark the exact
angle of the C-arm where the true AP image can be obtained
to facilitate rapid return to the proper image (Fig. 56.9). A
properly aligned AP C-arm image will demonstrate the superior vertebral endplate as a single, dense line and the pedicles
will be localized just below the upper endplate. Correct rotation of the vertebra is ensured when the spinous process
shadow is centered between the pedicles. he true AP view is
most useful when cannulating the pedicle during pedicle
screw insertion.
True lateral luoroscopic images are also used during
pedicle screw instrumentation, particularly during assembly
of the construct. he true lateral image will demonstrate the

FIG. 56.12 The skin is marked using the K-wire to draw a horizontal line.

FIG. 56.11 Marking the skin (horizontally): With luoroscopic assistance, a
K-wire is placed horizontally over the skin of the back, bisecting the pedicles
of the level to be addressed.

A

B

FIG. 56.13 (A) Marking the skin (vertically). Under luoroscopy, the K-wire is vertically placed over the skin of
the back and positioned along the lateral pedicle shadow. (B) The skin is then marked using the K-wire as a
reference to draw a vertical line.

FIG. 56.14 Skin incisions, for percutaneous pedicle screw instrumentation,
are placed 1 cm lateral to the marked vertical lines.

FIG. 56.15 The Jamshidi needle is placed, with luoroscopic assistance, at
the base of the transverse process.
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needle shat is then aligned parallel to the endplate (or transverse process) on the AP image, which ensures a needle trajectory parallel to the central axis of the pedicle (Fig. 56.17). he
shat of the needle should also be held with a lateral to medial
trajectory of approximately 10 to 15 degrees, depending on the
level to approximate the normal divergence of the pedicles
anatomically. hen, the needle is tapped gently a few times to
seat the needle tip into the bone and ensure that slippage
of the needle tip does not occur as the needle is driven through
the pedicle. A inal true AP image is checked to be sure that
the needle is properly positioned and aligned.
Next, a line is drawn on the shat of the Jamshidi needle,
20 mm above the skin edge (Fig. 56.18). Because the average
length of the pedicle is 20 mm from the starting point, this
line is used to determine the depth of the needle tip as it is
driven through the pedicle. With the Jamshidi needle properly
aligned, the needle is tapped with a mallet to drive the needle
through the bone of the central pedicle. When this line on the
needle shat reaches the skin edge, the needle tip has traversed
the pedicle isthmus and is at approximately the depth of the
base of the pedicle. At this point, another true AP luoroscopic
image is obtained to ensure that the needle tip lies well within
the pedicle shadow, no more than three-fourths of the distance
(from lateral to medial) across the pedicle (Fig. 56.19). his
true AP image should be critically analyzed—if the needle tip

FIG. 56.16 True anteroposterior view illustrates the recommended
positioning of the needle tip over the lateral margin of the pedicle shadow
at the 3 and 9 o'clock positions.

A

B

FIG. 56.18 The Jamshidi needle is marked 20 mm above the skin edge, an
estimate of the depth of the pedicle.

FIG. 56.19 On true anteroposterior luoroscopy, the needle tip should be
located within the pedicle shadow, no more than three-fourths of the
distance across the pedicle.

C

FIG. 56.17 Fluoroscopy is valuable in localizing the needle tip at the (A–B) lateral border of the pedicle and (C)
the needle shaft parallel to the endplate.
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Once the screws are positioned, the proper rod length is
measured and rods are inserted through the screw extensions
and into the screw crowns. he details of rod insertion difer
slightly between diferent manufacturers of cannulated screw
systems. he surgeon should be familiar with the details of the
speciic system selected. Ater the rods are placed, screw caps
are inserted into each screw to capture the rod. Compression
or distraction of the construct can be performed as needed,
followed by inal tightening of the construct. At the conclusion
of the procedure, AP and lateral imaging of the entire construct should be obtained (Fig. 56.22).

FIG. 56.20 True lateral luoroscopic image showing the guidewires
properly placed within the pedicles.

FIG. 56.21 Following their insertion, pedicle screws are tested with
stimulus-evoked electromyography using an insulated port.

Technical Tips
A few technical points are worth mentioning. First, the
advancement of the Jamshidi needle across the pedicle should
proceed smoothly with light to moderate taps of the mallet. If
the surgeon encounters very hard bone, it generally indicates
that the needle tip is displaced medially into the facet joint
(the needle tip is striking the hard cortical surface of the
superior articular facet). In this instance, the surgeon should
withdraw the needle tip and begin with a slightly more lateral
starting point to prevent the needle tip from slipping into the
facet joint. Another useful tip is to consider the en face view
if the AP view fails to clearly show the outline of the pedicle.
his is most commonly a concern at the L5 level. To obtain an
en face view, start with a true AP view and then angulate the
C-arm 10 to 15 degrees in the axial plane to line up the beam
with the pedicle axis (Fig. 56.23). Using the en face view, the
center of the pedicle should be targeted, keeping the shat of
the needle in line with the C-arm beam. Another useful tip is
to consider making minor adjustments to a cannulated pedicle
screw trajectory. In such a case, the pedicle can be tapped
(with a cannulated tap) to the base of the pedicle. hen, leaving
the tap in place, the guidewire can be withdrawn into the tap,
allowing the trajectory of the tap to be adjusted as desired with
the assistance of luoroscopy. Once the new trajectory is
achieved, the guidewire is reinserted into the vertebral body
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is in proper position, then it is deemed acceptable for pedicle
screw insertion.
Subsequently, the Jamshidi needle is driven 5 to 10 mm
deeper into the vertebral body and a guidewire is inserted
through the Jamshidi needle into the cancellous bone of the
vertebral body. he surgeon should feel “crunchy” cancellous
bone at the base of the needle and will generally be able to
insert the guidewire 10 to 15 mm beyond the needle tip into
the vertebral body with manual pressure. If the bone is too
hard for manual insertion, a Kocher clamp can be placed on
the guidewire 10 mm above the top of the Jamshidi needle and
tapped with a mallet to achieve the positioning of the guidewire into the vertebral body. he same procedure is repeated
for all the pedicles in the surgical construct. Our preference is
to cannulate all pedicles in the construct using AP luoroscopy
before adjusting the C-arm into the lateral position.
Once all of the pedicles in the construct have been cannulated and guidewires have been placed, the C-arm is
adjusted to obtain true lateral images of the spine (Fig. 56.20).
he position of the guidewires on the lateral luoroscopic view
is veriied prior to proceeding with pedicle preparation.
Pedicle preparation and pedicle screw placement are then
carried starting from one end of the construct in an “assembly
line” fashion. Each pedicle is tapped using a cannulated tap.
We prefer to stimulate the tap using stimulus-evoked electromyelography (EMG) to ensure that no low-voltage activity is
present that might indicate a breach of the pedicle. hen,
cannulated pedicle screws are placed over the guidewires at
each level and threaded into the pedicles. he pedicle screws
are adjusted in height as needed to maintain polyaxial motion
of the screw crowns and to achieve a smooth contour of the
screws at adjacent levels (necessary for rod seating). It is also
our preference to stimulate each pedicle screw, ater insertion
with stimulus-evoked EMG, using an insulated port over the
screws (Fig. 56.21).
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A

B

FIG. 56.22 (A) Anteroposterior and (B) lateral luoroscopic views of the construct at the conclusion of the
procedure.

A

B

FIG. 56.23 (A) En face view obtained through angulating the C-arm 10 to 15 degrees in the axial plane to (B)
line up the beam with the pedicle axis.

along the new trajectory. Finally, stimulus-evoked EMG
testing of the taps and screws has proven to be a useful adjuvant to the placement of percutaneous pedicle screws. Any
low-voltage activity (<8 mV) should alert the surgeon to the
need to pursue additional measures to ensure correct placement of the implant.

Direct Pedicle Screw Insertion via
a Paramedian Approach
Some surgeons prefer direct insertion of pedicle screws, using
an expandable tubular retractor system to directly visualize
the anatomic landmarks for pedicle screw insertion. his
approach is especially useful when performing a minimally
invasive TLIF procedure. In performing this technique, an
expandable tubular retractor is positioned to visualize the
junction between the base of the transverse process and the
superior articular process. Any overlying sot tissue is cleared
away using electrocautery to expose the bony landmarks. A
starting hole for the pedicle screw insertion is then made using

the normal anatomic landmarks as with traditional open
pedicle screw insertion. C-arm luoroscopy can be utilized to
document the location of the starting point and trajectory for
the pedicle cannulation. A “gear shit” or similar type blunt
instrument is inserted into the starting hole and passed
through the pedicle, using luoroscopic guidance as needed.
he walls of the pedicle are palpated to ensure the absence of
a breach. Next, the site is tapped and the walls of the pedicle
are again palpated for integrity. Pedicle screws are inserted
using a technique analogous to open pedicle screw placement.
Electrical testing of the screw can be used if desired, followed
by the introduction of a rod and caps.

Facet Screw Instrumentation
Although pedicle screws are the workhorse for most spinal
ixation strategies, facet screws ofer certain advantages in
selected cases. Facet screws are quick and relatively easy to
place. hey are generally less expensive compared with pedicle
screw implants and yet ofer comparable initial stifness for
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FIG. 56.24 Facet screw instrumentation. (A) The screw path begins at the base of the spinous process on one
side and then (B) advances across the contralateral lamina and facet joint.

short constructs.28 In certain clinical situations, such as following anterior lumbar interbody fusion, facet screw instrumentation has been shown to produce favorable clinical results.29,30
Additionally, recent studies have suggested similar results with
lower costs for patients undergoing minimally invasive TLIF
surgery who have unilateral pedicle screws and contralateral
facet screws compared to traditional bilateral pedicle screw
ixation.31
Magerl et al. described a technique using large fragment
(4.5-mm) cortical bone screws to perform a translaminar ixation of the facet joint.32 he screw path begins at the base of
the spinous process on one side and is then advanced across
the contralateral lamina and facet joint (Fig. 56.24). Two
screws are placed to immobilize the facet joints bilaterally
using a mini-open or percutaneous technique.33,34
To insert translaminar facet screws, using the mini-open
technique, a midline incision is performed and the spinous
processes, bilateral laminae, and facet joints are exposed. he
facet joint capsules may be removed and the joint decorticated
and packed with bone grat to promote local fusion following
instrumentation. When placing translaminar facet screws,
pilot holes are made on each side of the spinous process in line
with the anticipated screw trajectories. he pilot holes should
be slightly staggered to prevent the two screws from contacting one another as they cross through the base of the spinous
process.
Next, the trajectory for each screw is deined, using luoroscopy if desired. Some surgeons prefer to make a small
laminotomy and palpate the medial wall of the pedicle as a
landmark and to ensure direct visualization of the dura while
drilling the screw trajectory. Additionally, decompressions of
the lateral recess using fenestration can be performed if
necessary.
Next, a line connecting the mid-facet (or medial border of
the pedicle) and the pilot hole is marked on the skin. his
trajectory can be extended superiorly and laterally to the
midline incision. A small, percutaneous incision is made
along this line, about 10 to 12 cm from the midline such that
the drill trajectory will be in line with the contralateral lamina.

FIG. 56.25 Various instruments (e.g., drill guides, depth gauge, screws) are
used during percutaneous facet screw placement.

A drill guide is inserted into the percutaneous incision and
advanced into the midline exposure (Fig. 56.25). he drill is
inserted and seated into the pilot hole at the base of the spinous
process. he drill is adjusted as necessary so that it will traverse
the lamina and then the facet joint. As the drill is advanced,
the surgeon should feel uniform resistance until the facet joint
has been breached. A momentary change in resistance may be
noted as the facet joint space is traversed, but the cortical bone
of the superior articular process will then be encountered.
Ater drilling, the length of the screw path is measured. hen,
a 4.5-mm, fully threaded cortical screw is placed to secure the
position of the facet joint. A similar percutaneous technique
has been described, relying only on luoroscopic images to
ensure adequate placement of the translaminar facet screw
implants.30

Patient Selection
Patient selection remains the most crucial outcome variable
for any spinal procedure. he same selection criteria that have
been shown to produce success in traditional spinal surgery
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apply to patient selection for an MIS approach. In addition,
patients being considered for an MIS approach have some
additional selection criteria that should be considered.35
In the early learning curve of an individual surgeon, only
simple cases should be considered for an MIS approach.
Experience can be gained working with MIS equipment, such
as tubular retractors and microscopes, by performing straightforward cases (e.g., microdiscectomy). As a surgeon gains
experience with minimally invasive spinal procedures, progressively more complex cases may be tackled in a minimally
invasive fashion. Other aspects should be considered as well,
including the size of the patient (obese patients will be more
diicult), severity of the pathologies, and history of any prior
spinal surgery.

Summary
It appears likely that MIS will become an increasingly
important component of the spinal surgical armamentarium
in the future. With the advances in MIS techniques, spinal
fusions and instrumentations are now being achieved with
less morbidity and faster recovery compared to traditional
open surgical approaches. However, surgical expertise in MIS
can be reached only by ascending a learning curve. hus,
surgeons interested in this innovative ield must be willing to
spend the time and efort necessary to become proicient in
MIS techniques.
In skilled hands, the beneits of MIS procedures appear to
outweigh the risks. Additional long-term outcome data are
still needed to deine the eicacy of these approaches compared to traditional open spinal fusion approaches. However,
early data suggest that surgeons willing to spend the time and
energy necessary to gain proiciency in MIS can expect to be
rewarded through the beneits provided to their surgical
patient population, especially with regard to reduced blood
loss and a shorter recovery period.
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Posterolateral endoscopic lumbar surgery is a less invasive
surgical procedure to address lumbar pathology in the disc
and bony foramen. Like any surgical procedure, it is based
on visual identiication and exposure of the target pathology
and adequate surgical tools to address the ofending pathology. Modern endoscopic technology allows for discectomy
and decompression of the traversing and exiting nerve roots
from a percutaneous posterolateral/transforaminal approach
under continuous direct visualization. his is safe and equally
eicacious to microscopic discectomy in properly selected
patients.1–4 Recent advances also allow for bony decompression of foraminal stenosis.5,6
Advances in the ability to perform endoscopic discectomy
have paralleled other specialties, yet endoscopic spinal surgery
has not met with the same peer recognition as the other ields.
his is due in part to the high success rate and relative low
morbidity of the current gold standard, posterior microscopic
lumbar discectomy. However, this approach still requires a
1-inch midline incision, muscle and ligament stripping, prolonged muscle retraction, partial facet and lamina resection,
and both nerve root and dura retraction. his can weaken the
muscular lumbar stabilizers, create instability and facet
arthrosis, cause traction neurapraxia, promote epidural scarring, and make revision surgery more diicult.
Another barrier for more widespread adoption was the
relative paucity of peer-reviewed literature, and critics noted
that only a few authors were contributing to this body of
literature. Recently, there have been many more published
results of posterolateral endoscopic discectomy from around
the world; the preponderance of evidence supports its eicacy.
Numerous other nonvisualized, percutaneous techniques
oten get categorized and confused with posterolateral endoscopic lumbar discectomy. hese include automated percutaneous lumbar discectomy, percutaneous laser discectomy, and
percutaneous discectomy with the Dekompressor or Arthrocare wand (Coblation). hese are all luoroscopically guided,
nonvisualized procedures that access the disc via the same
posterolateral approach as endoscopic lumbar surgery. he
underlying principle of these procedures is that, through
central nucleus removal or ablation, intradiscal pressure can
be substantially lowered. his was based on the work of Hirsh

and his postulated relationship between intradiscal pressure,
disc herniation, and low back pain.7 He hypothesized that
lowering this pressure in an injured disc could be eicacious
in the relief of sciatica. Multiple studies described decreases in
intradiscal pressures of 50% or greater.8–10
he results of these types of indirect decompressive procedures have been similar, with initial favorable reports. However,
subsequent studies have shown varying degrees of success. he
inability to consistently see the decompressed nerve or the
targeted pathoanatomy has limited the use of these nonvisualized decompressive procedures.11–14 It is unfortunate that these
interventional procedures and their results are mistaken for
posterolateral endoscopic discectomy surgery.

History
he basis for percutaneous lumbar disc procedures came from
accepted posterolateral percutaneous biopsy techniques of the
lumbar vertebrae. hese procedures were initially performed
with the use of a Craig needle to perform a posterolateral
biopsy for neoplastic conditions.15,16
Minimally invasive surgery for lumbar disc herniation was
irst independently reported by Kambin and colleagues17 and
Hijikata18 in 1975. A posterolateral approach was used to position a small cannula in the foraminal zone of the disc bordered
by the traversing nerve dorsally, the exiting nerve ventrally,
and the endplate of the inferior vertebra caudally. Mechanical
instruments were used to remove disc tissue. he early eforts
were limited to a nonvisualized central discectomy to achieve
an indirect decompression of the nerve roots.17–19 he goal was
to decompress nerve roots secondary to lumbar disc herniation by the inside-out technique of central and posterior
nuclectomy and fragmentectomy.
he addition of an endoscope to help with the decompression developed in stages. Initially, an arthroscope was used
to inspect the disc and anulus intermittently through the
cannula while the mechanical nuclectomy was done under
luoroscopic guidance. he introduction of a biportal approach
allowed for direct visualization of instruments introduced
through a cannula inserted into the disc from the opposite
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posterolateral portal. he later development of an operating
spine scope with a working channel for instruments allowed
for surgical removal of disc material and visualization of
foraminal anatomy under direct visualization via a uniportal
approach.
Kambin performed the irst true endoscopic lumbar procedures. he arthroscope was at irst used intermittently
through the working cannula. At certain stages of the procedure, such as perforating the disc in the triangular working
zone, the arthroscope would be placed in the cannula. he
nonworking-channel scope was used for identiication of the
anulus and periannular structures. he basis was to see that
the nerve was not in the way before advancing the cannula.
Once the cannula was safely within the disc, the nucleotome,
an arthroscopic shaver, and pituitary rongeurs were passed
through the cannula to perform mechanical disc removal. he
majority of the procedure was only luoroscopically visualized.17 Kambin reported an 88% success rate in his irst 100
patients.20,21
he early endoscopic procedures were limited by the
absence of a working-channel arthroscope. his led Kambin
to the development of a biportal technique in which the scope
was inserted on one side and the working cannula on the
opposite side. Kambin’s indications for a biportal approach
included large subligamentous herniations, extraligamentous
herniations, and arthroscopic interbody fusion.22 In later
studies, Kambin reports results from both uniportal and
biportal procedures together. Overall results ranged from 85%
to 92% satisfactory results at a minimum 2-year follow-up.

here was no diferentiation made between the results of
uniportal versus biportal approaches.23–25
Kambin’s irst prototype of the working-channel scope was
not fully developed and was not successfully marketed. he
problems with the initial scope included fragility, limited
degree of angulation for the working instruments, and the
inability to establish suicient inlow or outlow for adequate
visualization.26 Yeung developed the irst working-channel
endoscope to become widely available. he scope was developed in 1997 and was approved for use by the US Food and
Drug Administration in March 1998. he Yeung Endoscopic
Spine Surgery system (Richard Wolf Surgical Instruments)
modiied the scope by adding multichannel integrated irrigation, specialized beveled cannulas, a two-hole obturator, and
newly designed discectomy tools that allowed for constant
real-time visualization with a uniportal technique27 (Fig. 57.1).
Another major change, which allowed for advancement in
the ield of endoscopic spinal surgery, was Yeung and Mathews’
emphasis on placement of the cannula closer to the epidural
space and the base of the targeted disc herniation leading to
the so-called targeted technique. hey promoted routine
visualization of the epidural space and greater access to the
traversing nerve root.28 his enabled surgeons to target
extruded herniations in addition to contained herniations.
Previous percutaneous modalities all focused on entry through
Kambin’s triangle and working within the center of the disc
with the cannula anchored inside the anulus. he cannula was
advanced past the anulus and remained intradiscal for the
procedure.
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FIG. 57.1 The Yeung Endoscopic Spine Surgery system. (Courtesy Richard Wolf Surgical Instruments, Vernon
Hills, IL.)
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Anatomy
Posterolateral endoscopic lumbar surgery is performed
through what has been named the triangular working zone,
or Kambin’s triangle (Fig. 57.2). his triangular zone is deined
as a safe zone in the posterolateral anulus between the exiting
and traversing nerve roots. he exiting nerve root forms the
anterior border of the triangular zone as it exits under the
cephalad pedicle. he superior endplate of the caudal vertebral
body forms the inferior border and the articular process and

S E C T I O N

he development of a working-channel scope and use of the
transforaminal approach using beveled and slotted cannulas
enhanced endoscopic lumbar surgery. Using this approach,
surgeons could operate under full visualization throughout
most of the procedure and follow the neural structures into
the epidural space. he specialized cannulas provide greater
access to pathology and help protect and retract sensitive
anatomy, such as the exiting nerve and dorsal root ganglion.
he working channel also allows the passage of high-speed
burrs for bone removal and direct foraminal enlargement
and decompression of foraminal stenosis (foraminoplasty).
his facet decompression also allows the surgeon to access the
midline of the disc and the epidural space. hus, it is feasible
to treat the full spectrum of disc herniations with advanced
endoscopic instrumentation and techniques that can either
target the extruded fragment directly or with a combination
of the inside-out technique.29
Improvements in surgical equipment and technique have
evolved gradually since 1975. A systematic luoroscopically
guided approach method introduced by Yeung and reported
by Tsou30–32 outlined a consistent and safe technique for
entry into all lumbar posterior disc spaces, including the
L5–S1 level. his speciic technique has been termed selective
endoscopic discectomy but can be classiied under the more
general descriptive term of posterolateral endoscopic lumbar
discectomy (PELD) that other authors describe. In the past
15 years, the important major equipment improvements have
included various-sized high-resolution rod lens operating
endoscopes with variable-sized working channels, more variety
of beveled and slotted cannulas, lexible shavers and pituitary
forceps, a bipolar lexible high-frequency/low-temperature
radiofrequency electrode, multidirectional holmium yttriumaluminum-garnet (YAG) lasers, and high-speed diamond
burrs and motorized shavers to decompress the foramen.29
hese reinements have enhanced the capabilities of foraminal
endoscopic discectomy to deliver surgical results similar to
the results obtainable by traditional transcanal approaches for
treating common lumbar disc herniations.1–4
Recent development of expandable and cannulated interbody fusion devices has allowed truly minimally invasive
interbody fusion procedures to become feasible. he RISE
IntraLIF (Globus Medical) expandable interbody device can
it down an 8.5-mm access cannula ater endoscopic discectomy and endplate preparation. he OptiMesh (Spineology)
expandable polyetheretherketone mesh cage is another
example. Early studies are just starting to get reported.33
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FIG. 57.2 Triangular working zone at L4–L5 (Kambin triangle). This is the
access point for posterolateral disc access. The exiting nerve root is the
hypotenuse of the triangle, the superior endplate of the caudal vertebral
body/sacrum is the base (width), and the traversing nerve root/dura is the
height of the triangle.

superior articulating facet of the caudal vertebra form the posterior border. he working zone is bordered medially by the
traversing nerve root and dura. From cadaveric measurements,
it was determined that cannulas ranging from 4 to 10 mm
could be safely used in the triangular working zone.22,34–37 A
thorough understanding of the three-dimensional anatomy is
necessary to understand and perform posterior percutaneous
lumbar surgery.

Indications and Contraindications
Current indications for the use of an endoscopic posterolateral
approach to the lumbar spine include foraminal and far-lateral
disc herniations, contained central and paracentral disc herniations, small nonsequestered extruded disc herniations, recurrent
herniations, symptomatic annular tears, synovial cysts, biopsy
and debridement of discitis, decompression of foraminal stenosis
with or without spondylolisthesis, visualized total nuclectomy
(before nucleus replacement), and visualized discectomy with
endplate preparation before interbody fusion.
Perhaps the ideal lesions for posterolateral selective endoscopic discectomy are the foraminal and extraforaminal disc
herniations. he cannula inserts directly at the herniation site,
and the exiting nerve is routinely visualized and protected
(Fig. 57.3). his approach requires less manipulation of the
exiting nerve root than the paramedian posterior approach.
Any herniation contiguous with the disc space not sequestered and migrated is amenable to endoscopic disc excision if
the bony anatomy permits an unobstructed approach. A targeted technique can be utilized or the inside-out technique, in
which the herniation is grasped from its base within the disc,
pulled back into the working intradiscal cavity, and removed
via the cannula. he size and types of herniations chosen by
the surgeon for endoscopic excision will depend on the skill
and experience of the surgeon. Certainly, all contained disc
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FIG. 57.3 Treatment of a foraminal herniated disc. (A) Magnetic resonance image of an extruded right L3–L4
foraminal herniation with some cephalad migration. (B) Fluoroscopic anteroposterior image shows the pituitary
forceps positioned to grab the herniation in the epidural space in the axilla of the exiting nerve root. The
forceps are within the working channel of the scope and the herniation is removed under direct endoscopic
visualization. (C) Endoscopic picture of the extruded herniation abutting the axilla of the exiting right L3 nerve
root. (D) The large extruded fragment that was removed. Note the red, white, and blue stained portions of the
fragment. The red portion is the part that was extruded and has some inlammatory tissue, the white portion is
the part trapped within the anulus, and the blue part is the intradiscal portion that is stained by the injected
indigo carmine dye.

herniations are appropriate for endoscopic decompression.
With experience, extruded herniations can be routinely
addressed. his approach is especially attractive for recurrent
herniations ater a traditional posterior approach because the
surgeon can avoid the scar tissue from the previous surgery.
Extruded herniations with limited cephalad/caudal migration can be removed with the outside-in technique. If the
herniation is sequestered and a free fragment, then posterolateral endoscopic discectomy is relatively contraindicated.
Radiofrequency energy can be applied to the annular tears
under direct visualization to contract the collagen and ablate
ingrown granulation tissue, neoangiogenesis, and sensitized
nociceptors.38 Frequently, interpositional nuclear tissue is seen
within the ibers of the annular tear, preventing the tear from
healing. his tissue can then be removed to allow the tear
to heal.
Endoscopic foraminoplasty can be readily achieved with
bone trephines/rasps, the side-iring holmium-YAG laser, and
endoscopic high-speed drills.5,6 he roof of the foramen is
formed by the undersurface of the superior articular facet.

his is easily visualized and accessed via the endoscope, and
the previously mentioned tools are used to remove bone and
enlarge the foraminal opening. Synovial cysts can sometimes
be visualized and removed as well, depending on their location.
In cases of discitis, the posterolateral endoscopic approach
will provide a robust biopsy for culture diagnosis, and the
infected/necrotic disc tissue can be thoroughly debrided to
reduce the bacterial load and accelerate healing and potential
in situ fusion.39 his approach also limits the spread of the
infection since no approach-related dead space is created.
Contraindications include any pathology not accessible from the posterolateral endoscopic approach. his
may include some extruded sequestered disc herniations,
extruded migrated disc herniations (migrated extent greater
than the measured height of the posterior marginal disc space
on T2 sagittal magnetic resonance imaging [MRI]), larger
herniations occupying greater than 50% of the spinal canal,4
moderate to severe central canal stenosis, and hard calciied
herniations. hese contraindications are considered relative contraindications dependent on the surgeon’s technical
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Posterolateral Endoscopic Lumbar Discectomy
Diferent styles of posterolateral endoscopic discectomy have
been described in the literature. he inside-out technique
initially positions the cannula within the disc near the base of
the herniation as a safe starting point. he cannula is gradually
backed out and the surgeon works toward the base of the
herniation and epidural space to directly remove the herniated
fragment in addition to some of the underlying unstable
nucleus. he outside-in technique positions the cannula
immediately in the epidural space where the herniated fragment is. he fragment is removed and the surgeon only minimally enters the disc space or does not enter it at all, thus
performing more of a fragmentectomy. his is especially
useful for extruded migrated disc herniations. he targeted
technique is a blend of these two techniques, in which the
initial cannula placement is at the site of the herniation. he
herniated fragment is removed and the surgeon enters the disc
space to then remove any loose unstable nucleus. All of these
techniques are efective; the main diference is simply the
starting point of the cannula position in relation to the disc.
Ater that initial starting point, the surgery progresses to
attempt removal of the ofending disc herniation completely
by using the same instruments.
he diferent types and locations of herniations also dictate
the location of the skin incision (skin window). he approach
trajectory gets shallower if you start farther away from the
midline. Foraminal herniations are more easily removed with
a more steep approach trajectory into the disc, about 45 to 55
degrees. It is better to have a shallower 20- to 40-degree
approach trajectory for paracentral herniations in order to
fully access them. Central or large paracentral herniations may
utilize an extreme lateral approach with a 0- to 20-degree
approach trajectory, but care must be taken to avoid breaching
the retroperitoneal or peritoneal space.
Most surgeons operate with the patient placed in a prone
position, but some prefer the patient to be in a lateral decubitus
position. It is more ergonomic to operate with the patient
prone, which is our preferred position.
he basic inside-out technique for a typical paracentral
herniation is described in detail next.

Step-by-Step Operative Technique
Patient Positioning
he patient is prone on a hyperkyphotic frame with a radiolucent table. he endoscope is on one side and the luoroscopic
unit is on the opposite side of the patient.

Anesthesia
Although some experienced international endoscopic surgeons prefer general anesthesia, we recommend mild sedation and local anesthesia so that the patient is awake and
responsive throughout the procedure. he patient can then
provide real-time feedback in case of nerve irritation from
instrument pressure or retraction, adding a layer of safety and
allowing the surgeon to adjust the instruments accordingly.
We use midazolam (Versed) and fentanyl for sedation and
recommend against using general anesthetics like propofol,
which can produce temporary total analgesia, eliminating
the patient’s responsiveness to any nerve stimuli. he skin,
needle tract, and anulus are anesthetized with 0.5% lidocaine.
his allows anesthesia without motor block of the nerve
roots.

Needle Placement
Optimal needle placement is the most crucial step of the
procedure and is based on the type of pathology being
addressed.30 he skin window (needle insertion site) is determined using this protocol. his will typically be about 12 to
15 cm lateral to the midline aligned parallel to the disc inclination (Fig. 57.4). he starting point can be adjusted based on
the location of the targeted herniation. You would start closer
to the midline for foraminal/extraforaminal herniations and
more lateral for central herniations.
Once the starting point is determined, the skin window and
subcutaneous tissue are iniltrated with 0.5% lidocaine. A
6-inch, 18-gauge needle is then inserted from the skin window
at the desired trajectory, typically at a 30-degree angle to the
loor (coronal plane) and passed anteromedially toward the
anatomic disc center. Iniltrating the needle tract with 0.5%
lidocaine as you advance the needle will anesthetize the tissue
tract, avoiding pain when the dilator is passed later in the
procedure.
In order to avoid puncturing the dura with a trajectory that
is too shallow, we advance the needle with the C-arm in the
posteroanterior view and never advance the needle tip medial
to the medial border of the pedicle without checking a lateral
view irst. he C-arm lateral projection should conirm the
needle tip’s correct annular location at the annular window
(annular entry point). In the posteroanterior view, the needle
tip should be at the disc between the pedicles. In the lateral
view, the correct needle tip position should be just touching
the posterior anulus surface. hese two views of the C-arm
conirm that the needle tip has engaged the safe zone, the
center of the foraminal annular window.
While monitoring the posteroanterior view, advance
the needle tip through the anulus to the midline (anatomic
disc center). hen, check the lateral view. If the needle tip
is in the center of the disc on the lateral view, you have a
central needle placement, which is good for a central nucleotomy and foraminal herniations. Ideally the needle tip will
be in the posterior third of the disc, indicating posterior
needle placement if you are attempting to access paracentral
herniations.
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experience and comfort level. More experienced endoscopic
surgeons can gain greater access to pathology using advanced
techniques for bone removal of osteophytes, stenosis, and the
posterolateral corner of the vertebral body before addressing the pathology. Other relative contraindications include
inadequate support staf or equipment to successfully perform
procedure and uncooperative patients.
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FIG. 57.4 Protocol for optimal needle placement. (A) Posteroanterior (PA) luoroscopic view enables
topographic location of the midline and the transverse disc plane. The intersection of these lines is the PA
anatomic disc center. (B) Lateral luoroscopic view enables topographic location of the disc inclination plane.
(C) The inclination plane of each target disc is drawn on the skin from the lateral disc center. (D) The distance
from the lateral disc center to the posterior skin plane is measured along the inclination plane. (E–F) This same
distance is measured from the midline along the transverse disc plane for each target disc. At the end of this
measure, a line parallel to the midline is drawn to intersect the disc inclination line. This is the skin entry point
or skin window for the needle.
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Evocative Chromodiscography
Perform conirmatory contrast discography at this time. Historically, the following contrast mixture was used: 9 mL of
Isovue 300 (iopamidol injection) with 1 mL of indigo carmine
dye. his combination of contrast ratio gives readily visible
radiopacity on the discography images and intraoperative
light blue chromatization of pathologic nucleus and annular
issures, which help guide the targeted fragmentectomy.
Indigo carmine was recently discontinued; substitution with
methylene blue dye is now used.

VII

Instrument Placement
Insert a guidewire through the 18-gauge needle channel.
Advance the guidewire tip, 1 to 2 cm deep into the anulus;
then, remove the needle. Slide the bluntly tapered tissuedilating obturator over the guidewire until the tip of the
obturator is irmly engaged in the annular window. An eccentric parallel channel in the obturator allows for four-quadrant
annular iniltration using small incremental volumes of 0.5%
lidocaine in each quadrant, enough to anesthetize the anulus
but not the nerves. If the patient has some radicular nerve pain
while placing the needle in one of these quadrants, the surgeon
is alerted to the nerve’s close proximity to the obturator. Hold
the obturator irmly against the annular window surface and
remove the guidewire.
he next step is the through-and-through fenestration of
the annular window by advancing the bluntly tapered obturator with a mallet. Annular fenestration is the most painful
step of the entire procedure. Advise the anesthesiologist to
heighten the sedation level just before annular fenestration.
Advance the obturator tip deep into the anulus and conirm on
the C-arm views. Now, slide the beveled access cannula over
the obturator toward the disc. Advance the cannula until the
beveled tip is deep in the annular window, with the beveled
opening facing dorsally. Remove the obturator and insert
the endoscope to get a view of the disc nucleus and anulus
(Fig. 57.5). If the targeting has been ideal and the cannula is
within the base of the herniation, the surgeon will be looking
right at the herniated disc material that requires removal. he
subsequent steps depend on the goal of the procedure and
pathology being addressed. he basic endoscopic method to
excise a noncontained paramedian extruded lumbar herniated
disc via a uniportal technique is described here. Diferent steps
are used for other pathology and are beyond the scope of this
chapter.

Performing the Discectomy
Otentimes, there are some annular ibers at the base of the
herniation that need to be resected in order to remove the
herniation easily. In this situation, enlarge the annulotomy
medially to the base of the herniation with cutting forceps. he
side-iring holmium-YAG laser can also be used to enlarge
and widen the annulotomy. his is performed to release the
annular ibers at the herniation site that may pinch of or
prevent the extruded portion of the herniation from being

FIG. 57.5 Uniportal endoscopy for paracentral herniation. The cannula is
positioned near the base of the herniation. The epidural fat can be seen at
the top of the image. The extruded herniation is stained blue with indigo
carmine dye and is seen here extruding through the thinned-out annular
ibers seen coursing horizontally in this image. At this point, the annular
ibers are cut to enlarge the annulotomy with the cutting forceps and the
side-iring laser to allow the apex of the herniation to be pulled back into
the disc and out the cannula with pituitary rongeurs.

extracted. Directly under the herniation apex, a large amount
of blue-stained nucleus is usually present, likened to the submerged portion of an iceberg. he nucleus here represents a
migrated and unstable nucleus. he endoscopic rongeurs are
used to extract the blue-stained nucleus pulposus under direct
visualization. he larger straight and hinged rongeurs are used
directly through the cannula ater the endoscope is removed.
Fluoroscopy and surgeon feel guide this step. By grabbing the
base of the herniated fragment, one can usually extract the
extruded portion of the herniation. Initial medialization and
widening of the annulotomy reduce the prospect of breaking
of the herniated nucleus and retaining the apex of the herniation in the spinal canal. he traversing nerve root is readily
visualized ater removal of the extruded herniation (Fig. 57.6).
Next, perform a minimal bulk decompression by using a
straight and lexible suction-irrigation shaver. his step
requires shaver head C-arm localization before power is
activated to avoid nerve/dura injury and anterior annular
penetration. he cavity thus created is called the working
cavity. he debulking removes the loose, unstable nucleus
material to prevent future reherniation.
Inspect the working cavity. If a noncontained extruded disc
fragment is still present by inding blue-stained nucleus material posteriorly, then these fragments are teased into the
working cavity with the endoscopic rongeurs, curved nerve
hooks, and the lexible radiofrequency trigger-lex bipolar
probe (Elliquence) and removed. Creation of the working
cavity allows the herniated disc tissue to follow the path of
least resistance into the cavity. he lexible radiofrequency
bipolar probe is used to contract and thicken the annular
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FIG. 57.6 Inspection of the freed traversing nerve root. After successful
removal of an extruded paracentral herniation, the traversing nerve root is
visualized, conirming complete decompression of the nerve. This is routine
in extruded herniations. If the herniation is a contained herniation, the
surgeon would visualize the undersurface of the thinned-out posterior
annular ibers rather than the traversing nerve root because the herniation
did not extrude past the posterior anulus.

collagen at the herniation site. It is also used for hemostasis
throughout the case.
he vast majority of herniations can be treated via the
uniportal technique. Sometimes for large central herniations
and herniations at L5–S1, the disc needs to be approached
from both sides, a biportal technique. his allows the use of
larger articulating instruments that it through the contralateral 7-mm access cannula and can reach more posteriorly
to extract the herniated fragment under direct endoscopic
vision.

Clinical Outcomes
Yeung has reported his initial results using the Yeung Endoscopic Spine Surgery system in his irst 307 patients with disc
herniations who were candidates for open microdiscectomy.31
he study included intracanal and extracanal herniations.
Recurrent herniations and patients with previous surgery at
the same level were not excluded. Results were reported with
1-year follow-up. Overall patient satisfaction was found to be
91%. he same percentage of patients said that they would
undergo the procedure again if faced with the same diagnosis.
he overall complication rate was 3.5%.31 Tsou and Yeung
separated out a subgroup of 219 patients with noncontained
herniations and reported results at 1 year. Patient satisfaction
was 91%.32 hese initial results demonstrated that endoscopic surgery could provide equivalent results to reported
results of open microdiscectomy, even with noncontained
herniations.

here are three prospective randomized studies comparing
traditional microdiscectomy and percutaneous endoscopic
discectomy. Hermantin et al.1 performed a prospective
randomized study with 30 patients in each group. he mean
duration of follow-up was 31 months. Patient satisfaction was
93% in the open surgical group and 97% in the endoscopic
group. he endoscopic group had shorter duration of narcotic
use and shorter time out of work compared with the open
discectomy group. Mayer and Brock2 performed a randomized
prospective study in 1993 with 20 patients in each group.
hey chose return to previous occupation as the measurement
of success. his study showed a signiicant diference in this
outcome measure. In the percutaneous group, 95% of patients
returned to their previous profession, whereas only 72% of the
microdiscectomy group returned to a previous profession. In
2008, Ruetten et al.3 compared traditional microdiscectomy
with full endoscopic discectomy via either the transforaminal
or interlaminar route. here were 178 patients (87 microdiscectomy and 91 endoscopic) with 2-year follow-up. he
microdiscectomy group had a 79% success rate and the full
endoscopic group had an 85% success rate with no leg pain at
all. It is noteworthy that all three of these prospective randomized studies showed a trend toward better outcomes with the
endoscopic procedure, but statistically they were comparable.
Kambin et al.40 reported an 82% success rate for the treatment of lateral recess stenosis and foraminal herniations using
an oval cannula with two portals and the transforaminal
approach. Even though they were working next to the exiting
nerve root, they reported no neurovascular complications in
their series. Successful posterolateral endoscopic treatment of
foraminal and extraforaminal herniations has been described
by many authors. Lew et al. reported an 85% success rate
in 47 patients,41 Choi et al. reported a 92% success rate in
41 patients,42 Jang et al. reported an 85% success rate in 35
patients,43 and Sasani et al. reported an 89% success rate in
66 patients.44
Yue et al.45 described excellent results treating single-level,
multifocal subarticular and paracentral and/or far-lateral
lumbar disc herniations with a single-incision posterolateral
endoscopic surgery in 15 patients with 15.3-month follow up.
hese herniations typically require both a posterior intracanal
and extraforaminal surgical approach to alleviate compression
of both exiting and traversing nerve roots. Total facetectomy
and transforaminal lumbar interbody fusion is also oten
performed for this type of complex herniation.
Knight and Goswami6 have reported on the use of the
endoscope in foraminal decompressions for isthmic spondylolisthesis. In 79% of patients, a good or excellent outcome was
obtained with an average follow-up of 34 months. Of the
initial group, only two went on to have spinal fusion. Madhavan et al.46 also described a case report using posterolateral
endoscopic foraminal decompression to avoid fusion in a
31-year-old patient with isthmic spondylolisthesis. he patient
was asymptomatic with 2-year follow-up.
Ahn and colleagues47 reported an 81% success rate with
PELD in 43 patients with recurrent disc herniations ater a
posterior microdiscectomy. Hoogland et al. also had good
success (85%) using endoscopic transforaminal discectomy
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Complications and Avoidance
he risks of serious complications or injury are low. he
usual risks of infection, nerve injury, dural tears, bleeding,
and scar tissue formation are present, as with any surgery.
Because the transforaminal endoscopic approach passes
adjacent to the exiting spinal nerve root and dorsal root
ganglion, there is potential for nerve irritation (dysesthesia)
or overt nerve damage. Dysesthesia occurrence is 5% to 15%
and is almost always transient.31,32 his rate of occurrence
is similar to dysesthesia rates in posterior open discectomy.
However, in the latter situation, because the dysesthesia
afects the retracted traversing nerve root that was already the
source of radiculopathy, the transient persistent or increased
postoperative dysesthesia is generally not considered a
complication ater posterior discectomy. Both situations are
transient the vast majority of the time. Routine injection of
80 mg of methylprednisolone acetate (Depo-Medrol) steroid
medication in the foramen at the conclusion of the endoscopic
discectomy has reduced the rates of dysesthesia signiicantly.
Avoidance of complications is enhanced by the ability to
clearly visualize normal anatomy and pathoanatomy, the use
of local anesthesia and conscious sedation rather than general
or spinal anesthesia, and the use of a standardized needle
placement protocol. he procedure is usually accomplished
with the patient remaining comfortable during its entirety and
should be done without the patient feeling severe pain except
when expected, such as during evocative discography, annular

fenestration, or when instruments are manipulated past the
exiting nerve. Local anesthesia using 0.5% lidocaine allows
generous use of this dilute anesthetic for pain control and still
allows the patient to feel pain when the nerve root is manipulated. hus, the awake and aware patient serves as the best
indicator to avoid any nerve irritation/damage. Dural tears
can be treated with a visualized blood patch or a hemostatic
matrix such as Floseal (Baxter Healthcare) and observation
because there is no dead space for cerebrospinal luid collection or drainage.

Future Considerations
Perhaps the best future indication for the use of this technique
and approach is in the realm of motion preservation (nucleus
augmentation/replacement). A partial nuclectomy tract can
be created and illed with one or more expandable hydrogel
sticks to augment the degenerated nucleus. Alternatively, a
complete endoscopic nuclectomy can be performed followed
by insertion of a polymer to completely ill the nuclear cavity,
redistribute the load across the disc space, and protect the
anulus. Early companies focused on nucleus replacement
completed pilot studies, but did not complete an IDE study.
Interest in this technology has recently been rekindled.
Radical endoscopic discectomy with burring of the endplates and subsequent delivery of an interbody prosthesis with
bone grat or bone morphogenetic protein can yield a truly
minimally invasive interbody fusion, and early results of this
technique are just starting to get reported. Transforaminal
anatomy will limit the size of implant that can be delivered;
this problem can be overcome by using expandable interbody
or grat containment devices.
Future advances in the use of biomaterials and biologics
may allow endoscopic annular reinforcement, tissue repair,
tissue regeneration, anterior column stabilization by disc
arthroplasty, and other alternatives to fusion for pain reduction. he future of spine surgery will most likely involve a mix
of endoscopic and traditional open procedures. Studies comparing open and endoscopic procedures will have to be performed to determine which conditions will be best treated by
minimally invasive procedures.
PEARLS
1. Initial proper placement of a needle or guide pin is critical to
the entire procedure. Take the time to have best possible needle
placement in both anteroposterior and lateral projections.
2. Use the inside-out technique when irst adopting spinal
endoscopy. Start the endoscopy by irst entering the disc and
then address the pathology accordingly. This is a safe starting
point to avoid getting disoriented to your cannula position.
Once you are within the disc, the herniation is between you and
the afected nerve; this is advantageous because it protects the
nerve from iatrogenic injury.
3. Fluoroscopy should be used to conirm location if there is any
uncertainty about anatomy or location during endoscopy.
4. It is helpful to use the specially designed cannulas with a
Penield-like extension to retract and protect the exiting nerve
when working in the foramen.
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for recurrent herniations in 262 consecutive cases from 1994
to 2002.48 Of the 262 patients, 194 had a previous posterior
microdiscectomy and 68 had a prior endoscopic discectomy.
Both studies pointed out the advantage of avoiding the posterior scar tissue. Ruetten et al. also reported a prospective
randomized study of 87 patients treated endoscopically ater
a recurrent herniation, with 79% reporting no leg pain and
16% with occasional leg pain.49
he ability to efectively remove pathology using endoscopic surgery has been validated by postprocedure imaging
studies. Casey and colleagues50 looked at a group of patients
who had immediate postoperative computed tomography
scans. he imaging studies demonstrated that 88.9% of patients
undergoing biportal endoscopy had signiicant reduction in
the amount of neural compromise. he results of uniportal,
extraforaminal, and foraminal herniations showed only mild
to moderate change in canal diameter. hey concluded that
arthroscopic discectomy had a high rate of canal clearance and
removal of disc fragments.50
Lee and colleagues4 reported on a matched cohort comparing radiographic changes 3 years postsurgery in PELD versus
posterior microdiscectomy. hey revealed less degenerative
progression in the PELD group, with loss of disc height and
foraminal height being statistically signiicant. Clinical success
rates were 96% in the PELD group and 93% in the microdiscectomy group. he authors conclude that PELD is a less
invasive procedure that causes less approach-related damage
and less damage to the targeted disc.
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5. The patient is awake; thus, use this to your advantage! If
signiicant leg pain is experienced, stop and reevaluate the
patient; ask the patient about the distribution of the pain
and reassess the position using luoroscopy to prevent
complications.
6. When bleeding is encountered, advance the scope back into
the disc and slowly pull back the scope, cauterizing the bleeders
when seen at the edge of the cannula.
PITFALLS
1. Make sure that the MRI and plain radiographs are numbered the
same (i.e., look out for patients with transitional or six lumbar
vertebrae).
2. Always visualize the action portion of your endoscopic tools to
avoid dura or nerve injury. You want to clearly see the tissue you
are grasping with the pituitary forceps, ablating with the bipolar
radiofrequency probe, and iring the laser at.
3. It is recommended that the patient be awake and alert until the
endoscope is within the disc space to avoid nerve injury.
Avoiding excessive sedation before this point in the procedure
is crucial, especially during needle insertion and dilator and
cannula passage. We recommend against the use of a general
anesthetic such as propofol.

KEY POINTS
1. PELD is a directly visualized surgical procedure and is not to be
confused with the many nonvisualized percutaneous
discectomy procedures for indirect disc decompression.
2. The surgeon can visually conirm that the traversing nerve root
is adequately decompressed when removing an extruded
paracentral herniation.
3. The literature shows that PELD is at least as safe and efective as
traditional open posterior discectomy.
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Interspinous Process Decompressive Devices
Cliford B. Tribus

Introduction
he interspinous process space has become a target for spinal
implants to address degenerative conditions of the lumbar
spine. he interspinous process decompression (IPD) devices
employ a range of insertion techniques and materials but share
the common goal of distraction to be maintained between the
adjacent spinous processes to incur a clinical result. he
variety of materials employed include titanium, polyetheretherketone, Silastic compounds, and allograt. Many of
the implants are devised to be static in nature, while some
employ dynamic techniques.1,2 he clinical use of the Interspinous process space has continued to evolve. he indications
have become less reined and the data mixed; leaving clinicians
and payors less guidelines to follow.
he X-Stop (Medtronic International) is a titanium implant
that was the irst US Food and Drug Administration (FDA)approved IPD device marketed in the United States, having
been cleared by the FDA in November 2005 through an
investigational device exemption (IDE) study. he indication
for its use is spinal stenosis leading to neurogenic claudication.
Medtronic recently chose to discontinue the marketing and
sales of X-Stop. Colex (Paradigm Spine LLC) received premarket approval in October of 2012 and Superion (VertiFlex
Inc.) received premarket approval in May of 2015, both for
similar indications.3
Many other IPD devices are marketed outside of the United
States, including the following: Aperius (Medtronic), DIAM
(Medtronic/Sofamor Danek), Wallis (Zimmer Spine), Viking
(Sintea), Ellipse (Sintea), BacJac (Pioneer), ExtendSure
(Nuvasiv), Promise, Rocker (Biomech), Heliix (Alphatec
Spine), Biolig (Cousin Biotech), In-Space (Synthes), InSWing
(Orthoix), I-MAXX (Maxx Spine), Flexus (GlobusMedical),
and Spinos (Privelop).
Biomechanical studies of IPD devices have demonstrated
the implants’ ability to change forces in the disc and facet
joints. hese indings have led to diagnoses potentially helped
by this technology, yet to be cleared by the FDA, as indications
to include discogenic back pain, facet arthropathy, disc herniation, degenerative disc disease, and instability, including
degenerative spondylolisthesis. Clinical studies diferentiating
these indications and guidance for utilization are lacking.

IPD devices all share characteristics that are relatively
unique among spinal implants of the lumbar spine. hey can
be implanted with a modest degree of destruction to the local
anatomy. Several do not require exposure of the neural elements, they are at least partially motion preserving, and they
are relatively reversible. hese features coalesce to an implant
with a very favorable risk proile. It is up to randomized
controlled studies to prove the eicacy, indications, and ultimately role in the armamentarium available to the spine
surgeon in the care of the spinal patient.
he interspinous process space has also been exploited by
a similar family of devices that were FDA approved as supplemental fusion devices: Aix (Nuvasiv), Aileron (LifeSpine),
Aspen (Lanx), Axle (X-Spine), BacFuse (Pioneer Surgical),
BridgePoint (Alphatec Spine), Inspan (SpineFrontier Inc.),
PrimaLOK (OsteoMed), Octave (Life Spine), Spire (Medtronic/
Sofamor Danek), SP-Fix (Globus), and Stabilink (Southern
Spine). hese devices have expanded the use of the interspinous spinal device but have a diferent surgical goal, which is
fusion.

Design Rationale
Early criticisms of interspinous process decompression devices
stem from the apparent kyphosing nature of the implant. It is
indeed counterintuitive to apply posterior distraction to the
lumbar spine. Yet, one need only look at the clinical presentation of a patient with lumbar spinal stenosis to appreciate
the design rationale. A patient with lumbar stenosis typically
walks with a forward stooped gate. Additionally, patients with
spinal stenosis obtain symptom relief upon sitting down.
he common feature in both of these postures is the relative
lexion of the lumbar spine or avoidance of extension. Human
beings are unable to segmentally kyphose their lumbar spine.
Muscle insertions allow global motions of lexion and extension. However, spinal stenosis is oten a focal phenomenon
presenting with its worst clinical level at one or two lumbar
segments. herefore, the rationale of the device is to implant
the interspinous process decompression device at the one or
two levels where the stenosis is most severe. he implant then
segmentally kyphoses the lumbar spine at the level of most
severe stenosis and allows the rest of the lumbar spine to fall
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into its natural posture of extension, having relieved the local
stenosis.
An additional concept in the treatment of patients with
lumbar spinal stenosis is how much nerve compression is
clinically signiicant. While several studies have tried to elucidate this measurement, it appears to be an elusive number.
Any clinician who has been involved in the care of the stenosis
patient can appreciate the fact that for every octogenarian who
presents with new-onset stenotic symptoms who has a spinal
canal that is extraordinarily narrow, there is another patient
who presents with similar symptoms in their 50s with magnetic resonance imaging (MRI) indings that are not nearly as
impressive. With this variation in mind, it can be appreciated
that spinal stenosis is a threshold disease. hat is to say, the
degree of tightness that elicits symptoms in any particular
patient may in part be somewhat unique for that patient.
herefore, by extension, a device that can create additional
room for the neural elements may only need to create enough
room to get that patient to the other side of the threshold for
symptoms. As surgeons, we may be a bit uncomfortable with
this rationale, preferring to directly decompress the neural
elements in their entirety and conirm this by direct visualization. his may represent overtreatment, however.
If we accept the concept of focal spinal stenosis causing
symptoms at a particular threshold, then it must be shown that
interspinous process decompressive devices can enact an
efect on the canal diameter with acceptably minimal alterations to spine biomechanics. he majority of the current literature on this topic relates to the X-Stop interspinous process
device. Whether this data can be extrapolated to other products
in this category is up to the reader’s discretion; however, these
studies are presented as a design rationale for IPD devices.
he irst reasonable question to pose in evaluating the
design rationale of an IPD device is what is its net efect, on
implantation, on the dimensions of the spinal canal. Richards
et al.4 attempted to address this question in studying eight
cadaver specimens from L2–L5 that underwent MRI preimplantation and postimplantation of an X-Stop device at the
L3–L4 level. Canal and foraminal dimensions were measured.
he specimens were positioned and parameters measured in
both 15 degrees of lexion and 15 degrees of extension. In
extension, the canal area was increased by 18% when compared to the noninstrumented spine. Similarly, the subarticular
diameter was increased by 50%, the canal diameter by 10%,
the foraminal area by 25%, and the foraminal width by 41%.4
In a subsequent in vivo study, Siddiqui et al.5,6 presented
results on 12 patients with 17 instrumented levels in which
positional MRIs were obtained presurgery and postsurgery in
the sitting lexed, sitting extended, and sitting neutral postures,
as well as standing positions. he area for the dural sac
increased from 77.8 to 93.4 mm at 6 months ater surgery in
the standing position. here was a similar increase in the
foramina. It is important to note that no change in overall
lumbar lordosis was observed.
hese studies demonstrate the passive decompression
obtained in placing an interspinous process decompression
device. he question remains as to whether this degree of
passive decompression is enough to be clinically relevant.

he other area of study as it relates to implantation of the
interspinous process decompression device is the net efect on
the kinematics and load sharing within the lumbar spine at
both the instrumented level and the adjacent levels.7 Swanson
et al.8 presented data on eight human cadaveric lumbar spines
in which they tested intradiscal pressure preimplantation and
postimplantation. he spines were positioned in lexion,
neutral, and extension with intradiscal pressure transducers
placed in the anterior and posterior aspect of the nucleus
pulposus. he implants were placed at L3–L4 and the measurements of intradiscal pressure taken at L2–L3, L3–L4, and
L4–L5. he device proved to be load sharing in both the
extension and neutral positions. At L3–L4, which was the
instrumented level, the authors measured a 63% decrease in
pressure at the posterior anulus and a 41% decrease in pressure in the nucleus pulposus in extension. In the neutral
position, the decrease in pressure was 38% in the posterior
anulus and 20% in the nucleus pulposus. he adjacent levels
did not show any signiicant change in intradiscal pressure.
Wiseman et al.9 presented a similar study as it relates to
facet loading. Pressure ilm was placed in the facets at the
instrumented level, which was L3–L4, as well as the facets at
L2–L3 and L4-L5. he ilm could then be measured for contact
area, mean force, mean pressure, and peak pressure. At the
implanted level, the contact area decreased by 47%, mean
force decreased by 68%, mean pressure decreased by 39%, and
peak pressure decreased by 55%. No changes of facet pressure
were seen at adjacent levels. hese mechanical studies provide
the basis for the assumption that interspinous process decompression devices may be helpful in the clinical treatment of
patients sufering from facet arthropathy or discogenic or
degenerative disc–induced back pain. Yet, these are only biomechanical studies; the eicacy of IPD devices has not been
shown clinically in these conditions.
he efect of the X-Stop IPD device on spinal kinematics
was further measured by Lindsey et al.10 Seven cadaveric
specimens from L2–L5 were loaded in lexion, extension, axial
rotation, and lateral bending to 7.5 Nm. here was a superimposed axial load of 700 N applied. Rigid markers were placed
in each vertebral body as well as the supporting frame to
measure the relative motion. Measurements were taken both
preimplantation and postimplantation of an L3–L4 IPD
device. here was no change in range of motion as measured
in axial rotation or lateral bending. he intervertebral angle
was changed by 1.9 degrees. An average of 7.6 degrees of
extension at L3–L4 was reduced to 3.1 degrees ater implantation of the device. Notably, the adjacent levels were not afected
in lexion or extension with a device in place.
Two studies are presented to assess the question of kyphosis
of the lumbar spine. Siddiqui et al., as referenced earlier,
studied 12 patients with 17 implanted levels.5-7 Comparing his
postoperative to preoperative MRIs, the mean intervertebral
angle changed less than 1 degree in extension. he overall
mean lumbar lordosis changed 8 degrees in extension. herefore, the change in overall lumbar lordosis was not statistically
signiicant.5–7 he mean intervertebral angle and mean lumbar
lordosis were also measured in the pivotal study trial for FDA
submission. his included 41 patients with data available

Chapter 58 Interspinous Process Decompressive Devices

Surgical Technique
Surgical technique is variable depending on the implant used
and surgeon preference. Placement of an IPD device may be
performed in the outpatient setting. While the patient may be
positioned prone, my preferred technique is to position the
patient lateral, under general anesthesia, with the hips and
knees lexed and taped in this position. he lumbar spine is
forced into relative lexion to facilitate placement of the
implant. he various devices are placed either as a primary
decompression device or as a stabilization device ater a direct
surgical decompression. Fluoroscopy is used. Of note, the
spinous processes may oten be diicult to visualize, while the
disc spaces are generally better delineated. he surgeon should
watch for distraction of the appropriate disc space to conirm
the surgical level. For the majority of the IPD devices, the
implant should be positioned as far anterior as possible. Placement is planned and conirmed luoroscopically.

Clinical Results
he X-Stop device was approved in 2005. Over the last decade,
clinical studies have been reported comparing various interspinous devices to more traditional approaches. he data are
evolving, as is the role for interspinous decompressive devices.
he surgeon needs to be exacting in review of the literature.
As alluded to earlier in this discussion, many of the IPD
devices are placed with a simultaneous traditional open
decompression (Wallis, Colex) while others do not require
direct neural decompression (X-Stop, Superion), relying on
local distraction to provide a passive decompression. he
implication is that the former are stabilization devices, with
device eicacy diicult to distinguish from direct neural
decompression versus lower surgical risk in the devices that
obviate the need for direct decompression, though they do not
permit the surgeon direct visualization of the neural elements.
his latter technique may be viewed as an advantage because
of decreased surgical risk or as a disadvantage because of the
inability to visualize the neural elements. Clinical results of
these latter devices, however, are easier to interpret.
Zucherman et al.11 reported in 2005 on 191 age-matched
patients enrolled in a prospective, randomized, multicenter
study comparing X-Stop to controls. he 91 control patients
consisted primarily of patients undergoing epidural steroid
treatment. he 100 patients selected for the X-Stop had one
(76 patients) or two (24 patients) implants placed. he levels
instrumented were predominantly L3–L4 and L4–L5. Both
study groups required symptoms to be refractory to 6 months
of nonoperative care. he degree of stenosis could not exceed
50% of the normal canal diameter. All patients had to be older

than 50 years, able to walk at least 50 feet, and obtain symptom
relief with sitting. Outcomes were measured by the Zurich
Claudication Questionnaire, Short-Form 36 questionnaire,
and radiographic measurements. Results favored the instrumented group by showing statistically signiicant pain reduction and increase in physical function, which was obtained by
6 weeks’ follow-up and maintained for the 2-year study period.
Complications included incisional pain, hematoma, wound
swelling, wound dehiscence, implant dislodgement, implant
malposition, spinous process fracture, coronary ischemia, and
respiratory distress.
Spinous process fracture warrants speciic mention, as
clinical outcomes are not always failures. he tip of the spinous
process may fracture on insertion; yet, if the implant can still
be positioned anterior to the fracture in a stable position, the
outcome may still be good. If the fracture obviates stable
intraoperative placement or the implant posteriorly displaces
in the postoperative period, results may sufer but surprisingly
not always or even routinely.
Anderson et al.12 restudied a subgroup of 75 patients in the
initial cohort who carried the additional diagnosis of grade 1
degenerative spondylolisthesis. his subgroup of patients
similarly followed the index group by showing statistically
signiicant pain reduction and increase in physical function
obtained by 6 weeks’ follow-up and maintained for the 2-year
study period. Additionally, there was no increase in the degree
of spondylolisthesis in the study group.
In a study with 13 years’ follow-up, Senegas et al.13 reported
on 107 patients completing health questionnaires who were
initially scheduled for decompression and fusion for canal
stenosis, herniated nucleus pulposus, or both. hey underwent
decompression and stabilization with the Wallis device.
Twenty patients had undergone revision fusion during the
study period, while 80% of the patients reported good clinical
results.
Verhoof et al.14 reported on 12 patients treated with the
X-Stop device for spinal stenosis in the setting of degenerative
spondylolisthesis. he authors also showed no progression of
the deformity. Four of their initial patients showed no
improvement in symptoms, while eight patients showed
complete resolution of their symptoms. hree of this latter
group eventually developed recurrent symptoms for a failure
rate of 58%.
Kondrashov et al.15 presented further results of a subgroup
of the initial cohort with 4 years’ follow-up. A total of 77% of
patients had experienced at least a 15-point improvement in
their Oswestry Disability Index, which was maintained at the
4-year postoperative follow-up.
More recently, Stromqvist16 presented 100 patients randomized in a prospective controlled study comparing 50
patients treated with the X-Stop and 50 patients undergoing
traditional decompressive surgery. Both groups enjoyed signiicant clinical improvement as measured by the Zurich
Claudication Questionnaire (ZCQ), the Visual Analog Scale
and the Short-Form 36 questionnaire, which could not be
distinguished at any time period to 2 years postoperatively.
However, the X-Stop group had a 26% reoperation rate, while
the decompressive group had a 6% reoperation rate.
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preoperatively and postoperatively. In the 23 patients receiving a single-level implant, the mean lumbar lordosis changed
0.1 degree in extension. In 18 patients who underwent doublelevel implants, the mean lumbar lordosis changed 1.2 degrees
in extension.11
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he Superion IPD device recently obtained FDA approval.
he FDA-IDE pivotal trial data were presented by Patel
et al.17 A total of 391 patients were randomized between the
X-Stop and Superion. Noninferiority was demonstrated. With
the ZCQ being the primary outcomes instrument, leg pain
clinical success was 76% and 77% with Superion and X-Stop,
respectively, at 2 years. Back pain clinical success was 67% and
68%, respectively. Patients’ self-ratings of their treatment were
“satisied” or “somewhat satisied” in 86% for the Superion
group and 89% of the X-Stop group at 2 years. A total of 83% of
the Superion group and 84% of the X-Stop reported that they
would undergo the same treatment again. Reoperation rates
were 23% for the Superion group and 19% the X-Stop group,
primarily for inadequate pain relief or return of symptoms.17
In 2011, Wooter et al.18 reported a meta-analysis on the
efectiveness of IPD surgery in claudicant patients. Eleven
studies were analyzed with combined databases on ZCQ questionnaires favoring IPD treatment over nonoperative care. he
authors warned of “relatively sot” data and high costs.
Moojen19 then reported in 2013 on a randomized controlled trial of IPD devices versus conventional decompressive
surgery. At 1 year, there was no diference in ZCQ disability, yet
the reoperation rate of 29% in the IPD group was substantially
higher than the conventional decompression group (6%).
hen, 1 year later, the same research group reported on the
cost-efectiveness of the IPD devices utilizing quality-adjusted life
years and societal costs, concluding that IPD devices are highly
unlikely to be cost-efective in the surgical treatment of lumbar
spinal stenosis compared to conventional decompression.20
In a more favorable review, Gazzeri et al.21 reported on a
multicenter study of 1108 patients who underwent placement
of one or two IPD devices in the lumbar spine for stenosis. A
total of 8 diferent implants were represented with a variety of
clinical indications. At 2 years’ follow-up, 76.2% were very
satisied with their clinical result, 12.5% were somewhat satisied, and 11.2% were not satisied. he reoperation rate was
9.6%, with a mean follow-up of 44.8 months. Chief reasons for
reoperation were implant dislocation (20 cases), no improvement (18 cases), spinous process fracture, overdistraction (27
cases), and/or recurrent symptoms ater initial improvement
(42 cases).

Summary
he interspinous process space is an appealing surgical target.
he exposure is minimally destructive; therefore, the risk
proile is relatively low. Broad clinical outcomes data from the
various devices are evolving. Additionally, clinical outcomes
data comparing interspinous process devices to more traditional surgical approaches are also lacking. he challenging
subgroup of stenosis patients with concomitant degenerative
spondylolisthesis or degenerative scoliosis needs to be vetted.
hese patients may beneit from IPD devices, as their insertion
does not destabilize the spine and they perhaps ofer a fusion
alternative. Yet, while recent studies have shown clinical outcomes using IPD devices to be comparable to traditional
decompressive surgery, surgeons sometimes are reluctant to

use them because of higher cost and higher revision rates.
Outcome studies for speciic diagnoses and surgeon opinion,
as well as reimbursement, will ultimately deine their relative
role in the armamentarium of surgical procedures utilized in
the care of the stenosis patient.
PEARLS
1. Mark the planned incision with the patient upright.
2. Position the patient in maximum lexion.
3. Use disc space as a reference for conirming the surgical level.
PITFALLS
1. Avoid violating the supraspinous ligament (X-Stop).
2. Avoid overdistraction.
3. Assure anterior placement of the implant.

KEY POINTS
1. IPD devices are motion-preserving devices utilized in the
treatment of spinal stenosis and neurogenic claudication.
2. Clinical results for IPD devices are less predictable than
traditional surgical approaches but they have a favorable risk
proile, especially when compared to decompression and fusion
cases.
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Introduction
Minimally invasive surgical techniques have gained increasing popularity, particularly for lumbar spine applications.
While there is no strict deinition of a minimally invasive
technique, the proposed hallmarks include smaller incisions,
muscle-splitting rather than muscle stripping, limiting sot
tissue damage, and variable sot tissue retraction for visualization. Lumbar spine applications include tubular retractors
for decompression and interbody fusions and percutaneous
methods for posterior instrumentation.1 Such techniques
propose to reduce approach-related sot tissue injury associated with traditional open procedures. Subperiosteal muscle
dissection and sot tissue retraction time and pressure have
been shown to induce muscle edema and subsequent muscle
necrosis.2 his undoubtedly has an efect on a patient’s pain,
analgesic requirement, and functional recovery. Proponents of
minimally invasive techniques point to early, albeit growing,
evidence that these techniques result in less postoperative pain,
decreased hospital length of stay, decreased blood loss, fewer
surgical site infections, and a quicker return to function.3
Traditional open cervical spine techniques are well
established with good clinical outcomes and relatively low
complication rates. his brings into question whether there
is even a role for minimally invasive techniques in the cervical spine. Approach-related morbidity in the cervical spine,
while low, still leaves room for improvement. For example,
the incidence of dysphagia following cervical surgery has been
quoted to be as high as 71%.4 While postoperative dysphagia
is likely multifactorial in nature, retraction time and pressure
have been proposed as contributing factors.4,5 Furthermore,
posterior cervical approaches are well known to cause signiicant postoperative pain and higher analgesic requirements
due to muscle stripping and injury.6 Furthermore, disruption
of the posterior musculature and bony-ligamentous posterior
tension band have been linked to instability and progressive kyphotic deformity.7 In an analysis of Medicare trends,
the adjusted rates of cervical spine fusions rose 206% from
1992 to 2005.8 his increase in cervical spine surgery is partially related to a growing elderly population and resultant

increase in cervical degenerative pathology amenable to surgical intervention. If minimally invasive techniques can reduce
approach-related morbidity and subsequently improve patient
recovery and outcomes, there certainly is a growing patient
population that may beneit from these techniques.
his chapter describes approaches and applications of
minimally invasive techniques for the cervical spine while
highlighting existing evidence for their role in modern spine
surgery.

Anterior Cervical Minimally Invasive
Applications
Anterior cervical discectomy and fusion (ACDF) has long
been the standard operation for cervical disc herniations that
cause spinal cord and/or symptomatic root compression.
While clinical outcomes are oten excellent, ACDF still has its
issues. Implant-related irritation, loss of segmental motion
leading to adjacent-segment disease, pseudarthrosis, and the
direct cost of surgical implants are just some of the issues with
ACDF.9,10 hese issues have led to the development of minimally invasive anterior cervical techniques that may limit
some of the downsides associated with ACDF while maximizing the beneits of anterior-based approaches (e.g., direct
access to disc herniation for neural decompression, avoidance
of paraspinal muscle dissection and associated patient discomfort). he following techniques will be highlighted:
endoscopic anterior discectomy and cervical microendoscopic
discectomy and fusion (CMEDF).

Endoscopic Anterior Discectomy
Indications and Contraindications
Endoscopic anterior discectomy (EAD) has been described
for the treatment of unilateral cervical disc herniations and/
or spondylotic osteophytes causing symptomatic unilateral
radiculopathy. EAD does not require fusion and is a motionsparing operation, as it avoids a complete discectomy, only
1001
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targets symptomatic areas of unilateral foraminal stenosis,
and does not disrupt the posterior bony/ligamentous tension
band. Contraindications to this technique include cervical
myelopathy or severe cervical spinal stenosis, large disc
herniations (particularly central, requiring near-complete
discectomy), bilateral radiculopathy, preexisting cervical
instability or fracture, calciied disc herniations, axial neck
pain, and signiicant anterior cervical sot tissue scarring (e.g.,
prior surgery, radiation, tracheostomy).

Clinical Evaluation
History should focus on the location and quality of unilateral
radicular complaints while simultaneously ruling out other
potential etiologies for pain. Patients should complete a recommended course of conservative management (e.g., activity
modiication, physical therapy, medication, injections) prior
to consideration for surgical intervention. A thorough neurologic examination should also ensure that there are no signs of
myelopathy. Imaging evaluation should include radiographs
(anteroposterior, lateral, lexion-extension) to ensure no cervical fracture or instability. Noncontrast magnetic resonance
imaging (MRI) is essential to visualize the location and size
of disc herniation, location and size of uncovertebral osteophytes, caliber of the spinal canal, presence or absence of
myelomalacia, as well as any aberrant vertebral artery anatomy.
A noncontrast computed tomography (CT) scan can also help
further delineate bony anatomy.

Surgical Technique
he patient is positioned supine under general anesthesia. he
arms are positioned at the side. A towel roll can be placed
between the scapulae to aid cervical extension with or without
use of Mayield clamps. he cervical vertebrae and discs are
palpated in the interval between the esophagus/trachea and
sternocleidomastoid on the side of symptomatic nerve root
compression. Skin markings and use of anteroposterior and
lateral luoroscopy can help aid localization toward the indicated disc level. A 5-mm skin incision is made to allow blunt
dissection down to the platysma. A small transverse incision
is made in the platysma to allow eventual passage of an initial
blunt, thin dilator. With use of an index inger, bluntly sweep
subplatysmal structures away through inger dissection. Care
should be taken to palpate the trachea, larynx, carotid artery,
and the desired cervical disc. Insert the initial blunt dilator
to open the prevertebral fascia and sequentially dilate up.
Fluoroscopy should conirm docking on the appropriate disc
space in anteroposterior and lateral planes. he following represents the transuncal approach described by Jho in 199611 and
Saringer and colleagues in 2003.12 he longus colli is retracted
to expose the disc space and lower vertebrae. he endoscope
is then inserted (Figs. 59.1 and 59.2). While maintaining visualization and continuous irrigation with 0.9% saline, a 2-mm,
high-speed burr is used to remove a thin cortical portion of
the uncinate process. Maintain a thin lateral wall, as this will
help to protect the vertebral artery, as well as a thin dorsal edge
to protect the exiting nerve root. Alternating use of curettes

FIG. 59.1 Example of endoscopic anterior cervical discectomy
instrumentation, consisting of an optic in an oval sheath with adjacent
inserted rongeur.

and a Kerrison rongeur under endoscopic visualization will
allow safe removal of disc material until visualization of the
posterior longitudinal ligament. Care is taken to remove
all herniated disc material using microsurgical instruments
under endoscopic visualization. Complete the foraminotomy
while ensuring protection of the exiting nerve root. Bipolar
electrocautery and Gelfoam can help achieve hemostasis.
he endoscope and outer sheaths are removed under direct
visualization. he wound is closed in standard fashion without
a drain. A sot collar can be used for the irst 2 weeks to
allow wound healing, ater which the brace can be worn
for comfort.

Clinical Outcomes and Published Studies
Published clinical studies have shown encouraging results.
Saringer et al. reported a series of 16 patients treated with
EAD and reported overall good results with 87.6% satisfaction rate, reduction in neck disability index score, and 96%
reduction in visual analog scale score for radicular pain.12
Ruetten et al. designed a prospective randomized controlled
trial comparing ACDF versus EAD.13 he study reports
no intraoperative complications, no signiicant diference
in incidence of postoperative dysphagia, and signiicantly
reduced operative time favoring EAD (32 minutes versus 62
minutes). Over the 2-year follow-up, clinical outcomes were
noted to be “good” with similar low rates of revision surgery
for persistent radicular arm pain (7.4% in the EAD group
revised to ACDF, 6.1% in ACDF group revised with posterior
laminoforaminotomy). Radiographic examination revealed
no spontaneous fusion or adjacent-segment degeneration.
However, 25% of the EAD patients developed degeneration
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FIG. 59.2 Endoscopic anterior cervical discectomy technique for cervical disc herniation. (A) The medial edge
of the longus colli muscle (LCM) is exposed in standard fashion, allowing visualization of the uncinate process
(UP) and lateral edge of the intervertebral disc (D). The UP is drilled, leaving a thin edge as a landmark and to
protect the adjacent vertebral artery (VA). (B) Fibrous annular disc material between the tip of the UP and
caudal endplate is removed, allowing exposure of the underlying disc fragment (DF), nerve root (NR), and a
portion of the posterior longitudinal ligament (PLL). (C) Maintaining constant visualization, a 1- or 2-mm
Kerrison rongeur is used to remove disc fragments as well as the dorsolateral disc osteophyte complex from
the nerve root.

of the operative disc level. In a retrospective study, Yang et al.
examined 97 patients who had undergone a modiied EAD.14
he study reports 81% excellent results over an average of
4-year follow-up with no reported complications or cervical
instability.
In these limited studies, the technique appears to be safe
with good clinical outcomes and relief of radicular complaints
on par with ACDF. However, one cannot ignore the strict
indications for this technique as well as the potential for
accelerated disc degeneration at the operative level, as observed
by Ruetten et al.13 he 25% incidence of disc degeneration in
the 2-year study far exceeds the quoted rates of symptomatic
disc degeneration (1.6–4.2% per year) following arthrodesis in
the cervical spine.10 EAD is a technique that appears to have
clinical value but requires further clinical studies to ascertain
its true beneit and complication rate.

Cervical Microendoscopic Discectomy and Fusion
Indications and Contraindications
CMEDF is indicated for symptomatic cervical spinal cord
and/or nerve root compression from herniated disc material, osteophytes, spondylosis, congenital canal stenosis, and
dynamic instability. CMEDF utilizes a similar approach
as EAD. However, in contrast to EAD, the addition of a
complete discectomy and placement of an interbody device
for fusion opens up the indications to include patients with
cervical myelopathy, large central disc herniations, bilateral
radiculopathy, preexisting cervical instability or fracture,
and axial neck pain. Contraindications include signiicant
anterior cervical sot tissue scarring (e.g., prior surgery,

radiation, tracheostomy), aberrant anatomy, retrovertebral
stenosis, and multiple levels of symptomatic neurologic
compression.

Clinical Evaluation
History should focus on the location and quality of unilateral
radicular complaints while simultaneously ruling out other
potential etiologies for pain. Patients should complete a recommended course of conservative management (e.g., activity
modiication, physical therapy, medication, injections) prior
to consideration for surgical intervention unless the patient
exhibits symptoms and signs of myelopathy. A thorough
neurologic history and examination should be performed,
with particular emphasis placed on motor strength, sensory
function, balance, relexes, and bowel/bladder function.
Imaging evaluation should include radiographs (anteroposterior, lateral, lexion-extension) to ensure no cervical fracture
or instability. Noncontrast MRI is essential to visualize the
location and size of disc herniation, location, and size of
uncovertebral osteophytes, caliber of the spinal canal, presence or absence of myelomalacia, and any aberrant vertebral
artery anatomy. Noncontrast CT scan can also help further
delineate bony anatomy.

Surgical Technique
Surgical setup and general concepts are very similar to that
described for EAD (see earlier section). his section highlights
key diferences between EAD and CMEDF. A 2-cm transverse incision over the appropriate disc level afords suicient
exposure with eventual aid of the tubular retractor. Incise the
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FIG. 59.3 Intraoperative endoscopic views. (A) Sequential placement of endoscopic dilators between strap
muscles and esophagus medially and carotid sheath laterally. (B) Fluoroscopic imaging to conirm appropriate
retractor positioning and level. (C) Begin discectomy with removal of anterior osteophytes immediately
adjacent to the disc space. (D) Endoscopic view upon completion of discectomy with placement of graft.

platysma and bluntly dissect through subplatysmal structures
to localize the trachea, esophagus, carotid sheath, and desired
disc space. Endoscopic dilators are sequentially placed under
luoroscopic guidance. he inal dilator is replaced with a
tubular retractor that is secured to the operating table (Fig.
59.3). Subtle adjustments in angulation, tension, and placement of the retractor, as well as use of a mobile window, can
help aid visualization of the appropriate disc space(s) while
limiting sot tissue tension. Ater obtaining luoroscopic images
conirming that the retractor is docked at the correct disc
level, remove the dilators and begin endoscopic discectomy
(see Fig. 59.3). All steps for discectomy, endplate preparation,
and interbody grat placement are similar to a standard open
procedure. Manual cervical traction or sequential dilation of
the disc space with osteotomes can help aid discectomy and
interbody grat placement (Fig. 59.4). Published studies of
this technique have not used an anterior cervical plate.1,15,16
Ater obtaining appropriate hemostasis, the wound is closed
in standard fashion without a drain. he patient is placed in a
hard cervical collar for 4 to 8 weeks.

FIG. 59.4 Endoscopic image after graft placement.
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In 2008, Tan et al. reported their short-term results of CMEDF
in 36 patients: no intraoperative complications, no dysphagia,
and signiicant improvement in Japanese Orthopaedic Association and visual analog scale scores over a mean 38-month
follow-up.15 While there was one postoperative hematoma,
the study noted overall good clinical results and improved
cosmesis. Yao et al. reported 5-year follow-up results of 67
patients who underwent CMEDF with carbon iber interbody grat augmented with iliac crest bone grat.1 In keeping
with other studies, the technique was associated with good
to excellent clinical results, with minimal blood loss, no
intraoperative complications, and no persistent dysphagia.
Furthermore, 91.1% of patients achieved radiographic fusion
by 6 months. here was a 6% incidence of cage subsidence and
the remaining patients either achieved radiographic fusion
ater 6 months or were noted to have asymptomatic pseudarthrosis. Only one patient required adjacent-segment ACDF
for symptomatic disc herniation at 6 years postoperatively.
Soliman reported results of a blinded randomized controlled
trial comparing ACDF to CMEDF.16 Both techniques were
without anterior cervical plating and resulted in 91% good to
excellent results in both groups. he study noted a signiicant
reduction in average length of hospital stay (47 hours for
ACDF, 26 hours for CMEDF), decreased self-reported rates
of dysphagia, and decreased analgesic requirement favoring the CMEDF group. At 1 year, all patients had achieved
fusion except for one asymptomatic pseudarthrosis in the
CMEDF group.
CMEDF appears to be a viable option, with clinical and
radiographic results in published studies that match those of
ACDF. he purported beneits of cosmesis, reduced hospital
stay, reduced pain, and reduced dysphagia are encouraging
and require additional study to ascertain if these are true
beneits over traditional ACDF.

Posterior Cervical Minimally Invasive
Applications
Posterior-based techniques are attractive, as they can address
neurologic compression while avoiding anterior structures
(e.g., trachea, esophagus, vertebral artery, recurrent laryngeal
nerve) and potentially preserving cervical motion. Posterior
cervical laminoforaminotomy, irst described by Spurling and
Scoville17 in 1944, has been shown to produce favorable results
in treating cervical radiculopathy.18 However, approach-related
morbidity can make open posterior techniques less attractive
due to considerable muscle injury, pain and spasms, and
potential instability and progressive sagittal deformity due to
disruption of the posterior tension band.7,19 Preoperative sagittal alignment and the amount of operative muscular dissection
and bony resection increase the risk of developing postoperative cervical kyphosis.7,20 Concerns regarding postoperative
kyphosis may prompt the addition of posterior instrumented
fusion or a reconsideration of performing an anterior-based

procedure. Supplementation with posterior instrumentation
increases operative time, blood loss, potential risks to the
patient, and pain and rehabilitation. Minimally invasive posterior cervical techniques may prove advantageous by limiting
the extent of muscle dissection and minimizing the risk of
postoperative instability. he following techniques will be
highlighted: minimally invasive cervical laminoforaminotomy,
minimally invasive posterior cervical discectomy, and minimally invasive lateral mass ixation.

Minimally Invasive Cervical Laminoforaminotomy
Indications and Contraindications
Minimally invasive cervical laminoforaminotomy is indicated
for the treatment of cervical radiculopathy resulting from sot
lateral disc herniation and/or foraminal stenosis. It can be
performed for single- or multilevel disease and can be an efective treatment for patients with recurrent radicular symptoms
following ACDF. Cases of bilateral same-level radiculopathy
and/or foraminal stenosis from uncinate spurs may achieve
better neurologic decompression from an anterior-based
approach. Central disc herniations are not amenable to this
technique due to the unsafe spinal cord retraction that would
be required to access the disc space and herniated material. Other contraindications to minimally invasive cervical
laminoforaminotomy include patients with cervical kyphosis,
fracture or instability, axial neck pain, and severe central or
retrovertebral stenosis with or without myelomalacia. Patients
with these characteristics are likely better candidates for an
anterior-based approach.

Clinical Evaluation
A thorough history and physical examination will localize the
involved cervical nerve root(s) while also screening for cervical myelopathy. he patient should also be screened for axial
neck pain and other sources of arm/shoulder pain. Radiographic examination should include anteroposterior, lateral,
and lexion-extension views to evaluate for fracture and
instability. A noncontrast MRI is essential to localize compressive pathology and evaluate the health of the cervical spine.
he MRI should also be studied for any aberrant vertebral
artery anatomy. A noncontrast CT scan can be helpful to
further delineate bony anatomy but is not absolutely necessary
for most cases. Prior to surgical intervention, the patient
should undergo appropriate conservative treatment measures
consisting of activity modiication, medications, physical
therapy, and injections.

Surgical Technique
Ater induction with general endotracheal anesthesia, the
patient is placed in the prone position. he head can either be
secured with use of Mayield clamps or can be positioned on
a well-padded headrest. Take care to ensure that there is no
pressure on bony prominences or the eyes and that the
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FIG. 59.5 A K-wire is advanced through posterior cervical musculature
under luoroscopic guidance and docked at the inferomedial edge of the
cephalad lateral mass of the desired level.

endotracheal tube is secure. Slight lexion through the cervical
spine and a military chin tuck can aid exposure.
With aid of posteroanterior luoroscopic images, mark the
skin in line with the location and orientation of the lateral
masses and facet joints of the side of the proposed operation.
Under lateral luoroscopic views, mark the skin over the desired
cervical segment(s), taking into account the trajectory of the
lateral masses and laminae. he skin markings and subsequent
incision will be 5 to 15 mm of of midline ipsilateral to and
at the target level. If planning to decompress multiple levels,
the incision can be made midway between the two desired
levels. Ater making a stab incision, bluntly dissect through
subcutaneous tissue. Using lateral luoroscopic guidance,
slowly advance a Kirschner wire (K-wire) through posterior
musculature and dock at the inferomedial edge of the desired
lateral mass (Fig. 59.5). Extend the stab incision approximately
1 cm cephalad and caudad to the K-wire. Dissect through
the cervical fascia with monopolar electrocautery. Place the
tubular dilators over the K-wire to serially dilate down to the
desired cervical level. Ater conirming the correct level with
a lateral luoroscopic image, secure the tubular retractor to
the table.
Alternatively, the procedure can be performed through a
midline posterior incision centered over the spinous
process(es) of the desired level(s). Incise through the underlying fascia 4 to 6 mm of of the midline. For bilateral procedures,
make two separate fascial incisions to each side of the midline.
Use inger dissection to bluntly dissect the paraspinal musculature until palpation of the facet joint. Introduce the smallest
dilator and conirm the level with a lateral luoroscopic image.
Ater serially dilating, secure the tubular retractor to the table.
Decompression can be performed under loupe magniication, microscope magniication, or with use of an endoscope.
Bipolar electrocautery can help remove any residual sot tissue

FIG. 59.6 Intraoperative luoroscopic image demonstrating positioning of
working retractor with a Penield elevator positioned on the dorsal anulus
following safe removal of a herniated disc ventral to the nerve root.

overlying the desired lateral mass and facet. he ligamentum
lavum is detached from the inferior edge of the lamina with
use of a straight curette. Identify the medial edge of the facet
as it joins into the lamina. his will help avoid over-resection
of the facet articulation that could lead to iatrogenic instability
and degeneration. Use Kerrison rongeurs and/or a high-speed
burr to begin the laminotomy. Removal of the dorsolateral
portion of the lamina as well as the medial border of the
inferior articular facet will allow visualization of the exiting
nerve root. Angled curettes can help dissect a safe tissue
plane out laterally into the foramen. Bipolar electrocautery
can help aid dissection, particularly of any overlying venous
plexus. Straight or angled Kerrison rongeurs can complete the
decompression of the foramen and exiting nerve root. When a
Woodson elevator can be freely passed over the nerve root to
the lateral pedicle border, the nerve root has been adequately
decompressed in the foramen. Ensure that the nerve root has
no additional ventral compression on imaging and with direct
palpation ventral to the nerve with a Woodson elevator or
small, angled curette (Fig. 59.6). If there is herniated disc
material, the nerve root can be gently retracted medially to
allow visualization of the disc space. If visualization is limited
by bony anatomy, use a high-speed burr or Kerrison rongeurs
to resect additional lamina and the superomedial pedicle to
allow safe removal of herniated disc material with use of
curettes and pituitary rongeurs. If there are additional levels
for decompression, the tubular retractor can be angled and
translated utilizing a mobile window for visualization. Ater
manipulation of the retractor, be sure to conirm the level
with a lateral luoroscopic image. Ater irrigation and appropriate hemostasis, the incision is closed in standard fashion
without a drain. A sot collar can be used for the irst 1 to
2 weeks to allow wound healing, following which it can be
discontinued.
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Fessler et al. irst reported their initial clinical experience in
treating 25 patients with minimally invasive cervical laminoforaminotomy in 2002.21 Clinical outcomes were equivalent to
open posterior laminoforaminotomy with the added beneits
of decreased blood loss, shorter postoperative stays (20 vs.
68 hours) and reduced narcotic requirements. hese initial
short-term beneits have been conirmed by multiple other
studies including a randomized controlled trial comparing
open posterior laminoforaminotomy versus tubular retractor
assisted cervical laminoforaminotomy and discectomy.6 In
a recent systematic review, Clark et al.22 reported 19 studies
comparing minimally invasive cervical laminoforaminotomy
to open posterior decompression for cervical radiculopathy.
Across these studies, the minimally invasive procedure was
found to have decreased blood loss (52.8 vs. 173.5 mL), a
shorter surgical time (58 vs. 108 minutes), less inpatient
analgesic use (2.5 vs. 27.6 Eq), and a shorter hospital stay (1.0
vs. 3.2 days). Symptom relief following minimally invasive
cervical laminoforaminotomy across the literature is between
87% and 97%.18 he advantages of the minimally invasive
approach appear to be long-lasting. Lawton et al. reported
on the long-term outcomes of minimally invasive cervical laminoforaminotomy with up to 6-year follow-up data
showing persistence of patient satisfaction, low neck disability index scores, and low visual analog scale for both neck
and arm.23
Currently, ACDF remains the most-common operation for
cervical radiculopathy. However, minimally invasive cervical
laminoforaminotomy compares favorably to ACDF. Ruetten
et al.13 reported a prospective randomized trial comparing 175
patients randomly assigned to ACDF versus full-endoscopic
posterior cervical laminoforaminotomy. In 2-year follow-up,
clinical results were similar in both groups with 87.4% of
patients reporting complete relief of arm pain and 9.2% with
occasional arm pain. he minimally invasive group had a 3.4%
recurrence rate which was similar to the ACDF group and
comparable to other published data.
Minimally invasive posterior cervical laminoforamintomy
appears to be clinically eicacious when used for the correct
indications. However, it is still a posterior-based approach.
As such, concerns remain for the development of neck pain,
instability, and adjacent-segment degeneration due to potential iatrogenic violation of the bony and ligamentous posterior
tension band without an adjunct instrumented fusion for
support. In a retrospective review of 303 patients following
posterior cervical laminoforaminotomy, Clarke et al. found the
annual rate of developing same-segment or adjacent-segment
pathology to be 0.7%.24 his is similar to published data in
regard to ACDF; the risk of developing clinically signiicant
adjacent-segment pathology following ACDF is 1.6% to 4.2%
per year.10 In regard to neck pain, Steinberg et al. found no
diference in the postoperative neck pain visual analog scale or
neck disability index scores of patients undergoing minimally
invasive cervical laminoforaminotomy and ACDF.25 Such data
suggest that the minimally invasive approach helps preserve
the posterior tension band, preventing the need for secondary

fusion. However, if there is clinically signiicant neck pain,
instability, and/or recurrent radicular symptoms following
minimally invasive cervical laminoforaminotomy, ACDF
is a potential treatment option. Skovrlj et al.18 examined a
prospective cohort of 70 patients following minimally invasive cervical laminoforaminotomy; 7.1% of patients required
ACDF at a mean of 55 months from the index procedure
either at the index level or adjacent level for symptomatic
disc pathology. his incidence of revision following minimally
invasive cervical laminoforaminotomy is lower than quoted
rates for revision following ACDF. A meta-analysis of class I
US Food and Drug Administration trials for ACDF reported
a 9.8% reoperation rate due to pseudarthrosis, adjacent-level
disease, and recurrent radicular symptoms following ACDF.26
Multiple studies describe an initial learning period with
this technique. Complication rates are low, with studies citing
rates from 1.1% to 9% and include durotomy and radicular
injury secondary to root manipulation.21,23,27,28 Minimally
invasive cervical laminoforaminotomy is an evolving surgical
technique with good clinical outcomes. Given that much of
the concerns with open, posterior-based approaches is centered on sot tissue disruption, this is an ideal clinical scenario
to apply this minimally invasive technique.

Minimally Invasive Lateral Mass Fixation
Indications and Contraindications
Lateral mass screws can be placed using minimally invasive
techniques in most clinical scenarios that require posterior
cervical instrumented fusion. It can be combined with minimally invasive cervical laminoforaminotomy and discectomy
if neurologic decompression is required. It is also an excellent
option when decompression is not necessary and the patient
requires only supplemental ixation and stability (e.g., prior
multilevel anterior corpectomy). his technique is contraindicated in patients with lateral mass fracture, small or absent
lateral mass, or abnormal vertebral artery anatomy.

Surgical Technique
Ater induction with general endotracheal anesthesia, the
patient is placed in the prone position. he head can either be
secured with use of Mayield clamps or can be positioned on
a well-padded headrest. Take care to ensure that there is no
pressure on bony prominences or the eyes and that the endotracheal tube is secure. Slight lexion through the cervical
spine and a military chin tuck can aid exposure.
he procedure is performed through a midline posterior
incision centered over the spinous process(es) of the desired
level(s). Fluoroscopy can help localize the incision. Incise
through the underlying fascia 4 to 6 mm of of the midline
bilaterally. Use inger dissection to bluntly dissect the paraspinal musculature until palpation of the facet joint. Take care
not to dissect past the lateral border of the lateral mass, as this
is unnecessary muscle dissection that can lead to signiicant
bleeding. Introduce the smallest dilator and conirm the level
with a lateral luoroscopic image. he dilators should be placed
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of the desired lateral mass and the trajectory has not changed.
Once lateral mass screws are secured, the exposed posterior
cortical surfaces and facet articulations are decorticated with
a high-speed burr. Local bone autograt, iliac crest bone
autograt, and allograt can be packed onto the decorticated
surfaces prior to placement of an appropriately lordosed rod.
Ater the rod is secured into place, the tubular retractor is
slowly removed while maintaining visualization to ensure
appropriate hemostasis. he wound is closed in standard
fashion without a drain. he patient is then placed in a hard
cervical collar.

Clinical Outcomes and Published Studies

FIG. 59.7 Intraoperative luoroscopic image demonstrating expansion of a
deployed rivet retractor to allow deep exposure over multiple levels. It is
necessary to use luoroscopy during expansion to ensure that retraction
remains seated over the intended surgical levels.

with a 15-degree cephalad angulation to help facilitate proper
trajectory for screw placement. Ater serially dilating, secure
the tubular retractor to the table, ensuring proper trajectory.
Obtain a lateral luoroscopic image to conirm docking
at the desired level. A sliding rivet retractor can also help
with visualization of multiple levels (Fig. 59.7). Use bipolar
electrocautery and pituitary rongeurs to clear of the lateral
mass to enable complete visualization of the medial, lateral,
cephalad, and caudad borders (Fig. 59.8). Take care not to
violate the facet articulations of segments not included in the
fusion construct.
Placement of lateral mass instrumentation is in standard
fashion as open techniques. Preoperative templating on MRI
and CT scan is invaluable in determining drill/screw length
and trajectory. Use a drill with a preset drill depth (8–14 mm)
to avoid blowing out the lateral mass and subsequently risking
injury to neurovascular structures. he starting point is in the
center of the lateral mass relative to the cephalad-caudad
borders and 1 mm medial to the center of the lateral mass
relative to the medial-lateral borders. he drill should be
angled approximately 15 to 20 degrees cephalad to match the
trajectory of the lateral mass. It should also be angled 25 to 30
degrees lateral to avoid injury to the superior facet articulation, exiting nerve root, and the vertebral artery. he drill hole
is then checked with a ball-tip feeler to ensure no cortical wall
breech. Trajectory and length can also be checked on lateral
luoroscopic imaging. he hole is then tapped prior to placement of a 3.5-mm polyaxial screw. For each additional level,
the retractor should be translated to ensure appropriate visualization of bony anatomy. Conirm on lateral luoroscopic
image that the retractor is well seated on the posterior aspect

Lateral mass screw ixation has been shown to be safe and
efective in promoting stability and fusion in large patient
studies.29,30 While there are very few clinical studies examining
the minimally invasive technique, the available data indicate
that the technique enables safe placement of instrumentation
while minimizing violation of the posterior musculature and
ligaments.31 In a retrospective analysis, Wang et al. noted no
intraoperative complications, bony fusion in all cases, and no
aberrant screw placement, as conirmed by CT scan.31 he
study did note that two patients had to be converted to an
open procedure, as luoroscopic imaging was inadequate at
the lower cervical levels due to patient anatomy. Wang et al.
also limited the minimally invasive technique to two-level
fusions. Mikhael et al. demonstrated minimally invasive
lateral mass ixation in C3–C7 constructs.32

Conclusions
Minimally invasive techniques are continually evolving in
spine surgery. he application of these techniques to the
cervical spine has lagged behind the techniques in use for
the lumbar spine. However, there is certainly a role for these
techniques in both anterior and posterior cervical applications. Studies have shown that these techniques are safe and
demonstrate similar or superior clinical eicacy compared to
traditional open techniques, with the added beneit of signiicantly reducing approach-related sot tissue morbidity. his
has a profound impact on postoperative pain and recovery;
as such, these minimally invasive techniques represent an
attractive surgical option. Certainly, these techniques are still
relatively new and require additional study before widespread
application. It is important to use these techniques for the
proper indications and not lose sight of the traditional open
procedures. Like any new technique, there is an associated
learning curve. Having a strong foundation with the open
procedures can help avoid complications, solve intraoperative
issues, and reinforce anatomy. Minimally invasive techniques
require appropriate visualization (via direct visualization,
endoscope, microscope, and luoroscopy) in order to safely
operate through a smaller window. As these techniques are
reined, the surgical indications may expand. Regardless,
further clinical study will be essential to improve these
techniques.
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FIG. 59.8 (A) Intraoperative image showing inal retractor setup with attachment to lexible mounting system.
(B) This allows for complete exposure of the lateral mass, with visualization of the medial and lateral facet joint.
Repositioning and angulation of the retractor allows for easy access to the (C) cephalad and (D) caudad levels if
necessary.
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Xiaobang Hu
Isador H. Lieberman

he use of minimally invasive spinal surgery (MIS) is a
philosophy focused on targeting the ofending pathology
while minimizing the collateral tissue damage. MIS is not
any single speciic device, technique, or use of an implant.
he principal goal of MIS is to reduce approach-related sot
tissue injury and complications while reducing postoperative
pain, blood loss, and recovery time, still achieving the same
or even better clinical outcomes as compared with traditional
open surgery.1,2 Over the past 2 decades, advances in tissue
retractors, intraoperative navigation, specialized minimally
invasive instruments, and visualization through microscopy
and endoscopy have revolutionized the ield of MIS. Over the
same time span, continuing advances in diagnostic capabilities and biologic therapeutics have evolved that will no doubt
merge with MIS techniques to further advance treatment
options and minimize the need for traditional invasive surgical procedures. his chapter explores several exciting areas in
MIS and discusses possible future directions.

Minimally Invasive Approaches to the Spine:
Understanding the Anatomy and Designing
Retractors
he irst report of using a tubular retractor system (METRx,
Medtronic) to treat symptomatic herniated discs was described
by Foley and Smith in 1997.3 he pioneering MIS approach that
they described demonstrated that microdiscectomy, a routine
spine procedure, can be performed using a novel retractor
system and an attachable endoscope, allowing for visualization
of the pathology with minimal tissue trauma and virtually no
obstruction for the passage of instruments through a deined
working channel.4 Several prospective, randomized studies
conirmed that minimally invasive tubular microdiscectomy
is as safe and efective as traditional open microdiscectomy.5–7
he patients who underwent a tubular microdiscectomy had
lesser operative time and intraoperative blood loss, lower
complication rates, a shorter duration of postoperative disability, and less narcotic usage.6,7 Today, treatment of herniated
discs via minimally invasive tubular microdiscectomy is one
of the most commonly performed MIS techniques in the
United States.8 In recent years, working through a deined
corridor or channel has evolved to be used for various spinal

disorders, including decompression for lumbar stenosis and
epidural compression due to metastatic or primary tumors
of the spine.9–12
Over the last 10 years, by virtue of the experience gained
with tubular microdiscectomy, surgeons implemented various
design modiications to the tubular retractor, which have now
allowed spine surgeons to perform spinal fusions through far
less invasive approaches, including direct lateral transpsoas
and posterolateral transforaminal approaches. he current
technique of minimally invasive transforaminal lumbar
interbody fusion (MI-TLIF) for the treatment of low-grade
spondylolisthesis, recurrent disc herniation, degenerative
disc disease, postlaminectomy instability, and spinal trauma
has become a popular approach for interbody fusion. Recent
studies have shown that MI-TLIF is associated with reduced
blood loss, decreased complication rates, and shorter hospital
length of stay. Meanwhile, the rates of fusion and operative time are similar between MI-TLIF and open TLIF.13,14
Some authors suggest that this technique will be the gold
standard to evaluate emerging techniques for the treatment of
spondylolisthesis and degenerative disc disease in the future.4
Newly designed implants, such as deployable cages, along with
biologic materials to provide osteoinductive, osteoconductive, and osteogenic potential, will facilitate the evolution of
spinal fusion from an inpatient procedure to a day surgery
procedure.
he future of tubular spine surgery techniques lies in the
surgeon’s ability to understand the anatomy, to place the tube,
and provide a corridor to the ofending pathology in the least
invasive and shortest distance from skin to target. his will be
accomplished with either guidance technology, such as robotics or navigation, or with mechanically manipulated technology, such as lexible endoscopy.

Percutaneous Pedicle Screw Placement,
Image Guidance and Robotics
Traditional open spinal fusion procedures require extensive
tissue dissection to expose the entry points and provide
adequate lateral to medial orientation for optimal pedicle
screw trajectory. his extensive dissection leads to muscular
denervation, facet capsule disruption, proximal facet joint
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damage, and weakening of ligamentous structures, which
could lead to prolonged postoperative pain and morbidity.15
hese disadvantages have led to the increasingly popular
minimally invasive percutaneous pedicle screw ixation technique, especially in the lumbar spine. he traditional midline
incision and extensive paraspinal muscle dissection is largely
eliminated with minimally invasive percutaneous pedicle screw
ixation. Traditionally, percutaneous pedicle screw placement
is performed with the use of C-arm luoroscopy.16,17 However,
accurate percutaneous pedicle screw placement is oten challenging because subtle anatomic variations and altered screw
trajectories that are identiiable with open approaches may
not be easily identiied with luoroscopic MIS approaches
due to poor image quality or image parallax, which distorts
the anatomy. In addition, the surgeon cannot rely on bony
palpable and visual landmarks,which they typically use to
guide placement.18
In the past decade, various intraoperative image-assisted
line-of-sight navigation systems and robotic guidance systems
have been developed with the aim of increasing the accuracy
of percutaneous pedicle screw placement. he most commonly
used image-assisted navigation systems use two-dimensional
(2D) luoroscopy, or cone-beam computed tomography (CT),
or three-dimensional (3D) CT image acquisition to register
and reference the spine in 3D space.19,20 At present, the only
US Food and Drug Administration (FDA)–approved robotic
guidance system is a bone-mounted hexapod miniature robot
consisting of a cylindrical device composed of two endplates
and six pistons that maneuver the endplates over six degrees
of freedom.21 his system relies on 2D luoroscopy image
acquisition, which is matched to a preoperative CT scan for
registration and referencing. Multiple recent studies have
shown that percutaneous pedicle screw placement using
image-assisted navigation or robotic guidance are both safe
and efective, and provided improved overall accuracy compared with conventional luoroscopic techniques.21–24 However,
image-assisted navigation and robotic-guided surgery should
be considered as an adjunct to a surgeon’s thorough knowledge
of spinal anatomy and should not be used as a substitute for
it.25 hese technologies could be technically demanding and
the learning curve can be treacherous. he future success of
these technologies will depend on the ease of use and increased
eiciency that they can provide. Meanwhile, further studies
are needed to better assess the cost efectiveness of these
technologies and their contribution to patient outcomes.
Remember that both image-assisted navigation and robotic
guidance will not make a bad surgeon good. Both, however,
do make a good surgeon more eicient and precise.

Motion Preservation Techniques
Discectomy and fusion has been considered the gold standard
for the treatment of symptomatic degenerative discs. However,
a commonly recognized adverse outcome of spinal fusion is
the development of adjacent-level deterioration above or
below the fused segments. he nonfused segments adjacent to
the fusion are subject to concentrated stresses and strains

depending on the level within the spine and the sagittal
balance ater the fusion.26–28 In the past decade, signiicant
progress has been made in the ield of motion preservation
techniques. he primary goal of these techniques is to closely
replicate normal or near-normal biomechanics of the motion
segment in an efort to restore patient mobility and minimize
the development of clinically signiicant adjacent-segment
disc disease.29
Currently, the most commonly performed motionpreserving surgery is total disc replacement (TDR). Most TDR
devices today require an anterior approach, which, over time
and with experience, has become far less invasive. he use of
a focused retroperitoneal approach has minimized much of
the morbidity associated with the traditional thoracoabdominal or transperitoneal approaches.
he clinical efectiveness of lumbar TDR has long been a
source of debate. here is still currently much skepticism and
limited acceptance of lumbar TDR in the United States,
although several recent reports suggest that, at long-term
follow-up, lumbar TDR is superior for the treatment of symptomatic lumbar degenerative discs compared with fusion.30,31
Contrasting cervical TDR with lumbar TDR, the safety and
eicacy of cervical TDR have been more easily established
with a series of prospective, randomized clinical trials with
intermediate and long-term follow-up.32–35 Currently, cervical
TDR is considered to be a viable alternative to anterior cervical discectomy and fusion in select patients with symptomatic
one- and two-level cervical radiculopathy or myelopathy.32
Despite the previously described advances, the question as
to whether TDR can reduce the incidence of adjacent-segment
disc degeneration remains unclear. Solid long-term data will
be needed before the role of TDR can be fully appraised.
he enthusiasm for motion preservation has also led to the
development of several devices, particularly in the lumbar
spine, such as interspinous spacers, dynamic stabilization
screws and rods, and total facet replacement products. Currently, there is a lack of studies regarding the long-term
efectiveness of these devices, and many of the speciic devices
originally conceived and used are no longer clinically available
or failed to prove their efectiveness in clinical trials.29
he ield of spine motion preservation surgery is constantly
evolving, and we are likely to see many new devices in the near
future. here is no doubt that second to sagittal alignment, the
restoration of native disc function, including axial loadbearing properties, will be important in the advancement of
minimally invasive disc replacement technologies.

Spinal Radiosurgery for the Treatment of
Metastatic Spine Diseases
Metastatic spine tumors may occur in up to 30% of all cancer
patients at some point in their disease course.36 Spinal cord
compression and myelopathy could occur in 25% to 50% of
these patients.37 he treatment goals for metastatic spine
tumors include an improvement in the patient’s quality of life,
relief of tumor-mediated or biomechanically mediated pain,
and preservation or restoration of neurologic function. he
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Spinal Biologics
Ongoing research and development of biologic materials for the
treatment of spinal disorders is one of the most exciting areas
in this ield. Various bone grat extenders, such as demineralized bone matrices and calcium phosphate salts, as well as
substitutes, such as bone morphogenetic proteins (BMPs), have
been used by spine surgeons to enhance fusion rates and avoid
the morbidity of harvesting iliac crest bone grat.47 However, as
with all new technologies, the long-term problems may not be
readily recognized. his, in turn, has led to controversies regarding the use of BMPs in spine surgeries. Recently, a systematic
data analysis was not able to ind convincing data to warrant
recombinant human BMP-2 (rhBMP-2) use over iliac crest bone
grat.48,49 It has been suggested that rhBMP-2 should be reserved
for patients whose risk of failed spine surgery outweighs the

risks of rhBMP-2 (theoretical risks of retrograde ejaculation,
heterotrophic bone formation, or induction of malignancy), as
rhBMP-2 still remains one of the most powerful commercially
available osteogenic agents.50 Polymethylmethacrylate has
been an efective iller material for the treatment of vertebral
compression fractures, but development of alternate materials
with improved biomechanical and biologic properties, good
radiopacity and handling for vertebroplasty and kyphoplasty
is also underway.51–53
Signiicant progress in the ields of tissue engineering,
regenerative medicine, and harvesting and propagation of
stem cells has fueled many in the spine ield to start using
these technologies with the aim of treating and reversing disc
degeneration. Biologic therapies can be protein based or cell
based.54 Protein-based therapy involves administration of biologic factors into the disc to delay degeneration, stop inlammation, or enhance matrix synthesis using various proteins,
such as osteogenic protein-1, growth factors, interleukin-1
receptor antagonists, and platelet-rich plasma.55–59 he goal
of cell-based therapy is to either replace necrotic or apoptotic
cells or minimize cell death. Various cell sources, such as
autologous chondrocytes, disc cells, and mesenchymal stem
cells, have been considered for cell replacement for treating
symptomatic degenerative discs. However, the science is still
not fully supportive of these treatment options.60–62 Many
technical challenges associated with biologic treatments and
their application still exist, and their use is still far from clinical
practice.54 Further knowledge about the molecular mechanisms
of disc degeneration and a more thorough understanding of
various biomolecules, as well as a better understanding of the
degenerative environment of the host disc space, will allow
the future development of multidisciplinary approaches for
the treatment of symptomatic disc degeneration.

Summary
he ield of MIS will continue to evolve. he continued
development and incorporation of MIS techniques into the
ield of spine surgery has the potential of greatly beneiting all
those alicted with spinal pathology. In the meantime, more
vigorous, prospective, long-term clinical studies, coupled with
surgeons’ and scientists’ insatiable imaginations, will be needed
to critically evaluate these new techniques and technologies.
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Spinal stenosis is one of the most common conditions in the
elderly. It is deined as a narrowing of the spinal canal. he
term stenosis is derived from the Greek word for narrow,
which is stenos. he irst description of this condition is
attributed to Antoine Portal in 1803. Verbiest1–10 is credited
with coining the term spinal stenosis and the associated narrowing of the spinal canal as its potential cause. KirkaldyWillis11–15 subsequently described the degenerative cascade in
the lumbar spine as the cause for the altered anatomy and
pathophysiology in spinal stenosis.
he term spinal stenosis refers to an anatomic diagnosis that
increases with age and can occur in asymptomatic individuals.16,17 he exact reason for why some with this condition have
debilitating symptoms while others have no symptoms is not
well understood. hese diferences in presentation may be
related to the diferent abilities of individuals to compensate
for the anatomic changes that have occurred. When symptoms
do present, they usually occur on the basis of the location of
neural compression. Patients with central canal stenosis typically present with neurogenic claudication, whereas those
with lateral recess and foraminal stenosis present with radicular pain. Patients with signiicant symptoms that do not
respond to conservative treatment oten elect surgical treatment. In fact, in adults older than age 65, spinal stenosis is the
most common reason to undergo lumbar spine surgery.18,19

Anatomy
In order to understand how spinal stenosis causes symptoms,
we must irst have a good understanding of the normal
anatomy of the lumbar spine. he spinal canal’s anterior
border is formed by the vertebral body, the disc, and the
posterior longitudinal ligament. he lateral border is formed
by the pedicles, the lateral ligamentum lavum, and the neural
foramen. he posterior border is formed by the facet joints,
lamina, and ligamentum lavum. he shape of the spinal canal
may be circular, oval, or trefoil (Fig. 61.1). he circular and
oval canal shapes provide the most space for the neural elements centrally and in the lateral recess. he trefoil canal has
the smallest cross-sectional area.20 It is present in 15% of

individuals and predisposes these individuals to lateral recess
stenosis.

Disc
Disc degeneration is believed to be the irst step in degeneration of the spine. At birth, the nucleus pulposus and the anulus
occupy roughly 50% of the disc area. he nucleus is gelatinous
and there is a discrete boundary between the nucleus and the
anulus. Over time, the collagen content increases and the
demarcation between the nucleus and the anulus becomes less
distinct. Other structures within the disc also change with
aging. he chondroitin sulfate concentration decreases, and
the ratio of keratin sulfate to chondroitin sulfate increases.
Because keratin sulfate has less hydrophilic potential, the disc
dehydrates over time.
Hydration of the disc also changes due to an alteration in
the type of collagen within the disc over time. he anulus
contains 60% type II and 40% type I collagen, whereas the disc
contains mainly type II collagen. Type I collagen is associated
with decreased water content compared with type II collagen.
hus, as the type I collagen content increases with age, hydration of the disc decreases. he normal nucleus pulposus typically consists of 85% water, whereas the anulus consists of 78%
water. With degeneration of the disc, the water content drops
to roughly 70%. A desiccated disc has a decreased ability to
handle mechanical load.
he Kirkaldy-Willis21 theory explains how these changes
progress over time. his theory is based on viewing the spine
as a tripod, with the disc and the two facet joints making up
the three legs. his analogy makes it easier to understand how
alteration in one joint can alter the others. he initial stage in
the degenerative cascade is circumferential tearing of the
anulus, which progresses to radial tears. his, along with the
biochemical changes in the disc described previously, lead to
further degeneration of the disc and disc height loss. Altered
disc structure and disc height loss lead to bulging of the disc
and the posterior longitudinal ligament. his causes narrowing of the spinal canal and potential neural impingement. he
lost disc height also leads to buckling of the ligamentum
lavum and settling of the facet joints. he facet joints
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FIG. 61.1 The three typical shapes of the spinal canal. Trefoil canals have the smallest cross-sectional area.
(From Hilibrand AS, Rand N. Degenerative lumbar stenosis: diagnosis and management. J Am Assoc Orthop Surg.
1999;7:239–248.)

subsequently deteriorate and form osteophytes, which further
narrows the spinal canal. he ligamentum lavum also hypertrophies over time. he altered structure, motion, and biomechanics then lead to additional disc deterioration, which
propagates the cycle of degeneration.

LF
NR
O
S
O

Facet Joints
he lumbar facet joints are encapsulated structures that have
a uniform cartilaginous surface to produce a smooth gliding
motion. he superior articular process is concave and its
articular surface faces medially and dorsally. he inferior
articular process is convex and its articular surface faces laterally and ventrally. Lumbar facet joints are oriented 90 degrees
in the sagittal plane and 45 degrees anterior in the coronal
plane. Studies show that more sagittally oriented facet joints
are associated with a degenerative spondylolisthesis. he two
facet joints are usually symmetrical with respect to their joint
angles at each level. Facet tropism refers to an asymmetry
between the facet joints and has been theorized to lead to
degeneration.
As the disc degenerates and narrows, the facet joints settle
and increased stress is placed across the facet joint. his leads
to facet joint degeneration, hypertrophy, and osteophyte formation. hese osteophytes can cause impingement of the
thecal sac within the spinal canal or the nerve root in the
neural foramen.

Intervertebral Foramen
he anterior boundary of the intervertebral foramen is made
up of the posterior wall of the vertebral body and the disc. he
posterior boundary is made up of the lateral aspect of the facet
joint and the ligamentum lavum. Superior and inferior
boundaries are formed by the pedicles of the vertebral bodies

D
S

O

FIG. 61.2 Sagittal cross-section demonstrating disc desiccation (D),
endplate sclerosis (S), osteophyte formation (O), hypertrophy and buckling
of the ligamentum lavum (LF), and nerve root (NR) compromise within the
foramen. (From Gallego J, Schnuerer AP, Manuel C. Basic Anatomy and
Pathology of the Spine. Memphis, TN: Medtronic Sofamor Danek; 2001.
Photograph by Wolfgang Rauschning, MD, PhD.)

corresponding to that segment. he foramen is typically larger
than the ganglion and the nerve that it contains. he additional
space is occupied by fat and loose areolar tissue that can
accommodate for changes in size of the foramen with motion.
With degeneration, hypertrophy of the facets can cause posterior compression of the neural elements (Fig. 61.2). Anterior
compression of the neural elements usually arises from endplate osteophytes or foraminal disc herniations. Decrease in
disc height with degeneration can cause a decrease in the
foraminal height and neural compression. his type of vertical
or up-down foraminal stenosis is important to recognize
because a posterior decompression alone may not signiicantly
improve the vertical compression and may result in persistent
symptoms ater surgery.
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FIG. 61.3 Neural organization within the thecal sac at the L4–L5 and L5–S1
disc levels. M, motor components; S, sensory components. (From Garin SR,
Herkowitz HN, Mirkovic S. Spinal stenosis: instructional course lecture. J Bone
Joint Surg Am. 1999;81:572–586.)

Cauda Equina
he thecal sac lies in the spinal canal and gives rise to nerve
roots at each segment. he nerve root initially courses along
the medial aspect of the pedicle and then progresses laterally,
inferior to the pedicle in the neural foramen. he nerve roots
within the cauda equina are arranged in a predictable pattern
within the thecal sac (Fig. 61.3). Cross-section of the thecal
sac demonstrates the most caudal roots to be present in a
central and posterior position. he more cephalad roots are
located sequentially, and are more lateral and anterior. At each
level, the motor ibers of a root are anterior and medial to the
larger sensory component. Dorsal root ganglia exist at every
level and can be intraspinal or intraforaminal. A variety of
clinical presentations arise on the basis of the anatomic location of neural compression.

Classiication
Stenosis can be anatomically classiied as central, lateral
recess, and foraminal on the basis of the location of neural
compression. With aging, central canal stenosis occurs as
degenerative changes progress. As the axial height of the
disc and facet joints decreases, the disc bulges into the spinal
canal. he central canal is further narrowed by posterior
impingement from enlarged facets and the hypertrophied
ligamentum lavum (Fig. 61.4). Hypertrophy of the sot tissues
is responsible for 40% of spinal stenosis.22 With extension, the

FIG. 61.4 Axial cross-section view at the L4–L5 disc level showing
advanced degenerative changes. Cauda equina (CE) compression is caused
by hypertrophic facets (F) and ligamentum lavum (LF) disc protrusion.
(From Gallego J, Schnuerer AP, Manuel C. Basic Anatomy and Pathology of the
Spine. Memphis, TN: Medtronic Sofamor Danek; 2001. Photograph by
Wolfgang Rauschning, MD, PhD.)

hypertrophied ligamentum buckles centrally into the canal
and worsens the central stenosis. his explains why patients
with stenosis typically report worsening of their symptoms in
extension.
Lateral recess stenosis typically results from posterior disc
protrusion in combination with some superior articular facet
hypertrophy. Lateral recess stenosis can present with lumbar
radiculopathy; incidence of lateral recess stenosis ranges from
8% to 11%.23–25 hese patients present with pain or neurologic
symptoms in a dermatomal distribution on the basis of the
nerve that is compressed in the lateral recess.
Foraminal stenosis causes compression of the exiting
nerve root and ganglion and leads to lumbar radiculopathy.
Foraminal stenosis occurs most commonly in the lower
lumbar spine, with the ith lumbar nerve root being the
most commonly involved. Foraminal stenosis can occur
from loss of disc height, vertebral endplate osteophytes, facet
osteophytes, spondylolisthesis, and disc herniations. Like
central canal stenosis, foraminal stenosis is worse in extension;
thus, exacerbating and alleviating factors for symptoms from
foraminal compression are similar to those from central canal
stenosis.26
Spinal stenosis can also be classiied on the basis of the etiology, which can be congenital, acquired, or both. Congenital
stenosis is present as a normal variant in the population and
is a feature of certain conditions, such as dwarism. In these
conditions, patients have short pedicles that are closer together
than in the normal lumbar spine.6 In congenital stenosis, few
degenerative changes are required to cause neural compression
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BOX 61.1

Classiication of Spinal Stenosis

I. Congenital/Developmental
A. Idiopathic
B. Achondroplastic
C. Osteopetrosis
II. Acquired
A. Degenerative
1. Central
2. Lateral recess
3. Foraminal
B. Iatrogenic
1. Postlaminectomy
2. Adjacent to fusion
3. Malposition of hardware in the canal
4. Postprocedure epidural hematoma
C. Miscellaneous disorders
1. Acromegaly
2. Paget disease
3. Fluorosis
4. Ankylosing spondylitis
D. Traumatic
III. Combined
Any combination of congenital/developmental or acquired stenosis

and symptoms. As one would expect, congenital stenosis
becomes symptomatic much earlier in life and patients usually
become symptomatic in the fourth decade. Acquired stenosis
can be caused by trauma, neoplasms, and infection, along with
other causes listed in Box 61.1.

Deformity and Instability
he static changes discussed thus far can be worsened by
dynamic factors such as segmental instability. Instability
typically arises from degenerative changes and can be in
the form of translational or rotational abnormality. Translational abnormality is found most commonly in women as
a degenerative anterolisthesis of L4 on L5.27 he attachment
of the iliolumbar ligaments to the L5 level may act as a
restraining force and cause more relative motion at L4–L5.
he more sagittally oriented facet joints between the fourth
and ith lumbar vertebrae can be an additional predisposing factor for instability at this level.28 Because the lamina
and the spinous process typically project inferior to the
vertebral body, the amount of room available between the
inferior aspect of the L4 lamina and the posterior superior
aspect of L5 is substantially decreased. his anterior translation of the L4 posterior elements, along with hypertrophy
of the facets and ligamentum lavum, leads to central and
lateral recess stenosis. Foraminal stenosis can also occur in
this setting, with collapse of the disc space, disc herniation,
endplate osteophytes, or facet hypertrophy. With scoliosis,
lateral subluxation and rotational instability can cause altered
biomechanics that accelerate further degeneration. he altered
anatomy can also directly cause narrowing of the central canal,
lateral recess, and foraminal regions. Degenerative changes

superimposed on abnormal anatomy lead to stenosis in these
patients.

Pathophysiology
he term spinal stenosis describes the anatomic narrowing of
the spinal canal. How does spinal stenosis result in pain and
altered neurologic function? A number of cadaver and animal
studies have attempted to elucidate the mechanism of these
symptoms. Schonstorm evaluated the changes in nerve pressure that occur as the spinal canal narrows.29 In his human
cadaver study, thecal sac constriction of 45% or more led to
an increased pressure in the nerve roots. As the degree of
compression increased, the pressure in the nerve roots
increased. Delamarter and colleagues30 also demonstrated the
importance of the magnitude of thecal sac compression in
alteration of neural function. hey noted no alteration in
neurologic function when the animal’s cauda equina was
constricted by 25%, whereas more than 50% compression led
to motor or sensory deicits. Pedowitz and colleagues31 demonstrated that the duration of compression was also an
important factor in neural dysfunction.
Rydevik and colleagues32–37 demonstrated another efect of
compression of the thecal sac. hey noted that once pressure
of more than 50 mm Hg was achieved, capillary restriction
and electrophysiologic alteration occurred in the nerve roots.
Even at pressures as low as 5 to 10 mm Hg, venous congestion
of the intraneural microcirculation occurred. Solute transport
decreased 45% across nerve root segments with the low pressure of 10 mm Hg. his suggests that low-grade sustained
compression of the nerve roots could lead to vascular impairment and potential detrimental changes in the function of the
nerve roots. In addition to neural compression and altered
nutrition, inlammatory chemical mediators have also been
shown to be a cause of pain.38–43
he presence of stenosis increases with aging; however, it
oten does not produce any symptoms. What causes pain in
some individuals with mild spinal stenosis and no symptoms
in others with severe stenosis? he experimental evidence
reviewed earlier suggests that each individual may have an
innate ability to compensate for the accumulating pathologic
changes. Because the magnitude an individual can compensate
for is diferent for diferent people, two individuals with the
same amount of stenosis may not exhibit the same symptoms.
he rate at which these changes are occurring also appears to
be important. Individuals may become symptomatic with a
lower magnitude of compression if it occurs rapidly. his
explains how a patient with stenosis can become symptomatic
with an acute mild disc herniation.

Natural History
Patients with congenital stenosis typically become symptomatic earlier in life. Due to congenital narrowing of the
canal in these patients, signiicant stenosis is present at
multiple levels even with little degenerative change.44 Patients
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treatment had better outcomes than those who underwent
nonsurgical treatment in the as-treated analysis at each of
the time points. Pain, function, satisfaction, and self-rated
progress were all better in those that underwent surgery.
Patients in the nonsurgical treatment group showed small
improvements in most outcome measures. It should be noted
that no disastrous neurologic deterioration was noted with
nonoperative treatment.
he original and recent updated North American Spine
Society evidence-based guidelines for diagnosis and treatment
of lumbar stenosis provide some tangible conclusions from
these studies.63,64 hey state that in one-third to one-half of
patients with mild to moderate stenosis, the natural history is
favorable. Unfortunately, predicting which patients with stenosis will worsen over time is impossible. In some studies,
symptomatic patients with severe stenosis did poorly over
time, but overall there is not suicient evidence to draw any
conclusions. What is known is that rapid or catastrophic
deterioration is rare in patients with spinal stenosis. Knowing
this can be helpful in guiding treatment and evaluating these
patients. When a patient with spinal stenosis has rapidly
worsening neurologic status, other causes of neurologic dysfunction should be investigated.

Clinical Presentation
Patients with lumbar spinal stenosis most commonly present
with leg pain.22 his leg pain presents as either neurogenic
claudication or radicular leg pain. Patients with neurogenic
claudication report a feeling of pain, heaviness, numbness,
cramping, burning, or weakness. he symptoms typically start
from the back or the buttocks and bilaterally radiate down
below the knees. One lower extremity may be worse than the
other; however, both legs are typically involved. Symptoms
usually do not follow a dermatomal pattern and are usually
related to activities. hese abnormal sensations are typically
worse with extension of the lumbar spine during walking or
standing for a prolonged time. Some report worsening weakness if they keep walking. hey may note ankle dorsilexion
weakness that is typically described as feet slapping or even
falling as they attempt to keep walking. Walking downhill is
more challenging for these patients as the lumbar spine is
extended while going downhill. Most describe a set distance
they can walk before the symptoms become disabling. As the
stenosis worsens, this distance typically decreases, further
disrupting the daily life and function of these patients. Relief
of symptoms typically comes from lexing the lumbar spine by
leaning forward, sitting, or lying down. As discussed earlier,
the degree of stenosis decreases as the lumbar spine is lexed
and patients naturally learn to position themselves in a posture
that minimizes discomfort and maximizes function. Keeping
this in mind, it is easy to understand why these patients
typically lean forward on a grocery cart and have an easier
time riding a bike, walking uphill, or driving while sitting
in a car.
In contrast to neurogenic claudication arising from compression of the thecal sac, radicular pain arises from compression
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with degenerative stenosis present later in life (during their
60s) and have far more advanced degeneration in their
spine. Females are more commonly afected with stenosis,
with the L4–L5 level being the most common segment
involved.45
Recent studies have also shed light on the prevalence and
likelihood of developing symptoms from spinal stenosis. A
portion of the Framingham Heart Study participants were
prospectively enrolled in a study evaluating lumbar symptoms
and computed tomography (CT) indings of the lumbar spinal
canal.46 In the group of 191 study participants with the mean
age of 52.6 years, the prevalence of lumbar stenosis was 23.6%.
he prevalence of lumbar stenosis increased with age, as
expected, and led to a threefold higher risk of having symptoms. Will the patients without any symptoms continue to
remain asymptomatic? A separate retrospective study of
asymptomatic lumbar stenosis attempted to answer this question. A group of 41 patients with cervical myelopathy who had
asymptomatic lumbar stenosis and a mean age of 69 years
were followed.47 At a mean of 5 years ater the diagnosis, 23%
developed symptoms, suggesting that patients with known
asymptomatic stenosis should be informed of symptoms that
could develop.
Multiple studies have looked at the short-term and longterm results of nonoperative treatment of patients with
symptomatic lumbar stenosis.48–55 hese studies show that a
signiicant number of patients respond favorably to nonoperative treatment. Some patients, however, do not improve and
some even worsen. Johnsson and colleagues reviewed the
results of 32 patients who declined to have surgery at a 4-year
follow-up period.56 hey noted that 70% of patients were
unchanged, while 15% were the same and 15% worsened.
Recently, prospective studies have reported short-term and
long-term results of nonoperative and operative treatment.
he prospective observational Maine Lumbar Spine Study
reported 8- to 10-year follow-up results on 97 patients.57 hey
noted that a large number of patients (39%) that had initially
elected nonsurgical treatment subsequently elected to undergo
surgery. Of the patients who continued nonoperative treatment, most had stable symptoms. Miyamoto and colleagues
reported prospective results of nonsurgical treatment in 120
patients.58 Of these patients, 16% required surgical treatment
during the follow-up period of 5 years. Of the nonsurgically
treated patients, 53% reported no hindrance during the activities of daily living. No sudden neurologic deterioration was
reported. Roughly 23% of patients had worsened but did not
elect to undergo surgical intervention.
he Finnish Lumbar Spinal Research Group reported
the results of a randomized controlled trial in 2007.59 hey
randomized 94 patients with mild to moderate stenosis
into either the surgical group or nonoperative group. At the
2-year follow-up, patients in both groups noted improvement
of symptoms; however, the outcome of patients undergoing
surgical treatment was signiicantly better. he most recent
prospective study to evaluate patients with lumbar stenosis
is the Spine Patient Outcomes Research Trial (SPORT).60–62
his study reported prospective outcomes of 634 patients
at 2-, 4- and 8-year follow-up. Patients undergoing surgical
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of a particular nerve root in the lateral recess or the neural
foramen. Unlike claudication, radicular leg pain is described
by the patients in a speciic dermatomal pattern corresponding
to the compressed nerve root. he most common presentation
of this is L5 radiculopathy from lateral recess stenosis causing
compression of the L5 nerve root. In addition to numbness
in the L5 distribution, weakness can be seen in the extensor
hallucis longus and tibialis anterior muscle groups.
Low back pain is also a common complaint in patients
with stenosis. Although most patients note the radiation of
this pain into their legs, some present without leg pain or
note radiation of the pain only into their buttocks. Exacerbating and alleviating factors for claudicatory low back pain are
similar to those for the leg pain. Spondylotic change with or
without spondylolisthesis is a common inding in this patient
population and oten the cause for low back pain. Patients with
symptoms in both the low back and leg have a greater disability than those who have symptoms only in one location.65
Severe neurologic symptoms, such as bowel and bladder
incontinence or profound weakness, are uncommon in
patients with stenosis. Urinary dysfunction is a common
complaint in this elderly population and can be present in 50%
to 80% of patients.66,67 Because various causes of urinary
dysfunction (such as preexisting stress incontinence, urinary
tract infections, and prostatic hypertrophy) are common in
this population, a careful history can help exclude these
nonspinal causes. he factors more commonly noted in
patients with neurogenic bladder dysfunction are perianal
sensory disturbance, longer duration of symptoms, and higher
mean residual volumes on urodynamic studies.68
In addition to obtaining a history speciic to the patient’s
pain and neurologic symptoms, it is important to obtain a
comprehensive medical history. A patient’s report of preexisting peripheral arterial occlusive disease, hip arthritis, multiple
sclerosis, or neuropathy would substantially alter what symptoms are attributed to the stenosis. Similarly, obtaining an
overall picture of the medical comorbidities and physiologic
condition will also shed light on the ability of the patient to
safely undergo any invasive procedures. Knowing the patient’s
other medical conditions can also help identify patients who
may be at risk for inferior outcomes. Cardiovascular comorbidities, depression, and disorders inluencing walking ability
have all been noted to be preoperative predictors of poor
postoperative outcomes.69

Physical Examination
A good physical examination of patients with lumbar spinal
stenosis should start with observation. Oten, these patients
will be sitting lexed forward on a chair in the examination
room. While standing and ambulating, stenosis patients still
oten lex their trunk forward to decrease their symptoms.
his may also be noticed when checking their range of motion
as a decrease in the active lumbar extension. Reproduction of
the patient’s usual symptoms by prolonged lumbar extension
can also be helpful in conirming the diagnosis. Neurologic
examination is oten normal in spite of long-standing

debilitating symptoms. Lateral recess stenosis is more commonly responsible for neurologic changes.70 When motor
weakness or sensory deicit is present, it is most oten in the
L5 distribution. A frequent neurologic inding is an asymmetrical deep tendon relex at the patellar or Achilles tendon.
A symmetrical decrease in the relexes is more indicative of
age-related changes. Nerve root tension signs are usually not
present.71 Changes in neurologic examination may become
more obvious ater stressing the patient’s neurologic system.
his can be accomplished by asking the patient to walk until
he or she experiences signiicant symptoms. Reexamination at
this point may reveal changes in motor, sensory, or relex
examination that were not detected before the stress.
It is useful to review physical examination indings found
in some studies to get a better idea of their frequency. Amundsen and colleagues72 prospectively evaluated the clinical and
radiographic features of 100 patients with symptomatic spinal
stenosis. hey reported a motor weakness in 23% and sensory
deicit in 51%. In the 2007 randomized controlled trial of 94
stenosis patients from the Finnish Lumbar Spinal Research
Group,59 22% of patients had an L5 motor weakness and 19%
had a sensory deicit. he straight-leg raise test was positive in
3% of the patients. In the recent SPORT study, asymmetrical
relexes were noted in 26%, motor weakness was noted in 28%,
and sensory deicit was noted in 29%.60-62
An important part of the physical examination is identifying other common causes of similar symptoms. he neurologic
examination should focus on eliciting signs that would suggest
other neurologic causes of the patient’s symptoms. Hyperrelexia, clonus, and upgoing toes, along with other upper motor
neuron indings, can suggest the presence of myelopathy from
cord compression. Sensory disturbance in a stocking distribution suggests the presence of neuropathy. A general musculoskeletal examination must include assessing the irritability
and limitation of motion in the hips to rule out hip pathology.
Palpation of the greater trochanter and iliotibial band can help
detect pathology in these easily treated structures. Diminished
peripheral pulses along with diminished skin hair are important clues that the symptoms may be coming from vascular
claudication.

Diagnostic Studies
Radiography
he diagnostic testing of patients with spinal stenosis oten
starts with plain radiographs. In addition to the anteroposterior and lateral radiographs, lexion and extension lateral
views should be obtained. Most patients suspected of having
stenosis are elderly and thus likely demonstrate a variety of
spondylotic changes on radiographs. Particular attention
should be paid to diagnosing scoliosis and spondylolisthesis
in addition to any dynamic instability that can be detected on
the lexion–extension views. If scoliosis is noted, long-cassette
scoliosis ilms would be helpful in evaluating the full extent of
the deformity in both the coronal and sagittal planes. Narrowing of the neural foramen and inferred narrowing of the spinal
canal from the location and extent of degenerated structures
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FIG. 61.5 (A) Anteroposterior (AP) and (B) lateral radiographs of a patient with progressively worsening right
lumbar radiculopathy. Asterisk denotes the degenerative changes in the form of disc height collapse, endplate
sclerosis, and osteophytes. On the AP radiograph, the right side of the superior and lateral walls of the vertebral
body are indistinct, with collapse of the height of L4 on the right compared with the left. On the lateral
radiograph, radiolucency is present in the L4 body along with an indistinct anterior wall. After additional
workup, this patient was diagnosed with multiple myeloma in the L4 vertebral body.

should be evaluated. Ossiication of ligamentous structures,
ankylosis of the spine, erosion of the disc space, or any abnormal appearance of the bony structures should be assessed (Fig.
61.5). It should be kept in mind that even severe degenerative
changes can be seen in asymptomatic patients.73

Computed Tomography With and Without
Myelography
Prior to the common availability of magnetic resonance
imaging (MRI), a CT scan was the study of choice for visualizing pathologic anatomy in the axial plane. Because a signiicant portion of the stenosis comes from sot tissue pathology,
visualization of the sot tissues is the top priority in axial
imaging. A CT scan is a poor modality for detailed analysis of
the sot tissue pathology (Fig. 61.6). A metaanalysis demonstrated that the sensitivity of a CT scan in detecting spinal
stenosis ranges from 70% to 100%.74
Diagnostic utility of the CT scan can be improved by
combining it with myelography.75,76 he dye injected in the
cerebrospinal luid during a myelogram provides good contrast
between the thecal sac and the surrounding sot tissue and
bony pathology. Preoperative complete contrast block on a
CT-myelogram has been correlated with an improved surgical
outcome.77 he invasiveness of the myelogram and the radiation associated with the CT are the two biggest drawbacks of
this diagnostic modality. Given these limitations, patients who

FIG. 61.6 Soft tissue window of a computed tomography scan through
the L4–L5 level demonstrating stenosis. Note the facet and ligamentum
hypertrophy are better seen on the magnetic resonance imaging of this
patient in Figs. 61.9 and 61.10.

are unable to have an MRI, who have scoliosis, or who have
previous spinal instrumentation are the most likely to undergo
this study (Figs. 61.7 and 61.8). In cases in which MRI indings
are unclear, a CT or a CT-myelogram should be considered to
gain further information about the pathology.
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FIG. 61.7 Myelogram of a patient with neurogenic claudication who had a
history of a previous lumbar instrumented fusion. The arrows identify the
two levels of adjacent-level stenosis.

FIG. 61.8 Postmyelogram computed tomography through the adjacentlevel stenosis of the patient in Fig. 61.7.

the spine (Figs. 61.9 and 61.10). he degree of compression
of the neural elements and the ofending pathology are both
easily visualized. he central canal, lateral recess, and neural
foramen can all be visualized along with the degree of stenosis
that is present in each of these regions. Facet arthropathy,
ligamentum hypertrophy, disc bulges or herniations, and
other compressive pathology, such as synovial cysts, are
easily identiied on MRI (Fig. 61.11). Foraminal stenosis is
best visualized on T1-weighted sagittal images in which the
nerve root and dorsal root ganglion are contrasted with the
surrounding fat.
Overall, the diagnostic accuracy of MRI is similar to that
of the CT-myelogram and does not have the drawbacks of
ionizing radiation and contrast injection in the cerebrospinal
luid.78–81 he reliability of MRI interpretation has also been
investigated, and there appears to be signiicant inter-reader
variability in assessing some anatomic locations.82–85 he
measurement of thecal sac area, as well as the ratings of the
degree of central and foraminal stenosis, show good reliability.86 he reading of the degree of lateral recess stenosis, on
the other hand, shows signiicant variability. Although some
have noted correlation between the degree of stenosis and
outcomes of treatment, others have not been able to identify
any such relationship.87–90 he nerve root sedimentation sign
describes the typical sedimentation of lumbar nerve roots in
the dorsal part of the thecal sac due to gravity. he absence
of this sedimentation is considered a positive sign of lumbar
stenosis.91
It has been theorized that supine MRIs may understate the
degree of stenosis because the patients may not be in the
position of the worst compression during the study. Attempts
have been made to demonstrate pathology in MRI scans that
is obvious only under dynamic conditions.92-96 A typical supine
static MRI that demonstrates luid-illed facets on T2-weighted
axial images may indicate instability and would require careful
scrutiny of lexion–extension radiographs.97 Alternatively,
MRIs in lexion, extension, axial loading, and upright positions can be performed. Investigation of this approach,
however, has not provided any conclusive evidence regarding
its utility. It is unclear what the results of invasive treatment
will be for those patients whose stenosis can only be detected
under dynamic conditions. What the existing studies do point
out is that the static images on the current MRIs should be
supplemented with the dynamic information available from
clinical presentation as well as lexion and extension radiographs. One study noted that supine MRIs performed with the
lumbar spine extended (by having the hips and knees extended)
demonstrated more thecal sac compression than the images
obtained in the lexed position.98 his suggests that position
of the lower extremities during the MRI should be ascertained
as a routine part of the patient’s history.

Magnetic Resonance Imaging
MRI is the diagnostic modality of choice in patients with
suspected lumbar spinal stenosis. It is noninvasive and
provides images in axial, coronal, and sagittal planes. MRI
ofers details of both the bony and sot tissue anatomy. It
provides improved visualization of the sot tissue elements of

Electromyography, Nerve Conduction Studies,
and Somatosensory Evoked Potentials
Electromyography (EMG), nerve conduction studies (NCSs),
and somatosensory evoked potentials (SSEPs) are not part of
the routine workup of patients with spinal stenosis. EMG
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FIG. 61.9 (A) T1-weighted and (B) T2-weighted sagittal MRI of the patient in Fig. 61.6 with L4–L5 and L5–S1
stenosis. Note the disc bulges and ligamentum hypertrophy at the L4–L5 and L5–S1 levels.

FIG. 61.10 Axial T2-weighted magnetic resonance imaging of the patient
in Fig. 61.6 through the L4–L5 level demonstrating facet and ligamentum
hypertrophy along with a disc bulge causing stenosis. Note increased T2
signal in the facet joint corresponding to the instability that this patient had
on lexion-extension radiographs at the L4–L5 level.

identiies the efect of nerve function through recording the
electrical activity of muscle at rest and with stimulation. EMG
identiies lower motor neuron dysfunction and does not evaluate any sensory dysfunction. Electromyographic changes have
been documented in up to 80% of patients with spinal stenosis.90,99–102 EMG can be useful in diferentiating chronic changes

from active ongoing denervation. However, it should be kept
in mind that there is a signiicant incidence of false-negative
electromyograms in patients with spinal stenosis. his can be
attributed to the fact that EMG does not measure sensory
dysfunction and thus does not catch the more common
abnormality in patients with neurogenic claudication. EMG
also does not help diferentiate symptomatic from asymptomatic patients.
NCSs measure the speed with which impulses travel down
an axon. NCSs are useful in diferentiating changes that are
occurring from neuropathy versus radiculopathy. SSEPs
measure the electrical transmission of sensory stimulation
starting from the peripheral nerves and going through the
spinal cord and brain. A lesion in the peripheral nerve will
prolong the latency response, whereas lesions of the root and
cord will cause changes in the waveform. An SSEP is more
sensitive and speciic compared with an EMG, although there
continue to be false-negatives and false-positives.103–105

Diferential Diagnosis
Neurogenic claudication is the hallmark of spinal stenosis.
Patients describe a variety of abnormal sensations that radiate
down their legs with ambulation. Symptoms are typically
relieved by forward lexion of the lumbar spine and are worse
with extension. Sudden onset or severe motor weakness
and bowel and bladder dysfunction in these patients should
prompt evaluation of other etiologies of these symptoms, such
as cord compression. In spite of various attempts to create
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FIG. 61.11 T2-weighted (A) sagittal and (B) axial magnetic resonance imaging of a patient with a right L5–S1
synovial cyst causing a right lumbar radiculopathy. Asterisk denotes the synovial cyst on the sagittal view. In the
axial view, the cyst is noted to arise from the right facet joint and causes neural compression.

a single validated method of consistently diagnosing spinal
stenosis, no single test or algorithm is available to accurately
diagnose all patients with symptomatic spinal stenosis.63,106–108
he diferential diagnosis of spinal stenosis includes vascular claudication, lumbar spondylosis, lower extremity arthritis,
cord compression, neurologic disorders, peripheral neuropathy, infection, tumors, and lumbosacral plexus lesions. Symptoms from neurogenic claudication start proximally and
progress distally, whereas symptoms from vascular claudication start distally and progress proximally. Vascular claudication causes symptoms with a constant level of exertion
regardless of the position of the lumbar spine. hus, leaning
forward on a grocery cart or going uphill does not allow these
patients to walk longer. Similarly, patients with vascular
claudication continue to be limited on a bike, while the patients
with neurogenic claudication have better endurance on a bike.
On physical examination, painless full extension of the lumbar
spine; shiny, hairless legs; and weak peripheral pulses are all
hallmarks of vascular claudication. If clinical suspicion of
vascular claudication exists, then a peripheral pulse examination is not suicient to diagnose peripheral arterial occlusive
disease. Ankle brachial index and toe brachial index tests
should be obtained. In a recent prospective study of 201
patients with lumbar stenosis, peripheral arterial disease was
also present in 26% of patients, with a signiicant number of
these cases only diagnosed using a combination of ankle
brachial index and toe brachial index tests.109
Lumbar spondylosis typically causes pain in the low
back without signiicant pain or abnormal sensation in the
legs. Peripheral neuropathy typically causes burning pain
and paresthesias that are unrelated to activity. A history of
diabetes, vitamin deiciencies, alcoholism, chemotherapy,
drug abuse, and exposure to toxins should be elicited in
these patients. Physical examination in neuropathy patients
will typically demonstrate hypoesthesia or dysesthesia in a

glove-and-stocking distribution. Ankle relexes will oten be
absent bilaterally. NCSs are helpful in establishing a diagnosis
in these patients.
A history of isolated joint pain with ambulation will help
identify patients with lower extremity arthritis. Hip arthritis
typically presents with groin pain radiating into the anterior
thigh but can also be a cause of buttock pain. Physical examination demonstrating hip irritability and limitation in internal
rotation suggests that hip pathology is symptomatic. A thorough history and physical examination can thus help eliminate
the majority of common conditions that mimic lumbar spinal
stenosis. Presence of constitutional symptoms and intense
nighttime pain suggest a possible infection or malignancy.
hese symptoms should trigger an MRI and laboratory studies,
which would help eliminate these more rare conditions.
Finally, the coexistence of more than one condition must
be considered. Tandem stenosis of cervical and lumbar spine
is known to occur in 5% to 25% of individuals with neural
compression in one region.110–113 he clinical picture in these
patients can be quite confusing since they will present with a
mix of symptoms from cervical and lumbar stenosis. A small
percentage of these patients will have suicient symptoms to
require surgical treatment of both conditions.47 hus, every
patient diagnosed with lumbar stenosis should be carefully
evaluated for cervical stenosis and any signs or symptoms of
myelopathy.112

Summary
Lumbar spinal stenosis is a common inding in the elderly.
With the aging population in the United States, the number
of patients with spinal stenosis seeking treatment will dramatically increase over the next decade. Because pathologic changes
can be present in asymptomatic patients, abnormalities found
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PEARLS
1. In patients with mild to moderate lumbar spinal stenosis, rapid
or catastrophic neurologic deterioration is rare.
2. MRI is the noninvasive study of choice in patients suspected of
having spinal stenosis.
3. Imaging studies should be correlated with speciic indings on
history and physical examination that would be expected on
the basis of the speciic neural elements that are compressed.
4. No single diagnostic test can conirm the presence of
symptomatic spinal stenosis.
PITFALLS
1. Abnormal imaging is not a reliable method of diagnosing
symptomatic lumbar spinal stenosis. The incidence of clinically
silent lumbar degenerative disease is high.
2. A small but signiicant number of patients with lumbar stenosis
will also have cervical myelopathy.
3. Lumbar stenosis and peripheral arterial occlusive disease often
coexist. A peripheral pulse examination alone is not suicient to
exclude peripheral arterial occlusive disease in patients
suspected of having vascular claudication.
4. Electrodiagnostic studies are not typically helpful in the
diagnosis of spinal stenosis.
5. Most patients with spinal stenosis have a normal neurologic
examination.
6. In evaluating patients with stenosis, do not forget to examine
the hip joints and lower extremity vascularity.

KEY POINTS
1. Lumbar disc degeneration is a nearly universal inding in the
aging population.
2. Degeneration alone does not imply a pathologic entity. A
disease may be said to exist relative to the symptoms with
which the patient presents.
3. In the absence of pathognomonic indings, the diagnosis of
spinal stenosis rests on a Venn diagram approach in which
historical elements overlap with physical examination and
imaging indings.
4. Once symptomatic, most patients will continue to have
symptoms on at least an intermittent basis.
5. Lumbar stenosis does not progress rapidly and catastrophic
neurologic deterioration is rare. Therefore, a trial of nonoperative
management is indicated in most cases.
6. Patients with symptomatic stenosis may present with one or
more of a combination of axial pain, radiculopathy, and
neurogenic claudication. Each of these is associated with
diferent historical and examination indings.

7. Patients with lumbar stenosis often have other coexisting
pathologies—such as hip or knee arthritis, vascular claudication,
and cervical myelopathy—that may confuse the clinical picture.
8. Every patient with lumbar stenosis should be screened for
cervical myelopathy.
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Daniel Mazanec

Lumbar spinal stenosis (LSS) is best deined as a clinical
syndrome of buttock or lower extremity pain, with or without
low back pain, resulting from diminished space for neurovascular elements in the spinal canal.1 A clinical deinition is
preferred because imaging indings do not correlate with
symptoms. Approximately 20% of asymptomatic individuals
older than 60 years have stenosis on magnetic resonance
imaging (MRI).2 Anteroposterior spinal canal diameter is not
predictive of symptoms or prognosis.3 Since its description as
a distinct clinical entity in the early 1950s, LSS has been
increasingly identiied as a common clinical problem in older
adults and now represents the most common diagnosis requiring spinal surgery in patients older than 65 years.4

Clinical Aspects
he classic symptom of LSS is pseudoclaudication—leg pain,
paresthesias, and/or weakness provoked by walking or standing and relieved with forward lexion (i.e., sitting or squatting),
noted in more than 90% of patients.5 hough axial lumbar
pain may be present, most patients with LSS report greater
lower extremity discomfort than spinal pain. Physical examination in patients with LSS may be unremarkable, with a
minority of patients demonstrating provocation of leg symptoms with spinal extension or an abnormal Romberg test.
Findings such as diminished patellar or Achilles relexes, focal
muscle weakness, or positive nerve tension signs are noted in
only a minority of patients.
he physical examination is crucial, however, in identifying
common alternative causes of back and leg pain in this population, including osteoarthritis of the hip, peripheral arterial
disease, and greater trochanteric pain syndrome. hese conditions may produce symptoms that supericially mimic the
pseudoclaudication of LSS. In addition, older patients with
LSS may have coexisting hip or vascular disease (i.e., the “hipspine syndrome”).

Natural History of Lumbar Spinal Stenosis
Understanding the natural history of untreated spinal
stenosis is crucial to making any recommendation for treatment, medical or surgical. Unfortunately, surprisingly little

information about the course of untreated LSS is available.
Johnson6 reported the course of 32 patients with myelographically conirmed stenosis and radicular or claudication pain
followed for a mean of almost 4 years without any medical/
interventional or surgical treatment. Pain, as assessed by
visual analog scores, was unchanged in 70% at inal followup, improved in 15%, and worse in 15%, suggesting a benign
course in most patients. Functionally, walking capacity at
4 years was unchanged from baseline. In these untreated
patients, no severe or catastrophic neurologic deterioration
occurred.
Several studies have compared surgical and nonsurgical treatment in patients with LSS, but none has included
an untreated control group. As a result, they do not provide
further insight into the natural history of untreated LSS.
However, the results do suggest that approximately 50%
of patients with mild to moderate LSS who were managed
without surgery have a favorable course. Malmivaara7 reported
a prospective randomized controlled trial comparing surgical
treatment (undercutting laminectomy) with medical management (physical therapy) in 94 patients with symptomatic LSS
severe enough to warrant treatment. Both groups demonstrated
improvement at their 2-year follow-up. Clinically signiicant
improvement in the Oswestry Disability Index (ODI) was noted
in 55% of surgical patients and 42% of nonoperative patients. No
diference in walking ability was detected. Weinstein reported
a prospective randomized trial with an observational cohort
comparing surgical and nonsurgical treatment in patients with
LSS who were believed to be surgical candidates.8 hough surgical patients demonstrated superior improvement at 2 years,
nonoperatively treated patients demonstrated improvements
as well, in the ODI and bodily pain and physical function
indices of the Short-Form 36 questionnaire. he Maine Lumbar
Spine Study reported the results of a prospective cohort trial
comparing medical and surgical treatment of 148 patients with
LSS, some followed for up to 10 years.9,10 Patients were treated
in community-based orthopedic and neurosurgery practices
in Maine. Medical treatment was not speciied by the study,
but most frequently included physical therapy (modalities and
exercises), manipulation, analgesics, and epidural injections.
Ater 4 years, 70% of the surgically treated patients and 52% of
the medically treated patients reported improvement in their
dominant symptom. Ater 8 to 10 years, a similar percentage of
surgical and medically treated patients available for evaluation
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reported improvement in their predominant symptom (54%
vs. 42%). Both groups reported comparable satisfaction with
their current status (55% and 49%). In a cohort of 68 patients
with LSS with moderate symptoms who were treated medically, Amundsen reported about 70% of persons had good
outcomes at 10 years.11 Medical treatment included a 1-month
stay in a rehabilitation unit with bracing. Outcomes in conservatively managed patients who ultimately required surgery
did not difer from patients who were selected for initial
surgical treatment (i.e., delay in surgery did not adversely
afect results). Finally, Delitto et al. reported the results of
a randomized study in 169 patients with stenosis who had
been consented for surgery and then randomized to surgical decompression or a 6-week structured physical therapy
program with 2-year follow up.12 Intention-to-treat analysis
demonstrated no diference in physical function; however,
57% of patients randomized to physical therapy crossed over
to surgery. Successful outcomes of treatment were found in
61% of surgical patients, 55% of crossover patients, and 52%
of physical therapy patients.
hese studies suggest that, although surgical results are
generally superior in the short term (1–4 years), a signiicant
proportion of patients do well with nonoperative care for as
long as 10 years without catastrophic neurologic deterioration.
In most trials, the decision for early surgery was based on
severity of symptoms rather than anatomic factors such as
spinal canal dimensions, which are not predictive of symptoms, much less need for urgent surgical intervention. he
study by Delitto et al.12 suggests that crossover patients who
tried physical therapy (mean, 7.8 visits) had comparable
success to patients who had earlier surgery. his would suggest
that delaying surgery for several weeks does not adversely
impact outcome. In patients with moderate or less severe
symptoms, on the basis of these data, a trial of conservative
management is certainly reasonable. None of these trials
included an untreated control group, however, making attribution of success to a speciic treatment impossible.

Nonoperative Management
Whether medical and interventional treatments improve the
outcome of patients with spinal stenosis compared with the
generally favorable natural history of the disease remains
uncertain. A recent Cochrane review of nonoperative treatment for LSS with neurogenic claudication including 21 trials
(1851 participants) concluded that “moderate and high-quality
evidence for nonoperative treatment is lacking and thus prohibits recommendations for guiding clinical practice.”13
Another systematic review of the literature found no direct
comparisons of active treatment to an untreated control
group.1 Medical treatment is therefore based primarily on
clinical experience and training guided by limited clinical
outcome data. In most patients, a combination of physical
therapy, medications, and spinal injections are considered
with the objectives of relieving pain and functionally improving walking and standing time.

Drug Therapy
hough widely used, the eicacy of analgesics and nonsteroidal antiinlammatory drugs (NSAIDs) has not been
investigated in patients with lumbar stenosis. In the absence
of studies demonstrating that NSAIDs are superior to simple
analgesics, the risk of NSAID toxicity becomes the determining factor in therapeutic decision making. For osteoarthritis,
on the basis of cost and toxicity associated with NSAIDs,
the American College of Rheumatology and the European
League Against Rheumatism have both recommended acetaminophen as initial therapy.14 However, a recent study comparing acetaminophen to placebo in acute back pain found
no diference in outcome.15 In addition, a systematic review
and metaanalysis of acetaminophen for spinal pain also concluded that the drug is inefective.16 Typically, patients with
LSS are older and more likely to have common comorbidities,
including hypertension, cardiovascular disease, and diabetes,
that increase the risk of NSAID-induced cardiovascular, renal,
and gastrointestinal toxicity.17–19 Extrapolating from these
guidelines, pure analgesics—including opioids—would be the
agents of irst choice in patients with LSS. he fact that inlammation is not believed to play a central role in the pathogenesis
of LSS lends further rationale for the choice of a pure analgesic
in this high-risk population. However, even therapy with
opioid analgesics oten fails to produce signiicant functional
improvement, as assessed by increased walking or standing
tolerance. he adverse efects of long-term opioid therapy,
including cognitive impairment and sedation, are of particular
concern in older stenosis patients at increased risk of falls.20
Gabapentin is an anticonvulsant and analgesic agent that
has been found in multiple trials to be efective in the treatment of various neuropathic pain syndromes, including diabetic neuropathy and postherpetic neuralgia.21 Two small
trials of gabapentin suggest possible eicacy in patients with
LSS. Yaksi et al. reported a randomized trial of 57 patients
comparing standard treatment (physical therapy, NSAIDs)
with standard treatment plus gabapentin. Gabapentin resulted
in signiicantly increased walking distance, as well as improved
pain scores and recovery of sensory deicits.22 A more recent
4-week prospective cohort study using an extended-release
form of gabapentin reported signiicant improvement in sleep
and pain.23 Careful attention to common adverse efects of
gabapentin, particularly sedation and dizziness, is crucial in
treating patients with LSS. Other drugs used to treat neuropathic pain syndromes—including pregabalin, tricyclic antidepressants, and duloxetine—have not been studied in LSS.
Because of potential cardiovascular toxicity, tricyclics should
be used with caution in this population.

Physical Therapy
hough nonoperative treatment of spinal stenosis typically
includes physical therapy, a recent systematic review of
physical therapy interventions for degenerative LSS found that
evidence was scarce and insuicient to identify which physical
therapy treatment is best.24 he authors found no evidence
that addition of physical therapy modalities (ultrasound,
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Epidural Corticosteroid Injection
Epidural steroid injection (ESI) for spinal stenosis is directed
at treatment of the presumed inlammatory reaction and
edema present at the stenotic segment. Fluoroscopic guidance is strongly recommended for caudal, interlaminar, or
transforaminal injection to ensure accurate needle placement. Renfrew et al.28 demonstrated that nonluoroscopically
assisted injections were actually in the epidural space in only
62% of procedures performed by experienced physicians.
Whether ESI results in signiicant long-term improvement
in patients with LSS is uncertain. A recent subgroup analysis
of the Spine Patient Outcomes Research Trial (SPORT) found
that ESIs were associated with less improvement at 4 years
among all patients, whether treated nonoperatively or surgically.29 Ng and colleagues30 found no diference in pain or
walking distance at 12-week follow-up between patients with
LSS who received a single transforaminal, luoroscopically
guided ESI. A randomized trial comparing epidural steroid
injections with epidural injections of lidocaine only in 400
patients with spinal stenosis found no diference in functional
outcomes at 6 weeks.31
However, several case series using a multiple injection
regimen in patients with LSS suggest that from one-third to
two-thirds of patients may experience long-term improvement
extending to almost 2 years. In a multiple-injection protocol,

ater an initial injection, an additional injection is performed
only when severe symptoms recur. Botwin and colleagues32
reported a prospective series of 34 patients with LSS treated
with a multiple-injection protocol of transforaminal lumbar
epidural steroid injections and followed for 12 months. Of the
patients, 75% had at least a 50% improvement in pain scores,
and 64% noted improvement in walking tolerance. he average
number of injections per patient was 1.9. Hoogmartens
and colleagues33 reported that 32% of patients with severe
pseudoclaudication deined by a walking distance of less
than 100 m treated with multiple caudal injections reported
good to excellent improvement in symptoms at an average
follow-up of 23 months. In a more recent retrospective study
of 140 patients with LSS treated with either luoroscopically
guided transforaminal or caudal ESI, Delport and colleagues
reported that 32% of patients experienced pain relief at their
2-month follow-up ater an average of 2.23 injections.34 Of the
patients, 53% reported improvement in their functional
abilities.
Before an epidural injection, anticoagulants and antiplatelet agents, including NSAIDs and clopidogrel, are usually
discontinued for approximately 1 week. In anticoagulated
patients with severe comorbid cardiovascular disease with LSS
who are not surgical candidates, this may be contraindicated,
eliminating this nonoperative option. A relatively common
adverse efect, transient headache, is seen in up to one-quarter
of patients treated with epidural steroids.35 More serious
complications—including epidural abscess, meningitis, and
spinal hematomas—are rare.36

Lumbar Spinal Stenosis: Evidence-Informed
Approach to Management
Evidence-informed treatment of symptomatic lumbar stenosis
rests on at least three principles derived from the recent clinical studies reviewed earlier:
1. Severity of symptoms rather than spinal canal dimensions
should dictate aggressiveness of treatment because the
correlation between spinal anatomy and symptoms is poor.
2. Surgical treatment ofers patients with severe pain and functional impairment more rapid short-term improvement.
3. Because up to 70% of patients with LSS have a favorable
untreated or medically treated long-term outcome and
catastrophic neurologic deterioration is rare, most patients
should be ofered a trial of medical treatment.
For most individuals, an informed choice of initial medical
or surgical treatment is inluenced by severity of pain, functional status, comorbid medical conditions, and personal
preference.
Choice of medical treatments is also inluenced by severity
of symptoms. A reasonable, evidence-informed approach in
most patients begins with the least invasive options—physical
therapy and gabapentin. Because of frailty or severe comorbid
medical conditions, however, some persons may be unable to
engage in even limited exercise programs. In such patients, a
trial of bracing may be appropriate. For some severely limited
nonsurgical patients, a rolling walker signiicantly improves

S E C T I O N

transcutaneous electrical nerve stimulation, heat packs) to
exercise had any impact on outcome. Exercise was superior to
no exercise but speciic exercise programs have not been well
studied. Traditional empirically based exercise programs in
patients with stenosis have focused on the goals of decreasing
lumbar lordosis and extension forces on the spine while
improving abdominal “core” strength. Commonly, lexionbased lumbar stabilization exercises are recommended. his
approach should include identiication and treatment of hip
lexion contractures, which may result in increased lumbar
lordosis. Many patients with LSS are deconditioned as a result
of symptom-limited walking and age-related comorbidities.
Options for low-impact, aerobic training include stationary
cycling, elliptical trainers, or aquatic exercise programs. Recent
trials comparing structured physical therapy approaches in
younger (mean age, 58 years) LSS patients demonstrated
comparable improvement in walking tolerance, pain, and ODI
scores with body weight–supported treadmill walking and
cycling as the cardiovascular/aerobic component of a therapy
program.25,26 Other potential beneits of active aerobic exercise
include improvement in depression, assistance with weight
control, and opportunities for increased socialization (group
exercise programs). Physical therapy programs must be tailored to individual circumstances to optimize compliance,
particularly in older, frailer patients.
A lightweight lumbar corset that maintains a slight degree
of lumbar lexion may ofer some patients modest beneit.
Prateepavanich and colleagues27 noted improved treadmill
walking distance and decreased pain in 21 patients with
neurogenic claudication who were provided a lumbosacral
corset.
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walking distance and balance. Patients with a signiicant
component of back pain in addition to pseudoclaudication
may beneit from an analgesic. A trial of an epidural injection
is reasonable in patients without contraindications whose leg
pain has not responded to simpler meabat di sures. If the
response to a single injection is signiicant and somewhat
durable, a multiple-injection approach over time may be efective in some patients.

4. Yaksi A, Ozgonenel B. The eicacy of gabapentin therapy in
patients with lumbar canal stenosis. Spine. 2007;32:939-942.
This is a rare study demonstrating eicacy of a pharmacologic
therapy in patients with LSS.
5. Botwin KP, Gruber RD, Bouchlas CG, et al. Fluoroscopically
guided lumbar transforaminal epidural steroid injections in
degenerative lumbar stenosis. An outcome study. Am J Phys Med
Rehabil. 2002;81:898-905.
This small prospective study demonstrated beneit in the majority of
patients treated with a multiple-injection protocol.

PEARLS
1. LSS is a clinical diagnosis. Most patients with radiographic
stenosis do not exhibit symptoms of pseudoclaudication.
2. Most patients (70%) with LSS do well with nonoperative care
without catastrophic neurologic decline.
3. Gabapentin may be superior to pure analgesics in treating the
neuropathic pain of LSS.
4. Episodic epidural steroid injections may provide longer-term
relief of pain with improved function in some patients with LSS.
PITFALLS
1. Imaging indings of LSS are found in up to 20% of persons
without the clinical syndrome.
2. NSAIDs have not been shown superior to pure analgesics in LSS
and pose a greater risk of adverse efects in this older
population.
3. Frail, elderly LSS patients with severe comorbid medical
conditions may be unable to engage in even limited trials of
exercise-oriented physical therapy.

KEY POINTS
1. LSS is a clinical diagnosis. Radiographic stenosis is common in
asymptomatic persons.
2. Though the diagnosis of LSS is based primarily on the history of
neurogenic claudication, the physical examination is crucial in
identifying alternative diagnoses that may mimic LSS, including
hip disease and peripheral arterial disease.
3. The long-term (10-year) outcome of patients with LSS treated
medically compares favorably with surgically treated patients.
4. For most patients with LSS, appropriate initial medical treatment
includes physical therapy and gabapentin or a pure analgesic.
5. For most patients, an informed choice of initial medical or
surgical treatment is inluenced by severity of pain, functional
status, comorbid medical conditions, and personal preference.
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Indications for Surgery
Spinal stenosis is the most common reason for lumbar spine
surgery in adults older than 65 years of age.1 Lumbar stenosis occurs secondary to spondylotic changes at the facet
joints and uncinate processes, spondylolisthesis, ligamentum
lavum buckling or hypertrophy, disc herniations or bulging,
and/or a congenitally narrow canal. Pathologic changes afect
the central vertebral canal, lateral recess, and neural foramina (Fig. 63.1). Spondylotic lateral recess stenosis typically
emanates from the superior articular process of the caudal
vertebra. his compresses the traversing nerve root, leading
to neurogenic claudication (e.g., overgrowth of the superior
articular process of L5 produces stenosis at the L4–L5 level,
which compresses the L5 nerve root; Fig. 63.2). Spinal stenosis
does not necessarily worsen over time, and a substantial proportion of patients remain unchanged or even improved with
nonoperative treatment.2
Proper patient selection is critical to achieving a good
outcome with spinal stenosis surgery. Ultimately, patient
desire combined with failure of conservative treatment
(physical therapy, activity modiication, medication, and
steroid injections) drive the decision for operative treatment.
he ideal patient has symptoms of neurogenic claudication,
which include pain, numbness, and paresthesias in the posterolateral legs and thighs associated with prolonged walking
or with activities that cause back extension (e.g., standing).
Neurogenic claudication may also manifest as cramping or
fatigue in the lower extremities. Activities such as sitting,
leaning forward on a walker or shopping cart, and riding a
bicycle typically alleviate the symptoms. It is important to rule
out vascular claudication as a source of lower extremity
symptoms.
Deen and colleagues3 performed a review of patients with
early failure ater lumbar laminectomy and found that the
most common presentation prior to the index procedure was
an absence of classic symptoms of neurogenic claudication
coupled with a lack of severe stenosis on imaging studies.
Other authors have reported that surgical outcomes are signiicantly better in patients who preoperatively exhibited
greater disability, predominant leg pain over low back pain,
neuroforaminal stenosis, or a neurologic deicit; not liting at

work and not smoking have also been associated with better
outcomes.4–6 Selective nerve root blocks are good prognostic
indicators of surgical outcome. Patients who obtain more than
50% relief of leg pain for at least 1 week ater an injection tend
to have greater relief of leg pain ater surgery.7 Additionally,
those with long-standing symptoms (>12 months) are less
likely to have a positive surgical outcome and are more likely
to undergo reoperation.7,8
Surgical decompression can be performed on an elective
basis unless the patient has a rapidly progressing neurologic
deicit or bowel/bladder dysfunction, both of which are rare
presentations of spinal stenosis. Before surgical intervention,
we routinely obtain standing anteroposterior, lateral, and
lexion-extension radiographs, as well as magnetic resonance
imaging (MRI) or computed tomography (CT) myelogram. It
is important to recognize that instability is a dynamic process
that is most evident on lexion-extension radiographs and may
not necessarily be apparent on static supine imaging. Although
numerous surgical techniques have been described to treat
lumbar stenosis, there currently is insuicient evidence to
determine which is most efective.9,10 Surgical options include
decompressive laminectomy with or without fusion, laminotomy, minimally invasive decompression, and placement of
an interspinous process device.

Laminectomy
Laminectomy has been the gold standard for the surgical
treatment of central, lateral recess, and foraminal stenosis in
the absence of instability.10 Ater induction of anesthesia, the
patient is positioned face down on an operating table. Surgeons
can choose from several diferent positions (e.g., prone and
kneeling) and support devices, each with its own set of advantages and disadvantages.11,12 he Andrews frame, for instance,
places the patient in a kneeling position, which has been
shown to decrease vena caval and central venous pressures,
leading to a reduction in blood loss when compared with a
Cloward surgical saddle.13,14 In addition, lexion of the hips
reduces normal lumbar lordosis and widens the interlaminar
space, making it easier to access the spinal canal. Use of a
Wilson frame also allows for reduction of lumbar lordosis
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FIG. 63.1 Lumbar stenosis is anatomically categorized into compression
within the central canal, lateral recess (subarticular), and neural foramina.

L5

L4

L5
nerve root
FIG. 63.2 Stenosis at the lateral recess leads to compression of the
traversing nerve root by the superior articular process of the caudal vertebra
(e.g., spondylosis at the L4–L5 level leads to compression of the L5 nerve
root as it traverses the lateral recess before exiting the foramen).

during decompression, although not to the same degree as the
Andrews frame. It is important to note that placing a patient
in a kneeling position can lead the surgeon to underestimate
the true degree of stenosis when compared to the lordotic
position obtained on a lat Jackson table. Also, when performing a fusion in addition to a decompression on a lordosisreducing frame, care must be taken to avoid the tendency to
fuse the lumbar spine in a hypolordotic position. he Wilson
frame can be used in the fully cranked position for the

laminectomy and then uncranked for the inal fusion to
prevent arthrodesis in a nonlordotic position. Given the ease
of use and more accurate portrayal of native lordosis, we
prefer to use a lat Jackson table with bolsters as long as the
patient can be supported with the abdomen hanging free. We
believe that lexion of the knees with the use of pillows under
the shins is also important because it has the potential to
reduce tension on the sciatic nerve.
We routinely use ×2.5 or ×3.5 loupe magniication and an
operating headlight. he relationship of the iliac crests to the
lower lumbar levels on preoperative radiographs should be
carefully examined to help guide placement of the incision.
Using a scalpel, a standard midline skin incision is made over
the desired levels. he incision should be long enough to allow
for exposure of the pedicles of the cephalad and caudal levels
to be decompressed. For example, an L3 to L5 pedicle-topedicle decompression requires enough exposure such that
the inferior aspect of the L3 pedicle and the superior aspect
of the L5 pedicle can be easily palpated at the end of the
decompression. Dissection is carried down to the thoracolumbar fascia using electrocautery. he fascia should be clearly
exposed approximately 1 cm of of midline with a Cobb elevator to ensure a distinct layer for fascial closure at the conclusion of the case. he spinous processes are easily palpated and
can be used to ine-tune the fascial incision for exposure of
the appropriate levels. Electrocautery is then used to dissect
just lateral to the spinous processes, taking care to preserve
the supraspinous and interspinous ligaments.
At this point, a Kocher clamp is placed on the cephalad
aspect of one of the spinous processes so that the clamp is in
line with the pedicle of interest. Alternatively, a Woodson
elevator can be placed in the interlaminar space to mark the
appropriate surgical level. An intraoperative radiograph that
includes the Kocher clamp or Woodson elevator and the
sacrum is then taken in order to conirm. his step is critical
because, despite the potentially disastrous repercussions of
wrong-level surgery, 50% of spine surgeons report performing
at least one such case over the course of their careers, and 71%
of the wrong-level cases occur in the lumbar spine.15
Once the correct levels are identiied, subperiosteal dissection of the paraspinal muscles is carried laterally with a
combination of a Cobb elevator and electrocautery, allowing
for exposure of the spinous processes and lamina. During
the dissection, the midlateral pars (MLP) must be clearly
identiied so that it can be used later as a landmark for bony
resection (Fig. 63.3). As the dissection is carried out laterally, care should be taken to preserve the facet joint capsules,
which lie supericial to the level of the lamina and MLP. It has
been demonstrated in cadaveric models that excision of the
capsule and cartilage of the facets results in increased motion
in both the sagittal and axial planes, potentially leading to
clinical instability.16 For an isolated laminectomy, dissection
should be carried out as far laterally as the lateral aspect of
the facet capsule. Hemostasis with bipolar electrocautery is
critical for visualization, particularly around the facet joint,
where bleeding may occur from medial and lateral parafacetal
arteries.17 If a posterolateral fusion is planned, the dissection
needs to extend laterally to the transverse processes, taking
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FIG. 63.3 Exposure for a laminectomy must include clear delineation of the
midlateral pars at each level, as this landmark provides a guideline for the
degree of inal bony resection. Dissection should be taken out to the lateral
aspect of the facet, taking care to preserve the facet capsule.

A

B
FIG. 63.5 (A) In general, the ligamentum lavum originates from halfway
up the lamina of the cephalad level and inserts onto the superior aspect of
the caudal lamina. (B) From the sagittal view, the laminae of the lower spine
have a much greater proportion of their anterior surface covered by the
deep layer of the ligamentum lavum. (From Olszewski AD, Yaszemski MJ,
White AA III. The anatomy of the human lumbar ligamentum lavum. New
observations and their surgical importance. Spine. 1996;21:2307–2312.)
FIG. 63.4 Decompression begins by delineating the extent of bony
resection with a rongeur. For an L3–L5 decompression, this includes the
inferior half of the L3 spinous process and the superior half of the L5
spinous process (shaded area). A Horsley bone cutter is used to remove the
intervening spinous processes down to the level of the spinous process/
lamina junction.

care to maintain the integrity of the intertransverse membrane
between each level.
he cephalad and caudal limits of the laminectomy are
delineated with a Leksell rongeur. he inferior half of the
spinous process at the cranial aspect of the decompression and
the superior half of the spinous process of the most caudal
aspect of the decompression are removed. Performing a laminectomy between these bounds is typically suicient to permit
palpation of the pedicles of the cephalad and caudal levels to
be decompressed. A Horsley bone cutter is used to remove the
intervening spinous processes (Fig. 63.4). hese are resected
down to the spinous process/laminar junction. he rongeur is
then used to thin the lamina. Any bleeding from cancellous
bone should be controlled with bone wax.
he decompression should begin centrally because the
central zone is typically the least stenotic. he laminae of the
lower spine have a much greater proportion of their anterior
surface covered by the deep layer of the ligamentum lavum
(Fig. 63.5).18,19 A curette is used to dissect the underlying ligamentum lavum from the inferior aspect of the lamina (Fig.
63.6). A Kerrison punch is then used to remove bone from the
inferior aspect of the lamina, using the ligamentum lavum as
a protective layer. he decompression is carried cephalad until

A

B
FIG. 63.6 A curette is used to dissect the underlying ligamentum lavum
from the inferior aspect of the lamina.
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FIG. 63.7 (A) In an L3 to L5 decompression, we recommend beginning at the inferior aspect of the L4 lamina
and, once the dura is identiied, moving on to removing the inferior aspect of the L3 lamina. (B) A cottonoid
is then placed between the dura and remaining L4 laminar bridge, which is removed with a Kerrison punch.
(C) The central trough is inalized by removing the superior aspect of the L5 lamina and any residual
ligamentum lavum.

the ligamentum lavum ends and epidural fat or dura is
encountered. In our experience, this typically occurs at the
level of the inferior aspect of the pedicle of the lamina being
removed. In an L3 to L5 decompression, we recommend
beginning at the inferior aspect of the L4 lamina and, once the
dura is identiied, moving on to removing the inferior aspect
of the L3 lamina (Fig. 63.7A). A cottonoid is then placed
between the dura and remaining L4 laminar bridge, which is
removed with a Kerrison punch (Fig. 63.7B). Fibrous connections between the dura and the ligamentum lavum20 or
laminae21 should be identiied and carefully released with the
use of a Woodson elevator or a Penield No. 3 dissector to
avoid inadvertent durotomy. he central trough is inalized
with complete removal of the superior aspect of the L5 lamina
and any remaining ligamentum lavum (Fig. 63.7C). Laterally,
resection of more than 25% of the lamina immediately cephalad to the inferior articular process at the level of the laminectomy (measured in a medial to lateral direction) is associated
with increased risk of postoperative facet fracture.22 Care must
also be taken to preserve approximately 1 cm of the pars
interarticularis during this process in order to prevent iatrogenic pars fracture. he location of the medial aspect of the
pedicle with respect to the MLP varies with each lumbar level.
Su and colleagues23 described the percentage of pedicle medial
and lateral to the MLP and found that less pars remains when
the decompression is carried out to the medial aspect of the
pedicle in the more cephalad levels (Fig. 63.8). Particular
caution should be taken at levels cephalad to L4 to not take
too much of the lamina, leaving a narrow pars susceptible to
fracture. As such, with a decompression from L2 to S1, the
laminectomy should appear to be trapezoidal with a narrower
laminectomy trough in the more cephalad levels and a wider
trough in the more caudal levels.
he next step involves decompression of the lateral recesses.
he most common technical error resulting in early failure
ater lumbar laminectomy is inadequate neural decompression3; thus, careful attention to the lateral recesses is critical.

L3: 23% medial to MLP

L3: 77% lateral to
MLP

L4: 29% medial to MLP

L4: 71% lateral to MLP

L5: 36% medial to MLP
(All types)

L5: 64% lateral to
MLP (All types)

FIG. 63.8 At more cephalad levels, there is less distance between the
medial pedicle to the midlateral pars (MLP). Particular caution should be
taken at levels cephalad to L4 to not take too much of the lamina, leaving a
narrow pars susceptible to fracture. As such, with a decompression from L2
to S1, the laminectomy should appear to be trapezoidal with a narrower
laminectomy trough in the more cephalad levels and a wider trough in the
more caudal levels. (From Su BW, Kim PD, Cha TD, et al. An anatomical study
of the mid-lateral pars relative to the pedicle footprint in the lower lumbar
spine. Spine [Phila Pa 1976]. 2009;34:1355–1362.)

A high-speed burr may be used cautiously to thin the lamina
and delineate the area of bony resection. he surgeon must be
particularly careful at the cephalad aspect of the lamina, where
the cortical bone is thin and not protected by the ligamentum
lavum. Lateral recess decompression is performed with a
Kerrison punch (Fig. 63.9). Depending on the surgeon’s experience, the medial aspect of the inferior facet can be removed
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such, we ensure that at least 50% of each facet joint is preserved
to minimize postoperative instability. In the cranial-caudal
dimension, the pedicles of the superior and inferior segments
should be palpable. Decompression of the lateral recess oten
leads to bleeding from the epidural venous plexus. Hemostasis
is obtained with the use of bipolar electrocautery and hemostatic agents, such as an absorbable gelatin sponge and crosslinked gelatin granules with topical human thrombin.
he last stage of the decompression involves foraminotomies at each level. Each nerve root should be traced as
it passes underneath the pedicle and into the foramen. Any
compressing bone or sot tissue is removed with a Kerrison
punch placed dorsal and parallel to the root as it exits the
foramen. In the presence of exit-zone stenosis, bony spurs
from the dorsal and lateral aspect of the superior facet should
be resected. As in lateral recess decompression, this should be
performed from the contralateral side to prevent iatrogenic
durotomy of the nerve root sleeve. A Woodson elevator or
Murphy probe is used to assess the decompression by passing
it into the foramen dorsal to the nerve root; a 4-mm ball tip
probe should pass without diiculty.25 he nerve root can also
be assessed for mobility by gently retracting the dural sac
and nerve root medially into the canal with a Penield No.
4 dissector. he nerve should demonstrate 1 cm of medial
displacement if adequately decompressed.25 At the end of the
decompression, any sharp spikes of bone should be smoothed
with a curette or a Kerrison punch to prevent them from
lacerating the dura. Finally, each level should be examined
for an extruded herniated disc fragment, which should then
be removed in a routine manner. We do not recommend a
discectomy for well-contained discs. Before closure, hemostasis is once again obtained, and the wound is irrigated. We
routinely place a 15-Fr fully luted Blake drain in the deep
wound. he fascia is closed with interrupted igure-of-eight
No. 1 absorbable sutures. he subcutaneous tissue is closed
with buried 2-0 absorbable sutures, and the skin is closed
with a nonlocked running 3-0 nylon suture or 3-0 absorbable
subcuticular suture.

FIG. 63.9 (A) Lateral recess decompression is performed with a Kerrison
punch and should preserve at least 50% of the facet joint (axial view).
(B) Final decompression after undercutting the lateral recess.

Outcomes of Laminectomy

using an osteotome, exposing the underlying superior facet.
Undercutting the superior facet using a Kerrison punch assists
in bone removal while preserving the facet joint and the pars
interarticularis. Because of the angle of approach, this maneuver should be performed from the opposite side of the operating table to ensure complete visualization of the dura during
the decompression. Decompression should progress laterally
until the medial wall of the pedicle is easily palpated with a
Woodson or angled dural elevator. Cadaveric studies have
shown that decompression with even partial medial facetectomy results in measurable increases in segmental range of
motion and decreases in stifness.24 In addition, postlaminectomy CT scans reveal that, on average, patients sufering from
postoperative facet fracture had signiicantly more of the
articular surface resected than those without fractures.22 As

he evidence to support surgical decompression for the treatment of patients with symptomatic lumbar stenosis has been
mounting, with evidence-based guidelines now inding suicient data to recommend operative intervention for moderate
to severe lumbar stenosis when nonoperative modalities have
failed.26 he largest and most well-known study addressing
this subject, the Spine Patient Outcomes Research Trial
(SPORT), was a multicenter randomized controlled trial with
a concurrent observational cohort that evaluated the surgical
treatment of conditions associated with low back and leg pain,
including lumbar stenosis.27 In 2008, the 2-year outcomes of
the SPORT study evaluating laminectomy versus conservative
treatment for lumbar stenosis were reported.28 All patients
who had a history of at least 12 weeks of symptomatic lumbar
stenosis without spondylolisthesis were considered surgical
candidates. A total of 289 patients were enrolled in the randomized cohort, and 365 patients were enrolled in the
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observational cohort. By 2-year follow-up, however, 43% of
those who were randomly assigned to receive nonsurgical care
underwent surgery (compared to 67% of the patients randomly
assigned to the operative group). Despite the high incidence
of crossover, intention-to-treat analysis revealed a signiicant
treatment efect favoring surgery on the Short-Form 36
General Health Survey (SF-36) scale for bodily pain. However,
there were no signiicant diferences in scores on the SF-36
scale for physical function or on the modiied Oswestry Disability Index (ODI). he as-treated analysis, which included
the randomized and observational cohorts, showed a signiicant advantage for surgery compared with nonoperative
treatment by 3 months for the ODI and both SF-36 components. hese changes remained signiicant for all subsequent
time points in the 2-year duration of the study. At 2-year
follow-up, on the basis of the as-treated analysis, 63% of
patients treated surgically rated themselves as having major
improvement with their condition versus 29% of the group
treated nonoperatively.28
he long-term outcomes of the SPORT study were published in 2015.29 At 8-year follow-up, no signiicant diferences
remained between randomized cohorts in intent-to-treat
analysis. By this point, however, 52% of those randomized to
nonoperative care had undergone surgery, which began to
approach the 70% of patients in the operative group who
actually underwent surgery. As-treated analysis of the randomized group showed that the beneit of surgery diminished
over time and was not signiicant ater 5 years. However, the
signiicantly better early outcomes (SF-36 bodily pain and
physical function, ODI) associated with surgery in the observational group were maintained out to 8 years. hese results
suggest that laminectomy for symptomatic degenerative spinal
stenosis provides signiicant improvements in function, pain,
and disability, but that these efects likely diminish to some
degree over the long term. From a inancial standpoint, comparative efectiveness analysis of the SPORT data shows that,
even over a 4-year horizon, laminectomy for spinal stenosis
produces good value compared to nonoperative care with a
cost per quality-adjusted life year (QALY) gained of $59,400
in 2004 dollars30 (approximately $74,400 in 2015 dollars).

Arthrodesis After Laminectomy
Some authors have recommended that arthrodesis be performed when stenosis is associated with spondylosis and
substantial low back pain or with instability.31,32 Grob and
colleagues33 randomized 45 patients with lumbar spinal stenosis (LSS) without instability to receive decompression with and
without arthrodesis. Instability was deined as greater than
5 mm of motion between segments in the sagittal plane or
greater than 5 mm of lateral ofset in the coronal plane. All
patients had signiicant clinical improvement compared with
preoperative values at an average of 28-month follow-up with
no signiicant diferences between fusion and nonfusion
groups. hese results suggest that, in the absence of instability,
decompression with care taken to not destabilize the spine
does not necessitate an arthrodesis. However, authors of a
more recent retrospective review of 50 elderly patients with

LSS without instability found that decompression with fusion
resulted in greater improvement in back pain than decompression alone.34 he most likely explanation is that spondylotic
changes in patients with degenerative stenosis but no instability contribute to a component of low back pain. We currently
do not fuse patients who have stenosis secondary to spondylosis unless they exhibit a signiicant component of low back
pain.
As mentioned earlier, instability is another important
factor to consider when creating a surgical plan. Herkowitz
and colleagues35 performed a prospective comparative study
of 50 patients with spinal stenosis and associated degenerative spondylolisthesis to determine whether noninstrumented
arthrodesis produced better outcomes than decompressive
laminectomy alone. At a mean of 3-year follow-up, patients
in the arthrodesis group had signiicantly greater back and
lower extremity pain relief. Furthermore, only 28% of patients
in the fusion group experienced slip progression ater surgery,
while the slip distance increased in 96% of those in the nonfusion group. Fischgrund and colleagues36 investigated the
efects of instrumentation in a randomized study of patients
with spondylolisthesis and stenosis. Although the addition
of instrumentation increased the fusion rate compared to
noninstrumented arthrodesis (82% vs. 45%) in the 67 patients
available for 2-year follow-up, clinical outcomes were similar
between the groups.36 However, longer-term follow-up
(average, 7 years, 8 months) of the cohort of patients who
underwent noninstrumented fusion from these two studies
revealed that clinical outcomes were signiicantly more likely to
be good or excellent in patients who achieved solid arthrodesis
than in those with a pseudarthosis (86% vs. 56%, P = .01).37
Evidence-based guidelines have not found suicient evidence
to recommend the addition of instrumentation to improve
clinical outcomes in patients with spinal stenosis and degenerative spondylolisthesis32 despite the indings that utilization
of instrumentation increases rates of fusion36 and successful
fusion leads to better clinical outcomes.37 However, it is our
current practice to perform arthrodesis with pedicular ixation
along with decompressive laminectomy if there is associated
instability at the involved motion segments (>5 mm), degenerative scoliosis (curve progression or >30 degrees), revision
decompression at the same level, or resection of greater than
50% of the facet joints.17
he cost per QALY gained with surgical treatment of spinal
stenosis with degenerative spondylolisthesis has been calculated for patients in the SPORT study at $64,300 in 2004
dollars over a 4-year postoperative time frame30 (or approximately $80,500 in 2015 dollars). his igure is about 8% higher
than that reported for isolated spinal stenosis.30 he fact that
patients without spondylolisthesis tended to undergo decompression alone while those with stenosis and spondylolisthesis
typically underwent fusion as well (which carries a higher
upfront surgical cost) likely contributed to this diference. he
value of surgical treatment of spinal stenosis with degenerative
spondylolisthesis may improve with longer-term follow-up,
assuming that the observed improvements in quality of measures are lasting and that the need for additional treatment
and revision surgery is minimal.
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In patients with primarily lateral recess stenosis, laminotomy
(or laminoforaminotomy) is an alternative to laminectomy.
Laminotomy involves performing a decompression through a
microdiscectomy-like approach to target the stenotic levels
either unilaterally or bilaterally. Only the caudal aspect of the
superior lamina and the cephalad portion of the inferior
lamina at the stenotic level are resected, leaving the spinous
process and interspinous and supraspinous ligaments intact.10
his is performed via a unilateral approach for unilateral
pathology, while bilateral stenosis can be addressed either via
bilateral approaches or through a unilateral approach for
bilateral decompression (Fig. 63.10).10 Advocates argue that
leaving the midline structures intact decreases the chance of
iatrogenic instability and back pain.38,39 Others believe that
little additional stability is gained by performing multiple
laminotomies compared to a facet-sparing laminectomy
because the majority of stability is provided by the intervertebral disc and the facet–joint capsule complex.38
Gurelik and colleagues40 performed a randomized trial
comparing unilateral laminotomy for bilateral decompression
to laminectomy for the treatment of lumbar stenosis in 52
patients split evenly between groups. Average follow-up was
9.1 months. While maximal walking distance and ODI scores
improved in both groups, the authors observed no statistically
signiicant diference between the groups in the magnitude of
these efects. hey did ind that laminectomy resulted in a

signiicantly larger increase in dural sac area than laminotomy.
Postoperative instability occurred in ive of the laminectomy
patients and none of the laminotomy patients; however, unilateral total facetectomy was performed in 27% of patients in
the laminectomy group and none of those in the laminotomy
cohort.
homé and colleagues41 compared bilateral laminotomy,
unilateral laminotomy for bilateral decompression, and conventional laminectomy for lumbar stenosis. Forty patients
were randomized to each group, and the mean follow up was
15.5 months. Bilateral laminotomy resulted in a signiicantly
lower complication rate than laminectomy (5.0% vs. 22.5%, P
< .05) but did not difer signiicantly from unilateral laminotomy (17.5%). Dural tear was the most common complication in all groups. While all three techniques produced highly
signiicant symptomatic and functional improvement (e.g.,
visual analog [VAS], SF-36, walking distance, patient satisfaction scores), bilateral laminotomy demonstrated the best
overall outcomes, with unilateral laminotomy and laminectomy providing similar results.
Celik and colleagues42 conducted a randomized trial comparing bilateral laminotomy to conventional laminectomy.
Each group had 40 patients, and average follow-up was 5
years. Postoperative CT and MRI demonstrated adequate
decompressions in both groups. he laminectomy groups suffered from signiicantly more perioperative complications and
postoperative instability, and there was a nonsigniicant trend
toward superior walking distance, pain control, and disability
scores in the laminotomy group.

FIG. 63.10 Top, Postoperative three-dimensional reconstructions of lumbar computed tomographic (CT) scans
following bilateral laminotomy (B), laminectomy (L), and unilateral laminotomy for bilateral decompression (U).
In each technique, diferent osseous windows are created to access the spinal canal (yellow). Bottom, Axial
postoperative CT scans and corresponding illustrations demonstrating the surgical corridors (gray). (From
Thomé C, Zevgaridis D, Leheta O, et al. Outcome after less-invasive decompression of lumbar spinal stenosis: a
randomized comparison of unilateral laminotomy, bilateral laminotomy, and laminectomy. J Neurosurg Spine.
2005;3[2]:129–141.)
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In similar study performed by Fu and colleagues,43 152
patients were evenly randomized between bilateral laminotomy
and conventional laminectomy. Functional outcomes were
evaluated at approximately 40 months postoperatively. A total
of 89% of the patients in the laminotomy group and 63% of
the patients in the laminectomy group had good to excellent
results, suggesting that a laminotomy can lead to good longterm results with few complications.
hese studies and several others were synthesized in a 2015
Cochrane review, which was able to draw a limited number of
conclusions based on the existing data.10 he authors concluded that bilateral laminotomy resulted in better perceived
recovery at inal follow-up than laminectomy. Unilateral laminotomy for bilateral decompression and bilateral laminectomy
led to lower rates of iatrogenic instability than conventional
laminectomy (although the rates were low in all groups). here
was a clinically small but statistically signiicant diference in
the severity of postoperative low back pain favoring bilateral
laminotomy over laminectomy. However, there was insuicient evidence to show a diference in complications, procedure
length, length of hospital stay, or postoperative walking distance between techniques. It is our recommendation that a less
invasive unilateral or bilateral laminoforaminotomy is a reasonable option in one- or two-level lateral recess stenosis
without signiicant central stenosis.

FIG. 63.11 Fenestration technique. A view of the lower lumbar spine
showing the position of the laminal fenestration in relation to the superior
articular facet. The dotted circle is the laminal fenestration. Solid shading is
the portion of the pedicle drilled away through the hole. Diagonal lines
represent the part of the pedicle undercut through the hole. Hatched lines
represent the amount of laminal undercutting through the hole. (From
Shenouda EF, Gill SS. Laminal fenestration for the treatment of lumbar nerve
root foraminal stenosis. Br J Neurosurg. 2002;16:494–496.)

Fenestration
he use of fenestration to treat stenosis has been described
in multiple reports but with notable variability in surgical
techniques, many of which closely resemble traditional
laminotomy.44–49 While the nomenclature is nonspeciic,
these procedures aim to preserve the midline structures and
minimize sot tissue and bony resection while addressing sites
of neurologic compression.
Shenouda and Gill46 described a unique fenestration technique that involves decompression through a 5-mm drill hole
in the pars interarticularis immediately below the superior
facet. he hole exposes the inferior aspect of the pedicle and
the nerve root in the foramen. Using a 2-mm diamond drill
bit through an operating microscope, the inferior aspect of the
superior pedicle is drilled away, and the dorsal aspect of the
nerve root is decompressed by undercutting the lamina and
hypertrophied facet (Fig. 63.11). he authors note that, unlike
other previously described techniques of fenestration, their
method addresses foraminal in addition to lateral recess stenosis. Although there were no clinical or radiographic outcomes reported, the authors suggest that their technique
preserves spinal stability and allows for early mobility, thereby
shortening hospital length of stay.46

Laminoplasty
Distraction laminoplasty and expansive lumbar laminoplasty
are two alternatives to standard laminectomy. Distraction
laminoplasty is a technique for decompression of central and

lateral recess stenosis with minimal bony resection. his
method, formally described by O'Leary and colleagues,50
involves mechanical distraction of the stenotic interspace to
facilitate spinal canal access. Similar to a standard laminectomy, the procedure begins with removal of the inferior half
of the cephalad vertebra’s spinous process and lamina as well
as the superior edge of the caudal vertebra. Distraction is then
applied across the spinous processes of the segments, opening
the interlaminar working space by mobilizing the cephalad
lamina proximally and the caudad lamina distally (Fig. 63.12).
he motion occurs through the facet joints and disc, and the
increase in interlaminar space (typically 1 cm) allows for
improved visualization. Ater removal of the ligamentum
lavum, the lateral recesses are decompressed by removing
10% to 20% of the facet joint in a tapered fashion. he undersurface of the cephalad lamina is then thinned from inside out
to 30% to 50% of its thickness. Caution is required in patients
with signiicant osteoporosis in whom vigorous distraction
may result in fracture of the spinous process or laminar edge.
Although the technique has been well described, there is a lack
of clinical outcomes data comparing distraction laminoplasty
with other decompression techniques. In the setting of an
open decompression, we have found that use of a laminar
spreader between the spinous processes tenses the dura,
making neural decompression easier and decreasing the
chance of dural violation.
Expansive lumbar laminoplasty is a technique developed
by Tsuji and colleagues51 that aims to provide osteoplastic
enlargement of the spinal canal while retaining spinal stability
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the average Japanese Orthopaedic Association (JOA) score
had improved signiicantly compared to preoperative baselines. Patients aged 56 years or older had signiicantly less
improvement than those aged 55 years or younger. Nine
patients had worsening of their JOA scores, seven of whom
developed lesions at adjacent levels. Five patients developed
new spondylolisthesis at an adjacent level. Interlaminar fusion
was observed in 43% of patients, and range of motion was
reduced to 58% of the preoperative range in those who avoided
interlaminar fusion. he authors concluded that these results
were “satisfactory” and suggested that the best indications for
the procedure were young and active patients with isolated
central spinal stenosis.
Sangwan and colleagues53 performed a review of 25 patients
who underwent expansive lumbar laminoplasty with followup ranging from 3 to 5 years. Patients experienced an average
enlargement in anteroposterior spinal canal diameter of 124%
(as measured on CT scan), and 22 had good or excellent
results. However, because of the inability of this operation to
fully address lateral recess stenosis, mediocre clinical outcomes, and the high interlaminar fusion rate, we do not currently employ this procedure for the treatment of lumbar
stenosis.

Microendoscopic Decompressive Laminotomy
FIG. 63.12 Distraction laminoplasty. Distraction is applied across the
spinous processes of the segments. This expands the interlaminar working
space by mobilizing the cephalad lamina proximally and the caudal lamina
distally. The lamina is then undercut to address the stenosis. (From O'Leary
PF, McCance SE. Distraction laminoplasty for decompression of lumbar
spinal stenosis. Clin Orthop Relat Res. 2001;384:26-34.)

Hinged
side

A

Many authors have advocated the concept of minimally
invasive decompression, which involves decompression of the
neural elements through a smaller skin incision with preservation of sot tissue and bony anatomy. Although procedures
such as laminotomy and fenestration are considered less

Open
side

B

C

FIG. 63.13 Expansive lumbar laminoplasty technique. (A) After the spinous process is removed, a high-speed
burr is used to make a groove in either side of the lamina. One groove extends completely through the lamina,
while the other is incomplete. (B) The lamina is hinged open through the site of the incomplete groove and
held open with autograft from the excised spinous processes. These are secured with a wire or suture. (C) This
increases the cross-sectional area of the spinal canal. Additional bone graft is packed dorsally over the
osteotomy sites. (From Kawaguchi Y, Kanamori M, Ishihara H, et al. Clinical and radiographic results of expansive
lumbar laminoplasty in patients with spinal stenosis. J Bone Joint Surg Am. 2005;87[Suppl 1, Pt 2]:292–299.)
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in the treatment of spinal stenosis. he technique is analogous
to cervical laminoplasty, and involves opening one side of the
lamina by using the contralateral side as a hinge (Fig. 63.13).
Bone grats from excised spinous processes are placed in the
opened laminae and ixed with braided wire or nylon suture.
he original developers of the technique reported the outcomes of 54 patients undergoing expansive lumbar laminoplasty with an average follow-up of 5.5 years.52 Average
intraoperative blood loss was higher and operative time longer
than that typical of standard laminectomy. At inal follow-up,
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FIG. 63.14 Bilateral decompression through a unilateral microscopic decompressive laminotomy approach.
(A) METRx sequential soft tissue dilators and 18-mm working channel with retractor. (B) Medial angulation of
the retractor tube ensures optimal visualization of the spinolaminar junction and facilitates a proper trajectory
for drilling of the anterior aspect of the lamina. Drilling continues until the contralateral lateral recess and
foramen are reached. (C) The tubular retractor is then angled laterally toward the ipsilateral lamina–medial facet
junction, and decompression is performed on this side as well. (From Asgarzadie F, Khoo LT. Minimally invasive
operative management for lumbar spinal stenosis: overview of early and long-term outcomes. Orthop Clin North
Am 2007;38:387–399.)

invasive than conventional laminectomy, the term “minimally
invasive” has been tied to microendoscopic decompression by surgeons, patients, and industry. Microendoscopic
decompressive laminotomy (MEDL) was irst investigated
in a 2002 cadaveric study that used postdecompression CT
scans to demonstrate that endoscopic techniques could be
used to achieve equivalent bony resection compared to open
decompression.54 Asgarzadie and Khoo55 described a surgical
technique for bilateral decompression through a unilateral
MEDL approach using the METRx system (Medtronic).
Under luoroscopic guidance, a Steinmann pin is inserted
from a starting point approximately 3 cm of midline on the
side of the approach to lie on the spinolaminar junction. A
2.5-cm longitudinal incision is made about the guide pin, over
which a series of dilators are passed until the inal 18-mm
tubular retractor can be inserted (Fig. 63.14). he contralateral
lamina is decompressed irst. In order to accomplish this, the
tubular retractor is angled medially and a high-speed burr
used to drill the anterior aspect of the lamina at the superior
aspect of the interlaminar space. Drilling continues until the
contralateral lateral recess and foramen are reached. Specialized endoscopic Kerrison rongeurs are used to complete the
laminotomy and partial medial facetectomy. he ipsilateral
side is then addressed by angling the tubular retractor laterally
toward the junction of the ipsilateral lamina and medial facet.
Drilling is again performed, followed by completion of the
decompression with endoscopic curettes.
Four-year outcomes of MEDL were presented for 48
patients with lumbar central and/or lateral recess stenosis
but no instability or deformity.55 Of the patients, 80% had an
increase in walking endurance, and 88% of patients reported an
improvement in symptoms. here were no cases of neurologic
injury or subsequent instability requiring fusion. he rate of
dural violations (4%) was notably less than that reported by

the same authors 5 years earlier (16%).55,56 hey attributed this
decrease to the fact that they had initially been decompressing
the ipsilateral side irst, which they believe increased the risk
of dural tears because unprotected dura was exposed while
subsequently drilling the contralateral side.55 For procedures
in which a cerebrospinal luid leak was encountered, direct
repair was diicult secondary to the small surgical working
ield. he authors used ibrin glue or fat and muscle grats to
tamponade small leaks rather than attempt direct repair. hey
suggest that large leaks could be repaired if special endoscopic
instruments are available55; however, enlarging the incision or
converting to a nonendoscopic technique may be necessary to
facilitate direct repair of the dura.
A randomized trial by Yagi and colleagues57 and another
by Mobbs and colleagues58 compared the results of MEDL to
conventional open laminectomy. Mean follow-up was approximately 1.5 years in the former study and 3 years in the latter.
MEDL was associated with signiicantly less operative blood
loss, shorter time to mobilization and length of hospital stay,
lower chance of requiring opioids for postoperative pain, less
muscle destruction (as measured by creatine phosphokinase
muscular-type isoenzyme levels drawn 24 hours ater surgery),
and less low back and leg pain at inal follow-up. However,
there were no signiicant diferences between groups with
respect to the magnitude of improvement in function (ODI
and JOA scores), quality of life (Short-Form 12 Mental and
Physical Component Summary scores), or patient satisfaction.
While these data suggest that MEDL produces comparable outcomes to open laminectomy, potentially with less
perioperative morbidity, there is a learning curve for all new
techniques, and it is essential to become closely familiar
with the endoscopic system and anatomy by performing the
procedure in cadaveric specimens before attempting it in a
clinical setting.

Chapter 63 Surgical Management of Lumbar Spinal Stenosis

Interspinous process (ISP) devices distract the spinous processes. his causes relative kyphosis of the instrumented
segment, which stretches the infolded ligamentum lavum to
achieve indirect canal decompression. Additionally, longitudinal distraction between two vertebrae increases the neuroforaminal dimensions, resulting in indirect decompression of
the exiting nerve roots. Richards and colleagues59 used MRI
to quantify the spinal canal and neural foramina dimensions
of cadaveric lumbar spines before and ater placement of an
ISP device. During extension, the implant increased the canal
area by 18% and the foraminal area by 25%.59 Clinically,
positional MRIs performed on patients before and 6 months
ater implantation of an ISP device demonstrated that, in
extension, the let and right foramina increased by 34.2% and
25.4%, respectively; the dural sac area increased by 20% in
standing and 16.3% in neutral.60
here are two categories of ISP spacers: static and
dynamic. Static devices are available in a variety of diferent
noncompressible materials that maintain a constant amount
of distraction between spinous processes.61 For instance, the
X-STOP device (Medtronic) is composed of an oblong central
core that is stabilized by two lateral wings (Fig. 63.15). It
is inserted as two components that are ixed to each other
to straddle the interspinous region (Fig. 63.16). he device
is composed of titanium so that it is compatible with postoperative MRI. Because static implants have a tendency to
it tighter when the lumbar spine is positioned in extension
than lexion, some static devices include features intended
to supplement ixation.61 he Wallis ISP device (Zimmer
Biomet), for example, has polyester bands that encircle the
spinous processes on either end of the device to more broadly
distribute the distraction forces during lexion. Alternatively,
dynamic ISP devices, which compress during extension and
expand during lexion, have been developed.61 hese include
the Colex device (Paradigm Spine), an axially compressible

FIG. 63.15 The X-STOP device is a titanium spacer composed of an oblong
central core stabilized by two lateral wings that straddle the interspinous
region. (From Bono CM, Vaccaro AR. Interspinous process devices in the
lumbar spine. J Spinal Disord Tech. 2007;20:255–261.)

U-shaped titanium component, and the DIAM (Device for
Intervertebral Assisted Motion; Medtronic), which is composed of silicone and polyester and acts as a rubbery spacer
between the spinous processes.
ISP spacers are not recommended for use in patients with
low bone mineral density. hese individuals may not have
suiciently strong bone stock to support these devices and
may sufer intraoperative or postoperative fractures.61–64
Talwar and colleagues65 performed a cadaveric biomechanical
study utilizing the X-STOP spacer and found that the lateral
force necessary to place the device averaged 66 N (range,
11–150 N), and the lateral force necessary to fracture the
spinous process averaged 317 N (range, 95–786 N). While
these means were statistically signiicantly diferent, there was
some overlap in the ranges such that the greatest insertion
force was suicient to break the weakest spinous process.
Furthermore, there was a signiicant positive correlation
between bone mineral density and failure force. Idler and
colleagues66 attempted to address this issue by developing a
technique for augmenting the spinous processes of osteoporotic patients with polymethylmethacrylate (PMMA) in order
to decrease the risk of ISP device-related fracture. Ater injecting osteoporotic cadaveric spinous processes with PMMA and
placing an ISP spacer, the mean failure load of the PMMAtreated specimens was signiicantly higher than that of the
nonaugmented group.66
Wu and colleagues67 performed a meta-analysis to determine the efectiveness of ISP spacers versus traditional
decompression for LSS. hey included two randomized controlled trials and three nonrandomized prospective studies
with a total of 204 ISP device and 217 traditional decompression patients in their analysis. he authors found that there
were no signiicant diferences in 12- to 24-month results
between the groups with respect to low back or leg pain, ODI
scores, Roland Disability Questionnaire scores, or complication rates. However, traditional decompressive surgery was
associated with a signiicantly lower reoperation rate than ISP
device implantation (relative risk, 3.34; 95% conidence interval, 1.77–6.31; P < .001). Because ISP devices can be inserted
through minimally invasive, percutaneous approaches or via
open surgery, the authors performed subgroup analyses to
independently compare each of these approaches to traditional
decompression. hey again found similar clinical outcomes
but signiicant reoperation rates with ISP spacers.
Hong and colleagues68 performed their own meta-analysis,
and identiied 21 publications with a total of 3155 ISP device
and 50,983 open decompression patients for analysis. Followup ranged from 6 to 54 months, but was 1 year or longer in
90% of the trials. Investigators determined that there was no
signiicant diference in ODI scores, improvement rates, or
VAS scores for back or leg pain between ISP device and open
decompressive surgery groups. ISP spacer use led to a signiicantly faster operative time, less perioperative blood loss,
lower postoperative complication rate (1.7% vs. 2.1%; P = .02),
and shorter hospital length of stay. However, the ISP spacer
group also had a signiicantly higher reoperation rate (16.2%
vs. 8.7%; P < .001). As a result, the authors concluded that ISP
spacers may be a viable alternative in the treatment of lumbar
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FIG. 63.16 X-STOP interspinous process device insertion. (A) The curved dilator is inserted into the anterior
margin of the interspinous space. (B) The sizing distractor is inserted to determine the implant size. (C) The
X-STOP is inserted into the interspinous space. (D) The adjustable wing is fastened to the implant. (From
Zucherman JF, Hsu KY, Hartjen CA, et al. A prospective randomized multi-center study for the treatment of
lumbar spinal stenosis with the X-STOP interspinous implant: 1-year results. Eur Spine J. 2004;13:22–31.)

stenosis but that open decompressive surgery remains the gold
standard.
Because of the lack of suicient long-term follow-up in a
large cohort of patients, we still perform a laminotomy or
laminectomy when there is stenosis in the absence of instability. Our primary indication for use of an ISP device is for
patients with mild to moderate intermittent neurologic claudication with grade 1 degenerative spondylolisthesis who
cannot tolerate a decompression and fusion procedure. We do
not recommend use of an interspinous device for greater than
a grade 1 spondylolisthesis. When considering utilizing the
procedure, it is essential that the patient’s symptoms of neurogenic claudication are alleviated within 5 minutes of sitting
because spinal unit distraction is the mechanism by which the
device functions.

Postoperative Care
All patients are encouraged to get out of bed with physical
therapy and ambulate as soon as possible. Even in the setting

of a short-segment fusion, patients are given a long-acting
local anesthetic and mobilized the day of surgery. In the event
of a dural tear, however, the patient is placed on bed rest for
1 to 2 days before standing and ambulating. We rarely prescribe a lumbar binder or orthotic for patients who have
undergone decompression alone. For patients who receive a
fusion procedure, we occasionally use a lumbosacral orthotic
for the irst 6 weeks. An orthotic with a leg extension is used
for those patients fused to the sacrum with questionable bone
quality. All patients are advised to avoid bending, liting, or
twisting for 6 to 12 weeks postoperatively. he irst postoperative visit is typically at 2 to 3 weeks, at which time the wound
is assessed, radiographs are taken, and outpatient physical
therapy is initiated. If a fusion procedure was not performed,
patients are then seen at 3 months and 1 year ater surgery.
Flexion-extension radiographs are taken at each follow-up
visit to ensure that the patient does not develop instability at
the decompressed level. If a fusion procedure was performed,
patients are seen more frequently: at 6 weeks, 3 months, 6
months, 1 year, and annually up to year 5 postoperatively. his
long-term follow-up is required to ensure that fusion is
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Complications
Complications of lumbar decompressive surgery include dural
tear, nerve root injury, infection, vascular complications,
epidural hematoma, nonunion or hardware failure following fusion, instability, bony regrowth, and adjacent-segment
degeneration.
Dural tears are a well-known complication of lumbar stenosis surgery, with rates in the literature ranging from 1.8%69
to 17.4%.70 Khan and colleagues71 performed a large retrospective series of 3183 consecutive degenerative lumbar spine
operations (decompression and/or fusion) and identiied a
dural tear rate of 7.6% during primary cases and 15.9% for
revision procedures. Incidental durotomies are most commonly created while the surgeon is using the Kerrison punch.72
It is our protocol to perform a closure of all dural tears at the
time of durotomy. Primary repair is performed with 6-0
Gortex suture followed by placement of a spinal sealant system
such as DuraSeal (Covidien) and/or Duragen (Integra LifeSciences). All repairs are tested with a Valsalva maneuver.
Closed-suction wound drainage does not appear to aggravate
the leak and can be used safely in the presence of a dural
repair.73 Patients are given cetriaxone for meningitis prophylaxis, placed on bed rest for 24 to 48 hours, and then slowly
permitted to ambulate. Primary watertight closure of the dura
has been shown to produce good results without long-term
deleterious efects or increased rates of postoperative infection, neural damage, or arachnoiditis.73 However, others have
reported inferior 10-year outcomes with signiicantly greater
chance of headaches and lower Tegner scores for general
activities of daily living in patients whose surgeries were
complicated by dural tear.74 Ater primary closure, a small
fraction of patients may require a secondary procedure for a
persistent spinal luid leak; this represented 1.8% of the
patients in the Khan et al. series described earlier.71 In this
scenario, a promptly performed direct repair or a fascia lata
grat typically leads to good results.71,75
he vascular complications of posterior lumbar surgery
include deep vein thrombosis (DVT), pulmonary embolism
(PE), postoperative hematoma, and catastrophic vascular
events. Although major vascular injury during lumbar decompression is rare, it is important to recognize this complication
in the operating room or in the early postoperative period
because the best prognosis for recovery occurs with immediate treatment within 24 to 48 hours.76 Unexplained hypotension is highly suggestive of a vascular catastrophe, and is an
indication for arteriography in the stable patient and laparotomy in the unstable patient. Patients with preexisting vascular disease are predisposed to such injuries.76

DVT is a more common vascular complication, with rates
of 5% ater lumbar laminectomy and 3.1% ater lumbar fusion
procedures reported in a systematic review by Glotzbecker
and colleagues.77 No instances of PE were reported in these
patients. he authors recommended the use of compression
stockings and pneumatic sequential compression devices as
a primary method of prophylaxis, as this was associated with
a lower overall rate of DVT. here was insuicient evidence
to support the use of pharmacologic prophylaxis or DVT
screening in patients undergoing routine elective spinal
surgery.77 However, others suggest that mechanical prophylaxis for thromboembolism may not be suiciently protective
for patients undergoing combined anterior/posterior spine
surgery.78 his ambiguity manifests as wide variability in spinal
surgeons’ estimation of DVT rates as well as in their choice and
timing of thromboembolic prophylaxis.79 We currently feel
that the relatively low risk of postoperative DVT and PE, when
weighed against the potentially disastrous efect of epidural
hematoma, does not justify the use of pharmacologic DVT
prophylaxis with lumbar decompression surgery. We routinely
use sequential compression stockings and early ambulation in
patients undergoing elective posterior spinal surgery.
Infection rates ater surgery for lumbar stenosis were investigated by Deyo and colleagues80 using the Veterans Afairs
National Surgical Quality Improvement Program database. In
the 12,154 decompression and/or fusion procedures identiied,
the 30-day rate of supericial wound infection, deep wound
infection, and wound disruption were 1.9%, 1.2%, and 0.3%,
respectively. Higher American Society of Anesthesiologists
class and fusion procedures (as opposed to decompression
alone) were associated with signiicantly elevated rates of
these wound complications. Infection rates in other large
series for lumbar spine surgery have ranged from 2%48 to
4.4%.81 Fang and colleagues81 observed that the majority of
infections occurred during the early postoperative period (<3
months). Age older than 60 years, smoking, diabetes, previous
surgical infection, increased body mass index, and alcohol
abuse were statistically signiicant preoperative risk factors.81
Instrumented fusion has also been reported as a risk factor
for infection.82
It is critical to diagnose infections early in the postoperative
period. Measuring C-reactive protein (CRP) levels has been
shown to be a useful adjunct to physical examination indings. Mok and colleagues83 examined perioperative trends in
CRP and erythrocyte sedimentation rate in 149 patients who
underwent spine surgery. Postoperative infection complicated
20 (13%) of these cases. In patients with an uncomplicated
postoperative course, CRP peaked 2.7 days ater surgery,
then showed an exponential decrease with a half-life of 2.6
days.83 A second rise or a failure to decrease as expected had
a sensitivity, speciicity, positive predictive value, and negative
predictive value of 82%, 48%, 41%, and 86%, respectively,
for infectious complications. Erythrocyte sedimentation rate
was a less predictable and responsive measure.83 Once diagnosed, postoperative wound infections should be aggressively
managed with operative irrigation and debridement and a
minimum of 6 weeks of culture-guided intravenous antibiotics.84 Loose bone grat should be removed, but intact hardware
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obtained and that there are no hardware-related complications. Radiographic evidence of a posterolateral fusion is typically evident at 6 months to 1 year with complete arthrodesis
expected at 2 years. Absence of bridging bone at 2 years and
symptoms suggestive of a pseudarthrosis should prompt a CT
to better assess the fusion mass.
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should be maintained unless the infection cannot be controlled otherwise.84 Repeat irrigation and debridement may
be indicated 48 to 72 hours postoperatively in the presence of
extensive muscular necrosis, an immunocompromised host,
or multiorganism infection.84 In instrumented cases, antibiotics will ideally postpone the need for hardware removal until
a fusion mass has formed.84 his approach has led to good
clinical results82 with similar functional outcome scores at a
mean follow-up of 62 months when compared with a cohort
of noninfected patients.85
Prophylactic antibiotics signiicantly reduce the risk of
postoperative spinal wound infections86; they should be
administered prior to incision, then postoperatively for up to
24 hours.84 However, prolonged antibiotic treatment has been
shown to prolong the duration of hospitalization, inhibit
normalization of body temperature, and elevate CRP levels.87
We routinely administer perioperative antibiotics immediately
before surgery and for 24 hours thereater.
Meningitis is a rare complication of spinal surgery, with a
documented incidence of 0.18% in a series of 2180 spinal
operations.88 Patients typically present with fever, headache,
photophobia, and neck stifness within 6 to 14 days ater
surgery.88 Good outcomes can be expected with prompt
diagnosis and treatment.88
Although spondylotic spinal stenosis is typically a condition of older patients with greater comorbidities, several
studies have demonstrated that decompression and/or fusion
in elderly patients is relatively safe with an acceptable rate of
morbidity when compared with younger patients.89–93 Benz
and colleagues89 found that preoperative medical comorbidities did not predict early postoperative complications in
patients older than 70 years who underwent spinal decompression. he total complication rate was 40%, and serious
complications potentially afecting quality of life occurred in
12% of patients. he early mortality rate was 1.4%.89 Ragab
and colleagues90 found an overall morbidity rate of 20% in a
group of patients aged 70 to 101 years with spinal stenosis who
underwent decompressive surgery. Because their results were
comparable to those reported in younger populations, they
concluded that advanced age does not increase the morbidity
associated with lumbar decompression.90 Reindl and colleagues91 compared complications of elective spinal decompression with those of total hip arthroplasty in patients aged
65 to 80 years and found that these surgeries resulted in a
similar number of life-threatening complications (approximately 20%).91 However, it should be noted that there were
twice as many minor complications in the spinal decompression group.91 An analysis of patients at least 80 years of age
with lumbar stenosis and degenerative spondylolisthesis from
the SPORT trial found that operative treatment produced
signiicant beneit over nonoperative treatment.93 Furthermore, this older population experienced no signiicant
increases in complication or mortality rates ater surgery
compared with younger patients. Finally, Glassman and colleagues92 studied the 2-year outcomes of single-level decompression and posterolateral arthrodesis with iliac crest bone
grat for single-level degenerative disc disease in patients older
and younger than 65 years. Older patients actually experienced

signiicantly greater relief of leg pain with similar improvements in ODI scores, back pain, and SF-36 scores at inal
follow-up. However, there were signiicantly more serious
postoperative adverse events in the older patient group (38%
vs. 17%; P = .003), including signiicantly more cardiac events,
respiratory events, and infections.92
Despite adequate decompression, substantial back and leg
symptoms develop in up to 10% to 15% of patients who have
undergone an adequate lumbar decompression.94 Early studies
suggested that osseous regrowth ater decompression may be
the cause of symptomatic recurrence and decreased patient
satisfaction.95,96 Chen and colleagues96 followed 48 patients
treated for lumbar stenosis for an average of 4.5 years ater
posterior decompression. Plain radiographs were used to
quantify the amount of bone regrowth at the original laminectomy site. Of the patients, 44% were observed to have more
than 40% regrowth of the lamina, and spinal instability was
found to accelerate this process. Patients with moderate and
marked osseous regrowth exhibited statistically signiicantly
poorer clinical outcomes than those with no signiicant and
mild regrowth. However, more recent studies have contradicted these indings. Guigui and colleagues97 evaluated 23
patients for an average of 8 years following laminectomy using
both plain radiographs and CT. hey found that radiographs
signiicantly overestimated bone regrowth compared with CT
scans. Using axial imaging, they determined that mean
regrowth at inal follow-up was only 7.7%, with no patients
exhibiting greater than 20% regrowth. Furthermore, no association between osseous regrowth and clinical outcome was
identiied. Similarly, Dohzono and colleagues98 found relatively
low degrees of bone regrowth on CT scan with no correlation
between regrowth and clinical outcomes ater microscopic
bilateral decompression via a unilateral approach in a group
of 85 patients. he authors postulated that the minimally
invasive technique allowed for greater preservation of the facet
joints, which led to less iatrogenic instability and therefore a
relatively small amount of osseous regrowth. In light of this
conlicting evidence, it seems reasonable to take precautions
to avoid destabilization of the spine, as bone regrowth may
result in neural compression and recurrent symptoms.
Adjacent-segment pathology is one of the main clinical
issues encountered ater lumbar fusion.99 In a systematic
review containing 27 studies, the incidence of radiographic
evidence of adjacent-level degeneration ranged from 8% to
100%, but only 0% to 27.5% of patients were symptomatic.100
he wide range of estimates may be due to varying deinitions, measurement methodologies, and follow-up periods in
each study. Nonetheless, the results suggest that degeneration
is commonly observed on radiographs but is only clinically
symptomatic in a subset of these patients. Ghiselli and colleagues101 reported on 215 patients who underwent posterior
lumbar arthrodesis with mean follow-up of 6.7 years. Over the
course of the study, 27% of the patients had evidence of degeneration at adjacent levels and elected to undergo additional
surgery. he rate of surgery to address adjacent segments was
predicted to be 16.5% at 5 years and 36.1% at 10 years following the index procedure. However, Radclif and colleagues,8
in a subgroup analysis of the SPORT study, demonstrated
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PEARLS AND PITFALLS
1. The surgical exposure should clearly identify the midlateral pars
and facet capsule to prevent overresection of bone, which can
lead to iatrogenic pars interarticularis fractures.
2. Laminectomy should begin centrally, starting from the caudal
portion of the lamina where the ligamentum lavum protects
the dura, followed by decompression of the lateral recesses.
3. Distraction laminoplasty using a laminar spreader between
spinous processes at the level of interest allows for improved
visualization of the spinal canal during decompression, with
minimal resection of the posterior osseous elements.
4. Decompression of the lateral recess and foramen should be
performed from the contralateral side to avoid iatrogenic
durotomy.

3.

KEY POINTS
1. Ideal surgical candidates have symptoms of neurogenic
claudication in a distribution that correlates with radiographic
indings of spinal stenosis.
2. Open decompressive laminectomy is the gold standard for
treatment of stable lumbar stenosis.
3. Fusion should be performed in conjunction with decompressive
laminectomy in the presence of instability at the involved
motion segment (>5 mm), degenerative scoliosis (curve
progression or >30 degrees), prior decompression at the same
level, or the need to resect greater than 50% of the facet joints.
4. The SPORT study, the largest level 1 prospective randomized
study to evaluate the surgical treatment of conditions
associated with low back and leg pain, demonstrated the
eicacy of operative treatment over nonoperative treatment for
spinal stenosis.
5. Candidates for interspinous process devices should have
neurogenic claudication completely relieved with sitting and no
greater than a grade 1 spondylolisthesis.

4.
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A 2015 Cochrane review compared posterior decompression
techniques for lumbar stenosis. The authors concluded that
bilateral laminotomy resulted in better perceived recovery at inal
follow-up than laminectomy. Unilateral laminotomy for bilateral
decompression and bilateral laminotomy led to lower rates of
iatrogenic instability than conventional laminectomy (although
the rates were low in all groups). There was a clinically small but
statistically signiicant diference in the severity of postoperative
low back pain favoring bilateral laminotomy over laminectomy.
However, there was insuicient evidence to show a diference
in complications, procedure length, length of hospital stay, or
postoperative walking distance between techniques.
Hong P, Liu Y, Li H. Comparison of the eicacy and safety
between interspinous process distraction device and open
decompression surgery in treating lumbar spinal stenosis: a
meta-analysis. J Invest Surg. 2015;28(1):40-49.
A meta-analysis comparing the outcomes of ISP spacers versus
open decompression for lumbar stenosis. The authors identiied
21 publications with a total of 3155 ISP device and 50,983 open
decompression patients for analysis. Follow up ranged from 6 to 54
months, but was 1 year or longer in 90% of the trials. Investigators
determined that there was no signiicant diference in ODI score,
improvement rate, or VAS scores for back or leg pain between ISP
device and open decompressive surgery groups. ISP spacer use
led to a signiicantly faster operative time, less perioperative blood
loss, lower postoperative complication rate (1.7% vs 2.1%, P = .02),
and shorter hospital length of stay. However, the ISP spacer group
also had a signiicantly higher reoperation rate (16.2% vs 8.7%, P
< .001). As a result, the authors concluded that ISP spacers may be
a viable alternative in the treatment of lumbar stenosis but that
open decompressive surgery remains the gold standard.
Wang JC, Bohlman HH, Riew KD. Dural tears secondary to
operations on the lumbar spine. Management and results after
a two-year-minimum follow-up of eighty-eight patients. J Bone
Joint Surg Am. 1998;80:1728-1732.
A total of 641 patients who underwent lumbar decompression
(14% of whom had a dural tear) were reviewed. The article
describes primary repair of the tear followed by bed rest.
Closed-suction wound drainage did not appear to aggravate
the leak and can be used safely in the presence of a dural repair.
Primary watertight closure of the dura produced good results

without long-term deleterious efects or increased rates of
postoperative infection, neural damage, or arachnoiditis.
11. Pearson A1, Lurie J, Tosteson T, et al. Who should have surgery
for spinal stenosis? Treatment efect predictors in SPORT. Spine.
2012;37(21):1791-1802.
An analysis of SPORT study data demonstrated that surgical
outcomes for spinal stenosis are signiicantly better in patients
who preoperatively exhibited greater disability, predominant leg
pain over low back pain, neuroforaminal stenosis, or a neurologic
deicit; not lifting at work and not smoking were associated with
better outcomes.
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C H A P T E R

Degenerative Spondylolisthesis
Andrew Z. Mo
Gordon R. Bell
Darren R. Lebl

Degenerative spondylolisthesis (DS) was irst described in
1930 by Junghanns, who coined the term pseudospondylolisthesis to describe the presence of forward slippage of a vertebral
body in the presence of an intact neural arch.1 he clinical and
pathologic features of this entity were further deined by
Macnab, who described the condition as “spondylolisthesis
with an intact neural arch.”2 he term degenerative spondylolisthesis was originally used by Newman and Stone3 and is the
terminology most commonly used to describe the anterior
slippage of one vertebral body on another in the presence of
an intact neural arch. More recently, an etiology-based classiication has been proposed that distinguishes between the
pathologic processes that may cause spondylolisthesis.4 Under
this classiication, two broad types of spondylolisthesis have
been deined: developmental and acquired. DS, as described
initially by Macnab and subsequently by Newman and Stone,
is a subtype of the acquired form subsequently described by
Marchetti and Bartolozzi.4,5 In that classiication, DS may be
either primary or secondary. Primary degenerative spondylolisthesis is typically seen in middle-aged women and usually
presents with clinical spinal stenosis. Secondary degenerative
spondylolisthesis occurs as a result of a predisposing factor,
such as adjacent-segment degeneration and slip above a preexisting fusion.

Epidemiology and Biomechanics
DS is a condition of older people and rarely afects those
younger than 40 years of age. It most commonly involves the
L4–L5 level, although other levels may be afected. It much
less commonly involves the L5–S1 level, in contrast to isthmic
spondylolisthesis, which most commonly occurs at L5–S1.
Factors that have been reported to predispose to anterolisthesis
at the lumbosacral junction include an L5 vertebral body that
is less deeply seated within the pelvis, a more slender L5
transverse process, and increased sacral inclination, all of
which are more common in women than men.6
DS is approximately four to ive times more common in
females than in males and is more common in black females
than in white females.7 he female preponderance is thought

to be due to greater ligamentous laxity and hormonal efects.8–10
A signiicantly increased expression of estrogen receptors has
been found in facet joints of postmenopausal women having
severe facet arthritis associated with DS compared with those
with spinal stenosis only. It was not clear whether the higher
expression of estrogen receptors aggravated the degenerative
facet changes or was a causative factor for DS.9
In an epidemiologic survey of 4151 patients, the Copenhagen Osteoarthritis Study found that the incidence of DS was
2.7% in males and 8.4% in females.11 he only factors associated with an increased risk of DS in women were elevated
body mass index, increased age, and increased angle of lordosis. In men, only increased age was associated with a higher
risk of DS. here was no association between DS and age at
menopause, smoking, or occupational liting exposure.
It is likely that the development of DS is multifactorial and
dependent on anatomic factors, such as intervertebral disc
pathology, ligament laxity, posterior facet joint arthrosis, the
amount of lumbar lordosis, hormonal factors, and prior
pregnancy. Genetic factors are also a likely contributor to the
development of spinal stenosis with DS in some patients. One
study demonstrated that a type IX collagen gene polymorphism that introduced a tryptophan residue into the protein’s
triple helix predisposed its carriers to development of spinal
stenosis with DS.12 Results from another study linked estrogen
receptor alpha gene polymorphisms to the prevalence of DS.13
A cadaveric model investigating the relative contributions
of disc integrity and the anterior and posterior longitudinal
ligaments in the development of low-grade anterolisthesis
found that integrity of the disc was more important than ligamentous factors, although disruption of both was necessary to
produce signiicant destabilization.14 he efect of facet joint
orientation has also been reported to be a potential factor in
the development of DS. Speciically, more sagittally oriented
L4–L5 facet joints have been implicated as a cause of DS.15–17
In one study, individuals in whom both L4–L5 facet joint
angles were sagittally oriented more than 45 degrees were 25
times more likely to have DS than those with less than 45
degrees of facet angulation.14 Whether the sagittal orientation
is developmental or acquired is unclear and is a matter of
debate. One study reported that sagittal orientation is a result
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of facet joint remodeling associated with arthrosis rather than
the cause of anterior subluxation.17 In another study, it was
found that destabilization of both the facet complex and disc
was required to achieve anterior listhesis consistent with DS.18
A retrospective, age- and sex-matched, case-control radiographic study of middle-aged women found that decreased
anterior disc height and increased lumbar index (lumbar
index = posterior vertebral body height/anterior vertebral
body height) were two independent predictors of DS.19

Natural History
he natural history of DS, like many other spinal conditions,
is not well characterized.20 A meta-analysis of the literature on
DS between 1970 and 1993 found that only 25 of the 152
studies reviewed, representing 889 patients, satisied their
inclusion criteria.21 Only three of these studies, encompassing
278 patients, described the natural history of DS.22,23 Overall,
90 of these 278 patients (32%) achieved satisfactory results
without treatment. A study by Matsunaga and colleagues24
represented the best of the three studies and was the only true
natural history study. In that study, 40 patients who received
no treatment were followed from 5 to 14 years (mean, 8.25
years). Only 4 of 40 patients (10%) showed clinical deterioration over the course of the study and all were in the group of
28 patients who exhibited no slip progression over the followup period. Progressive slip was noted in 12 patients (30%),
although none of the 12 patients exhibited clinical deterioration. he majority of the patients in this study showed slight
improvement in their clinical symptoms over time. In general,
no correlation was noted between slip progression and clinical
deterioration. No slip progression was noted in patients with
intervertebral disc narrowing, spur formation, subcartilaginous sclerosis, or ligamentous ossiication, suggesting that
these anatomic factors were protective against further slip and
represented a mechanism of spinal restabilization. he lack of
correlation between slip progression and progression of symptoms has also been reported by other authors.20,25,26 he generally favorable prognosis of DS was conirmed by a North
American Spine Society work group consensus statement that
summarized evidence-based clinical guidelines on the diagnosis and treatment of DS.20 Although it did not distinguish
between natural history and conservative care, that committee
reported that most patients without neurologic signs or symptoms did well without surgery.

Clinical Features
he clinical features of DS are the same as those of spinal
stenosis. DS, like spinal stenosis, may be either asymptomatic
or may produce low back and/or leg pain. Back pain with DS
is typically mechanical and may be aggravated by back extension or by arising from a bent posture. It is to be distinguished
from discogenic back pain, which is typically provoked by
lexion or sitting. Only a small percentage of patients with DS
may experience low back pain. A report that investigated a

TABLE 64.1

Characteristics of Vascular vs. Neurogenic Claudication

Evaluation

Vascular

Neurogenic

Walking distance

Fixed

Variable

Palliative factors

Standing

Sitting/bending

Provocative factors

Walking

Walking/standing

Walking uphill

Painful

Painless

Bicycle test

Positive (painful)

Negative (painless)

Pulses

Absent

Present

Skin

Loss of hair/shiny

Normal

Weakness

Rarely

Occasionally

Back pain

Occasionally

Commonly

Back motion

Normal

Limited

Pain character

Cramping/distal
to proximal

Numbness/aching/
proximal to distal

Atrophy

Uncommon

Occasionally

small cohort of patients from the Framingham Heart Study
concluded that there did not appear to be an association
between low back pain and DS as diagnosed by computed
tomography.27
Leg pain may be either radicular or referred in a characteristic pattern of neurogenic claudication. Neurogenic claudication, also known as pseudoclaudication, is a clinical condition
consisting of leg pain associated with walking.28 Neurogenic
claudication must be distinguished from vascular claudication, which has slightly diferent clinical features, a diferent
etiology, and completely diferent treatment (Table 64.1).
Neurogenic claudication is deined as lower extremity pain,
paresthesias, or weakness associated with walking or standing.29,30 Pain is the predominant symptom, being present in up
to 94% of patients with spinal stenosis, with numbness (63%)
and weakness (43%) being less common.29,30 Bilateral involvement is common. Patients with neurogenic claudication may
present with either unilateral radicular pain or with difuse,
nondermatomal symptoms beginning in the buttocks and
extending a variable distance into the legs. Radicular pain is
typically dermatomal in distribution and is oten unilateral. It
is the presenting type of symptom in 6% to 13% of symptomatic patients with stenosis.30 It is oten seen with lateral recess
stenosis, foraminal stenosis, or concomitant disc herniation.
he clinical efects of spinal canal narrowing are magniied by
the presence of a degenerative slip that further narrows the
spinal canal.
Typical neurogenic claudication is less dermatomal in
character than is radicular pain. It is frequently bilateral and
may have a radicular component to it. Symptoms are typically
produced by standing or walking and are relieved by sitting or
bending forward (see Table 64.1). Patients may preferentially
assume a stooped-over posture when walking or standing to
ameliorate symptoms (“shopping cart sign”). Other leg symptoms, such as weakness or numbness, may also occur in
association with standing or walking. Night pain is an uncommon feature of spinal stenosis, although it has been described
in patients with lateral stenosis (lateral recess stenosis or
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Radiographic Diagnosis
he diagnosis of DS is a radiographic diagnosis that is made
on the lateral lumbar radiograph (Fig. 64.1). Although the
slippage (anterolisthesis) may also be evident on a supine
lateral radiograph, it is important that the lateral radiograph
be performed in the standing position because there can be
a dynamic component to the slip, causing it to reduce in the
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foraminal stenosis). Unusual symptoms of spinal stenosis,
such as priapism associated with intermittent claudication
during walking, have also been reported.
he relationship of symptoms to posture can be explained
on the basis of variation in canal size with posture.31,32 Cadaveric studies have demonstrated that spinal canal cross-sectional
area, midsagittal diameter, subarticular sagittal diameter, and
foraminal size are signiicantly reduced in extension and are
increased with lexion.31 Similarly, neural compression is
greater in extension than in lexion. An association between
posture and epidural pressure measurements has also been
demonstrated. In vivo studies relating posture to epidural
pressure measurements have shown that epidural pressures at
the level of stenosis were higher in standing compared with
lying and sitting, and were increased with extension and
decreased with lexion.31
Neurogenic claudication should be distinguished from
vascular claudication because their causes and treatments are
diferent (see Table 64.1). Although both conditions may
present as leg pain associated with walking, only patients with
neurogenic claudication typically have leg pain with standing.
Leg pain associated with neurogenic claudication is highly
position dependent, whereas vascular claudication is unaffected by back lexion or extension. Leg pain with cycling in
a sitting position is common with vascular claudication but
not with neurogenic claudication.33 Patients with vascular
claudication will typically have more leg pain produced by
walking uphill than downhill, whereas patients with a neurogenic claudication will typically have less pain walking uphill
owing to the slightly lexed posture of the lumbar spine that
results in neuroforaminal widening and reduced neural compression. Patients with neurogenic claudication may actually
have increased leg pain when walking down an incline owing
to associated lumbar lordosis and consequent neuroforaminal
narrowing.
he radicular pattern of spinal stenosis with DS most commonly involves the L5 nerve root, which is usually compressed
within the lateral recess. his radicular pain is typically located
in the posterolateral thigh, extending into the lateral calf and
occasionally into the dorsum of the foot. he presence of a
degenerative slip also narrows the L4–L5 neural foramen and
can therefore result in L4 radicular pain from foraminal
compression of the L4 nerve root. Pain in an L4 distribution
is characteristically located in the anterior thigh to the knee
and along the anterior shin. It can occasionally be confused
with pain from a hip etiology; thus, careful attention must be
given to the possibility of hip pathology as a cause for anterior
thigh pain.
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FIG. 64.1 Standing lateral lumbar radiograph showing the anterior
slippage (arrow) of L4 on L5.

supine position and appear normal.34 One recent study investigated asymmetric facet hypertrophy at C3–C4 and C4–C5,
inding an association with lumbar degenerative spondylolisthesis on upright lateral ilms even in the absence of anterolisthesis on supine magnetic resonance imaging (MRI).35 It is not
unusual for a patient to present with a normally aligned supine
MRI study as the only radiographic study. Unless standing
lumbar radiographs are obtained, however, the presence of a
degenerative slip could be missed. In a recent study, 22% of
L4–L5 degenerative slips, as documented by standing lateral
lexion–extension radiographs, were not detectable on supine
MRI.36 Other dynamic radiographic views, such as sitting or
standing lexion–extension views and distraction–compression
radiography, may also be considered.
MRI may show an increased signal within a facet joint at
the level of the slip.36–38 Large facet efusions greater than
1.5 mm were found to be highly predictive of L4–L5 DS, even
in the absence of a measurable slip on the supine MRI.36
herefore, a patient who presents with only an MRI should be
suspected of having a DS if a large facet efusion is detected,
in which case standing lumbar radiographs should be obtained.
Alternatively, the slip can be documented by upright or axial
loaded MRI.37,39
Although the actual measurement of translation is generally straightforward, the distinction between what is normal
dynamic translation and abnormal segmental motion (instability) is not.40,41 here is no consensus as to what constitutes
clinically signiicant radiographic instability of the lumbar
spine, nor even what is considered to be the normal range of
translation between motion segments.40,41 As with routine
radiographs, there exists a spectrum of normal translation that
can exist in the absence of symptoms.40,41 One study showed
that more than 90% of asymptomatic volunteers exhibited
between 1 mm and 3 mm of translation on lexion-extension
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lateral lumbar radiographs and that a dynamic change of
greater than 4 mm was therefore considered abnormal.40
It is important not to base the decision for type of surgery
on the MRI or myelography/CT indings without obtaining
a preoperative standing lateral lumbar radiograph. Failure to
identify a listhesis preoperatively could result in performing
the incorrect procedure, namely, isolated decompression
rather than decompression and fusion. Furthermore, without
preoperative standing lateral radiographs, it cannot be determined if the presence of postoperative spondylolisthesis in
a patient with poor pain relief ater surgery was the result
of destabilization from the surgery or if it was a preexisting
condition.

Treatment
As mentioned previously, both the natural history of DS and,
until recently, its optimal treatment are incompletely understood. he well-publicized Spine Patient Outcomes Research
Trial (SPORT) was a prospective evaluation of the 2-year42 and
4-year20,43 outcomes of 607 patients with DS. Half of the
patients were enrolled in a randomized cohort and half in an
observational cohort. Preenrollment nonoperative care was
not speciied, and the type of surgery or nonoperative treatment during the study period was let to the discretion of the
treating physicians. his study was hampered by a signiicant
crossover and nonadherence to treatment between the two
groups, leading to both an as-treated and an intent-to-treat
analysis of the data. When both the randomized and observational cohorts were combined, the as-treated analysis revealed
that the surgically treated patients had signiicantly better
outcomes for both pain and function at 2-year and 4-year
follow-ups. his study did not allow comparison of types of
treatments; thus, it did not answer the question of which
surgical treatments provided better outcomes.
hat same SPORT trial examined radiographic predictors
of outcome in both surgically and nonoperatively treated
patients.44 Radiographic features examined included degree of
slip (grade I vs. grade II), disc height (<5 mm vs. >5 mm), and
mobility (stable vs. hypermobile). As noted previously, surgically treated patients had better outcomes than nonsurgically
treated patients across all three radiographic parameters
examined. For nonoperative patients, those with a grade I slip
did better than those with a grade II slip, and those with a
hypermobile slip did better than those with a stable slip.
In a long-term follow-up of patients with DS, progressive
slip was noted in 34% of the 145 nonsurgically managed
patients who were observed for a minimum of 10 years.45 his
study was not a true natural history study because it included
patients who had various nonsurgical interventions. Seventyive percent of the patients were neurologically normal at the
beginning of the study and the majority (76%) remained so at
inal follow-up. Of the 34% who had neurologic symptoms,
83% experienced neurologic deterioration and had a poor
outcome. here was no correlation between slip progression
and clinical symptoms. his study suggested that conservative
(nonsurgical) treatment in neurologically normal patients can

result in a satisfactory clinical outcome at an average of 10
years’ follow-up in the majority of patients.

Decompression Without Fusion
A review of Medicare patients undergoing surgery for stenosis,
with or without spondylolisthesis, from 2002 to 2007 found
that only 21% of patients undergoing surgery for stenosis with
spondylolisthesis in 2007 had simple decompression surgery
compared with 79% having some form of decompression with
fusion.46 Although the trend in type of surgical procedure
performed over this 6-year period was not examined for
patients with stenosis associated with DS, the study noted that
for patients with stenosis the trend was one of increasing
complexity of surgical procedure. he rate of complex fusion,
deined as fusion involving more than two levels or a
360-degree fusion, increased 15-fold from 2002 to 2007. It is
likely that a similar increase in the rate of complex surgery
occurred for patients with stenosis associated with DS.
One reason for considering decompression without fusion
in select patient populations is that it is less invasive than
fusion and reduces the morbidity and mortality associated
with spinal fusion in elderly patients.46–50 In the retrospective
review of Medicare claims for patients undergoing surgery for
spinal stenosis between 2002 and 2007, patients having a
complex fusion had greater morbidity, more life-threatening
complications, greater likelihood of rehospitalization within
30 days of surgery, and higher costs compared with patients
having decompression alone or decompression with simple
fusion (deined as one- or two-level fusion through a single
surgical approach).46 In a recent retrospective review of Medicare claims from 2005 to 2009, 1-year readmission rates ater
spinal stenosis decompression surgery with and without
fusion were found to be 9.7% and 7.2%, respectively.51
A meta-analysis of the literature on DS between 1970
and 1993 found only 11 papers, encompassing 216 patients,
reporting outcome measures ater decompression without
fusion that met their inclusion criteria (Table 64.2).21 One
of these studies was retrospective and nonrandomized22; two
were prospective and randomized52,53; and the remaining
eight were retrospective, nonrandomized, and uncontrolled.
Overall, 69% of patients in this meta-analysis reported a satisfactory outcome with decompression alone, with 31% having
an unsatisfactory result.
One report that supported decompression without fusion
for DS reviewed an elderly (average age, 67 years) population

TABLE 64.2 Results of Decompression Without Fusion for
Degenerative Spondylolisthesis: Meta-Analysis of Literature, 1970–1993
(11 Articles)
Total No.
of Patients
216

Satisfactory
140 (69%)

a

Unsatisfactory
a

75 (31%)

Progressive Slip
67 (31%)b

From Mardjetko SM, Connolly PJ, Shott S. Degenerative lumbar spondylolisthesis: a
meta-analysis of literature, 1970–1993. Spine. 1994;19(20 Suppl):2556S–2565S.
a
Weighted pooled proportion.
b
Reported in only 9 of 11 articles.
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Noninstrumented Posterolateral Fusion
Although the beneicial role of fusion in the surgical treatment of spinal stenosis associated with DS is less controversial
than the role of fusion in the treatment of other degenerative
back conditions, incontrovertible evidence supporting fusion
is sparse. An attempted meta-analysis of literature reported
between 1970 and 1993 found only six studies meeting the
inclusion criteria that reported results of decompression with
noninstrumented fusion for DS.21 In that review, 90% of
patients having decompression with noninstrumented fusion
reported a satisfactory clinical outcome and 86% achieved a
solid arthrodesis, although the fusion rate varied from 90% to
100% (Table 64.3).59 Patients undergoing decompression with
noninstrumented fusion achieved a statistically signiicantly
better clinical outcome than those treated with decompression
alone (90% vs. 69%, respectively).
Many studies on the surgical treatment of DS report unfavorable outcomes ater decompression without fusion. One
early small study by two groups of surgeons from two diferent
institutions included two populations of patients with spinal
stenosis and DS: one group underwent decompression alone
and the other had decompression and fusion.22 In the patients
undergoing decompression alone, 5 of 11 (45%) were rated as
having a good (satisfactory) outcome and 6 of 11 (55%) as
having a fair/poor (unsatisfactory) outcome. In contrast, 5 of
8 patients (63%) undergoing decompression with in situ
posterolateral fusion achieved a satisfactory outcome. his
study suggested that patients did better when their decompression was accompanied by noninstrumented fusion.
Several studies have supported the position that patients
undergoing fusion with decompression for DS do clinically
better than those undergoing decompression alone.22,53,60 It is
diicult to gain a clear understanding of this issue from a
review of existing literature, however, because well-done
studies reporting surgical outcome ater surgery for DS are
uncommon.
Although most studies report no correlation between
clinical outcome and the amount of slip progression, one study
suggested that poor outcome was associated with slip progression.52 hat study was a prospective randomized study that
included a subgroup of 11 patients undergoing decompression and noninstrumented fusion for DS. Of the 10 patients
available for follow-up, only 3 (30%) reported improved functional outcome and 7 had an increase in their preoperative

TABLE 64.3 Results of Decompression With Noninstrumented Fusion:
Meta-Analysis of Literature, 1970–1993 (Six Articles)

Total No. of Patients

Satisfactory
Clinical
Outcome

Unsatisfactory
Clinical
Outcome

Fusion

74 (clinical outcome)

90%a,b

10%a,b

86%a

84 (fusion outcome)
From Mardjetko SM, Connolly PJ, Shott S. Degenerative lumbar spondylolisthesis:
A meta-analysis of literature, 1970–1993. Spine. 1994;19(20 Suppl):2556S–2565S.
a
Weighted pooled proportion.
b
Data from 5 of 6 articles reported.
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of 290 patients, 250 of whom had a one-level slip and 40
of whom had a two-level slip.54 he data from that study
were self-reported by the surgeons and were retrospective.
he decompressive procedures included laminectomy in 249
patients and fenestration procedures in 41 patients. Fenestration procedures typically involved bilateral laminotomy with
partial medial facetectomy and foraminotomy. Only patients
with a “stable” slip having less than 4-mm translation and less
than 10 to 12 degrees of angulation on dynamic lateral radiographs were included. At an average follow-up of 10 years
(range, 1 to 27 years), 69% of patients reported an excellent
outcome, 13% good outcome, 12% fair outcome, and 6% poor
outcome. hese authors concluded that 82% excellent/good
outcomes was acceptable in this elderly population, in whom
fusion is associated with higher morbidity and mortality.
Similar results were reported in a retrospective review of
49 elderly patients (mean age, 68.7 years) with symptomatic
degenerative lumbar spondylolisthesis, without evidence of
hypermobility on lexion–extension radiographs and who
underwent decompression without fusion.55 At a mean followup of 3.73 years, 73.5% of the patients reported excellent or
good results, although 10% underwent revision surgery with
an instrumented fusion. he study concluded that limited
decompression alone can be helpful in a select group of elderly
patients without hypermobility.
Bilateral decompression through a unilateral approach has
also been described in patients with spinal stenosis, both with
and without DS. A retrospective study using that technique
compared patients with and without spondylolisthesis and
showed similar functional outcomes between the two groups
at 2 years.56 Although there was a statistically signiicant
increase in the percentage slip postoperatively in the patients
with spondylolisthesis, it did not appear to produce an adverse
functional outcome. Nevertheless, the presence of an increased
slip at 2 years is a cause for concern and caution.
One prospective study assigned a group of 67 patients
with spinal stenosis to either laminectomy or multilevel
laminotomy and included a small subgroup of patients with
DS.57 Nine of the patients assigned to the laminotomy group
crossed over to the laminectomy group, which caused some
diiculty in interpreting the results. However, no patient who
underwent multilevel laminotomy developed instability as
a result of the surgery, compared with three patients who
developed instability following laminectomy. hese authors
recommended multilevel laminotomies for patients with
developmental stenosis, mild to moderate degenerative stenosis, or DS. Bilateral laminectomy was recommended for
patients with severe degenerative stenosis or marked DS.
Another study prospectively evaluated 54 consecutive
patients who underwent decompression without fusion for
spinal stenosis.58 In the small subgroup of 15 patients who had
concomitant DS, 87% (13 of 15 patients) showed no change
in the amount of preoperative slip. Overall, 88% of the 54
patients reported a good/excellent clinical outcome; the results
were comparable between patients with and without DS. he
study concluded that degenerative spinal stenosis, including
patients with DS, can be decompressed efectively without the
need for fusion.
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TABLE 64.4 Prospective, Randomized Comparison of Decompression
vs. Decompression and Noninstrumented Spinal Fusion for Degenerative
Spondylolisthesis
Outcome

Arthrodesis
(n = 25)

Excellent

11 (44%)

Good

No Arthrodesis
(n = 25)
2 (8%)

13 (52%)

9 (36%)

Fair

1 (4%)

12 (48%)

Poor

0 (0%)

2 (8%)

Mean increase in slip (preoperative
to postoperative)

0.5 mm

TABLE 64.5 Relationship Between Outcome and Fusion in Patients
With Degenerative Spondylolisthesis
No. of
Patients
Fusion
No fusion

Excellent

Good

Fair

Poor

10

3

5

2

0

6

0

2

1

3

From Postacchini F, Cinotti G. Bone regrowth after surgical decompression for lumbar
spinal stenosis. J Bone Joint Surg Br. 1992;74:862–869.

2.6 mm (P = .002)

From Herkowitz HN, Kurz LT. Degenerative lumbar spondylolisthesis with spinal
stenosis: a prospective study comparing decompression with decompression and
intertransverse process arthrodesis. J Bone Joint Surg Am. 1991;73:802–808.

spondylolisthesis, suggesting that slip progression was associated with poor clinical outcome.
A landmark prospective randomized study comparing
decompression alone with decompression and noninstrumented posterolateral spinal fusion in the treatment of L3–L4
and L4–L5 DS with spinal stenosis reported superior results
when concomitant fusion was performed with the decompression.53 A satisfactory outcome was more than twice as common
in the fused group compared with the unfused group (96% vs.
44%, respectively). Furthermore, the percentage of excellent
results was signiicantly and dramatically greater in the fused
group (44% excellent) than in the unfused group (8% excellent; P < .0001) (Table 64.4). his study concluded that the
results of surgical decompression with in situ arthrodesis were
superior to those of decompression alone in the treatment of
spinal stenosis associated with L3–L4 or L4–L5 DS. Outcome
was inluenced by neither the age nor sex of the patient nor
the preoperative height of the disc space. hese authors concluded that the decision for concomitant arthrodesis should
be based purely on the presence or absence of a preoperative
slip rather than on other preoperative factors, such as the age
or sex of the patient, disc height, or intraoperative factors (e.g.,
amount of bone resected during the decompression). his
study showed that the results of decompression with an
attempted arthrodesis produced superior results to decompression alone, even if the fusion was unsuccessful (pseudarthrosis). Although, postoperatively, there was a signiicant (P
=.002) increase in the slip in patients not receiving an
arthrodesis compared with those undergoing fusion, 36% of
the arthrodesis group were also noted to have a pseudarthrosis,
although all had an excellent or good result.
A long-term review of 96 patients undergoing decompressive surgery for spinal stenosis followed for at least 5 years
included a subset of patients with associated DS.61 Although
this subgroup was not fully analyzed separately and the study
itself was retrospective, nonrandomized, and uncontrolled,
some important trends were noted. Twenty-six patients (27%)
of the entire group were considered failures: 16 because of
recurrent neural symptoms and 10 because of low back pain.
he incidence of DS was signiicantly greater in the surgical
failure group (12 of 26 patients [46%]) than in the surgical

successes (16 of 64 [25%]). hese authors concluded that,
because of the higher incidence of recurrent symptoms in
patients with preexisting DS, all patients with an associated
slip should be fused.
One well-recognized cause of long-term failure of decompression for spinal stenosis is subsequent bone regrowth
causing recurrent neural compression. One study reported the
relationship between bone regrowth, occurring an average of
8.6 years ater surgical decompression for spinal stenosis, and
long-term outcome.59 Of the 40 patients in the study, 16 had
preoperative DS, 10 of whom had concomitant arthrodesis.
Although all 16 patients with preexisting DS showed some
bone regrowth, the degree of regrowth was less severe in the
10 patients undergoing arthrodesis than in the 6 patients who
were not fused (Table 64.5). Furthermore, the proportion of
satisfactory results was signiicantly higher in patients who
had spinal fusion. Although this study was retrospective and
not randomized, it suggested that arthrodesis stabilized the
spine, resulting in less bone regrowth causing recurrent stenosis, and produced superior long-term results.
One problem associated with noninstrumented in situ
fusion is the diiculty, if not inability, to restore normal lumbar
lordosis. his is particularly true with a multilevel noninstrumented fusion, which can produce a latback deformity,
although it can occur even with a single-level noninstrumented
fusion. It has been demonstrated that an L4–L5 in situ fusion
that produces kyphosis or hypolordosis results in increased
motion at the adjacent L3–L4 level.62 Such hypermobility may
be one factor in adjacent-level degeneration ater fusion.
An important issue with the use of spinal instrumentation in the elderly patient is its potential biomechanical efect
on adjacent unfused levels. here is concern and evidence
that the rigidity produced by a solid fusion, particularly
with instrumentation, may cause signiicant stresses at
adjacent levels above or below the fusion, with the potential
for adjacent-level failure (Fig. 64.2). Such failure may be
manifested by symptomatic or asymptomatic degeneration
or by adjacent-level vertebral compression fracture or stress
fracture because of the osteoporotic nature of the bone. he
use of instrumentation may also produce direct injury to the
superior facet by either capsular disruption or articular facet
damage. hese are arguments against pedicle screw ixation
in the elderly patient with osteoporosis. herefore, the use
of less rigid instrumentation or no instrumentation may be
preferable to rigid instrumentation because of theoretically
reduced stresses on adjacent levels by the presence of a less
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FIG. 64.2 (A) Standing lateral lumbar radiograph showing 7-year follow-up of L4–L5 instrumented fusion
for L4–L5 degenerative spondylolisthesis. Note the adjacent-level degeneration at L3–L4, characterized
by disc space collapse and L3–L4 slip (posterior aspect of L3 and L4 vertebral bodies marked by line).
(B) Anteroposterior lumbar myelogram of the same patient as shown in (A), showing complete block of dye
(arrow) at the level of the L3–L4 slip.

rigid fusion or even a stable pseudarthrosis, or by less risk to
the superior facet joint by a pedicle screw.
A common clinical and radiographic scenario in older
patients is the presence of symptomatic multiple-level spinal
stenosis and a single-level (usually L4–L5) DS. Some of the
possible permutations of treatment options include multilevel
decompression of all stenotic levels without fusion, multilevel
decompression with instrumented fusion of all decompressed
levels, multilevel decompression with instrumented fusion at
the listhetic level only, multilevel decompression with noninstrumented L4–L5 fusion only, and multilevel decompression
and noninstrumented fusion of all decompressed levels. A
multilevel decompression without any fusion is certainly a
reasonable option in some elderly patients, particularly those
with multiple comorbidities, even though the literature generally supports concomitant fusion. A multilevel instrumented
fusion is a signiicant operative procedure in many older
patients and may not be warranted because of the magnitude
of the surgery. A one-level instrumented fusion with a multilevel decompression runs the risk of creating a stif instrumented segment, which can result in transmission of signiicant
forces to the adjacent decompressed segments, thereby rendering them potentially unstable and increasing the risk of
developing a slip at another level. Multilevel noninstrumented
fusion carries a high probability of pseudarthrosis at one or
more levels and runs the risk of producing iatrogenic latback
deformity. hus, it is reasonable to decompress all symptomatic stenotic levels and to perform a noninstrumented fusion
at only the spondylolisthetic level. Even if this results in a
stable pseudarthrosis rather than a solid arthrodesis, this may
be suicient to minimize the risk of slip progression and is less
likely to transmit signiicant forces to adjacent decompressed
levels, therefore creating less risk of adjacent-level failure.

Posterior Instrumented Fusion
he long-term clinical outcome of surgical decompression
with instrumented spinal fusion for DS, particularly when
compared with the outcome of decompression with noninstrumented fusion, is not completely known. A comprehensive search of the English literature on lumbar or lumbosacral
fusion from 1979 to 200063 identiied only two prospective and
randomized studies that were limited to DS.53,64 Although that
study identiied a nonsigniicant trend toward greater use of
instrumentation technology for lumbar fusion, generally, the
clinical beneit of that pattern was unclear.
A Cochrane review of lumbar surgery found that there was
limited evidence that fusion produced a better outcome or
resulted in less slip progression than decompression alone.
Although there was strong evidence that the use of adjunct
instrumentation produced a higher fusion rate than noninstrumented fusion with decompression, a superior outcome
was not demonstrated.65
A randomized controlled trial comparing surgery with
nonsurgical treatment for spinal stenosis found that patients
undergoing fusion with decompression had less pain and
better functional outcomes at 2-year follow-up than patients
undergoing decompression alone.66 his was also true for a
smaller subset of patients with DS who underwent instrumented fusion. Although the number of patients undergoing
instrumented fusion was too small to permit extensive analysis, these authors felt that instrumented fusion should be
considered for stenosis associated with DS.
A prospective nonrandomized study of patients with grade
I DS compared decompression alone with decompression
with instrumented fusion with 1-year follow-up.67 he study
demonstrated statistically signiicant functional improvement
in the fusion group compared with the decompression group
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FIG. 64.3 (A) Preoperative standing lateral lumbar radiograph showing a small L4–L5 degenerative
spondylolisthesis. The posterior borders of the L4 and L5 vertebral bodies are outlined (white lines). (B) Axial
magnetic resonance imaging showing severe canal narrowing at the L4–L5 level. (C) Postoperative standing
lateral lumbar radiograph showing the reduction of the L4–L5 spondylolisthesis. The posterior borders of the L4
and L5 vertebral bodies are outlined (black lines).

by Oswestry Disability Index and Short Form-36 (SF-36). he
type of surgery was at the discretion of the treating surgeon
and was done at two institutions by two surgeons. he nonrandom nature of the study and its restriction to patients with
grade I slips only limited the generalization of the conclusions.
Most studies looking at fusion with instrumentation in the
treatment of DS involve concomitant decompression (Fig.
64.3). One study, however, investigated the role of instrumented fusion with slip reduction and minimal decompression for DS.68 he decompression involved only bilateral
foraminotomies to safely visualize and mobilize the exiting
nerve root. At a mean month follow-up of 33 months, 82% of
patients with leg pain and 75% of those with back pain showed
relief. he degree of anterolisthesis was reduced by 90% at
follow-up. hese authors concluded that the clinical, functional, and radiographic outcomes produced results comparable with the published outcomes of in situ fusion ater formal
laminectomy and that formal laminectomy may not always be
necessary in the treatment of degenerative lumbar spinal stenosis with spondylolisthesis.
Although there is little argument that segmental instrumentation produces a more solid arthrodesis than noninstrumented fusion, there are conlicting data relating a solid
arthrodesis to better clinical outcome. he multicenter historical cohort study of spinal fusion using pedicle screw ixation
involved a retrospective review of 2684 patients with DS.69
Solid radiographic fusion was noted in 89% of patients undergoing pedicle screw ixation compared with 70% of those
without instrumentation. he clinical outcome was also better
in the group of patients undergoing instrumented fusion. his
report, however, was a retrospective historical review rather
than a prospective randomized study; the validity of its conclusions is therefore limited.
A prospective randomized study followed 124 patients for
1 year ater either instrumented or noninstrumented fusion
for various diagnoses, including DS.60 Two types of spinal
instrumentation were employed: a rigid system and a semirigid system. Outcome was based primarily on radiographic

fusion rate. he overall fusion rate was 65% for the noninstrumented group, 77% for the semirigid ixation group, and 95%
for the rigid ixation group. For the subgroup of patients with
DS, fusion was achieved in 65% of the noninstrumented
patients, 50% of the semirigid ixation group, and 86% of the
rigid ixation group. A trend of better clinical outcomes with
increasing rigidity of ixation was also observed: 71% of the
noninstrumented group, 89% of the semirigid group, and 95%
of the rigid group reported excellent or good results.
A retrospective review of 30 patients undergoing
decompression and instrumented fusion for DS reported
both radiographic outcomes by fusion rate and functional
outcomes by patient questionnaire and the SF-36 survey.70
Both fusion rate and patient satisfaction were 93%. However,
13 patients (43%) had complications, including dural tears
(3 patients), excessive blood loss (2 patients), pseudarthrosis
(2 patients), pulmonary embolus (1 patient), deep infection
(1 patient), urinary tract infections (3 patients), and unstable
angina (1 patient). Patients with complications were found
to have poorer outcomes. he study concluded that patients
treated with decompression and fusion for DS had improved
patient-reported functional outcomes but a signiicant risk of
complications.
Some studies have concluded that the addition of spinal
instrumentation to a fusion did not necessarily improve
outcome. A randomized prospective study of patients undergoing posterolateral lumbar fusion, with and without pedicle
screw instrumentation, for a variety of conditions concluded
that the addition of instrumentation did not produce a
signiicant incremental clinical beneit to that obtained from
noninstrumented fusion, although there was a slight but nonsigniicant trend toward higher fusion rate in the instrumented
fusion group.71 Overall, there was no statistical diference in
patient-reported outcomes between the two groups. Although
there was a slight nonsigniicant trend toward an increased
radiographic fusion rate in the group with instrumentation, this did not correlate with increased patient-reported
improvement. For the entire group, the results did not show a
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FIG. 64.4 (A) Preoperative standing lateral lumbar radiograph showing L4–L5 degenerative spondylolisthesis.
(B) Postoperative standing lateral lumbar radiograph after extreme lateral interbody fusion showing the
reduction of the L4–L5 spondylolisthesis. Visible are pedicle screw constructs and interbody cage, depicting
stabilization and fusion of the L4–L5 level.

clinical beneit from the addition of instrumentation in elective lumbar fusions. For a small subgroup of 10 patients who
had DS, 5 underwent instrumented fusion and 5 underwent
noninstrumented in situ fusion. Four of the ive patients with
DS undergoing instrumented fusion achieved an excellent/
good outcome, compared with two of ive of those undergoing
noninstrumented fusion. For this small subgroup of patients
with DS, the clinical outcome appeared to be better than that
of the overall population studied, although this subgroup was
too small to achieve statistical signiicance.
A prospective randomized study of 68 patients with spinal
stenosis and DS compared decompression and arthrodesis
without instrumentation to decompression with segmental
transpedicular instrumentation.64 At an average of 2 years’
follow-up, successful fusion was signiicantly more common
in the instrumented group than in the noninstrumented group
(83% vs. 45%, respectively), although there was no signiicant
improvement in clinical outcome between the two groups
(76% vs. 85% excellent/good outcomes, respectively). hese
authors concluded that the presence of successful fusion did
not predict or inluence short-term clinical outcome at 2 years.
In a long-term follow-up of 58 patients previously reported
and prospectively randomized to decompression with noninstrumented fusion,53,64 47 were available for review at an
average of 7 years, 8 months postoperatively (range, 5 to 14

years).72 Excellent and good clinical outcomes were reported
in 86% of patients achieving a solid arthrodesis but in only
56% of those patients having a pseudarthrosis. Patients with a
solid fusion had signiicantly less back pain and better function than those with a pseudarthrosis. his study demonstrated
a clear beneit of a solid arthrodesis on clinical outcome for
patients undergoing decompression for spinal stenosis with
DS. he short-term improvement in outcome noted at 2 years’
follow-up in Herkowitz and Kurz’s53 and Fischgrund and colleagues’64 initial studies deteriorated at inal follow-up in
patients who did not achieve a solid arthrodesis. he inding
of better clinical outcome associated with solid fusion was also
conirmed in another retrospective comparison of patients
having a solid noninstrumented arthrodesis compared with
patients with a pseudarthrosis.73
A 7-year follow-up of 47 patients treated with decompression and noninstrumented fusion found that long-term
outcome was better in patients having a solid arthrodesis
compared with those with a pseudarthrosis.72 hese authors
inferred that the use of adjunct instrumentation might produce
better long-term clinical outcomes than fusion without instrumentation. However, they did not compare the long-term
clinical outcomes of the noninstrumented but solidly fused
patients from their initial study with instrumented patients
from their subsequent study; thus, a deinitive conclusion on
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the value of instrumentation on clinical outcome could not be
made.64,74 herefore, the issue of whether the addition of spinal
instrumentation confers long-term clinical outcome that is
superior to, worse than, or the same as that of a solid noninstrumented arthrodesis has not been answered by this or any
other study.75–77
Most recently, Ghogawala et al. published 4-year results of
a prospective randomized controlled trial that compared
laminectomy alone to laminectomy and instrumented posterolateral fusion in 66 patients with degenerative spondylolisthesis and stenosis.78 hey found greater improvements in
SF-36 scores with fusion than laminectomy alone. In contrast,
Oswestry Disability Index scores were not signiicantly diferent between treatment groups. he most striking diference
between treatments was the reoperation rate, which was 14%
in the fusion group and 34% in the laminectomy-alone group.
Most reoperations following fusion were for adjacent-level
disease; most in the decompression-alone group were for
recurrent stenosis. Published in the same issue, FÖrsth et al.
reported no diference in a subgroup of patients with degenerative spondylolisthesis and stenosis who were treated with
decompression alone versus decompression and fusion.79
Methodologically, these two studies difered in that the former
controlled all aspects of the surgical technique and the indications for surgery were determined by a physician panel. In the
latter, there were a variety of surgical techniques, both for
decompression and fusion. hese diferences might help
explain the disparate indings between the two studies.

Posterior Fusion With Anterior Column Support
Some authors have recommended the use of concomitant
posterior fusion with anterior column support in the surgical
management of some types of spondylolisthesis. Most commonly, anterior column support is provided by either a posterior lumbar interbody fusion (PLIF) or a transforaminal
lumbar interbody fusion (TLIF), although anterior lumbar
interbody fusion has also been used. Recent advances have
allowed for lateral lumbar interbody fusion, in particular,
minimally invasive lumbar interbody fusion (so-called
extreme lateral interbody fusion [XLIF] and direct lateral
interbody fusion) and minimally invasive TLIF (MIS TLIF)
(Fig. 64.4). Minimally invasive surgical techniques such as
XLIF and MIS TLIF allow for a smaller surgical site with
similar, if not decreased, surgical complications and decreased
surgical recovery times compared to traditional open
approaches. A retrospective review comparing PLIF and MIS
TLIF found that patients undergoing PLIF experienced higher
operative blood loss, higher volume of blood transfusion, and
increased complications compared to those who underwent
TLIF, although hospital length of stay was comparable.80 In a
recent prospective multicenter study, Sembrano et al. found
similar clinical outcomes at 2-year follow-up when comparing
XLIF to MIS TLIF, in particular, back and leg pain relief when
compared to baseline (73% and 64%, respectively).81 Anterior
column support has been more commonly recommended for
isthmic spondylolisthesis, although its use for DS has also
been advocated.82–85 As with posterior instrumented fusion,

generally, convincing data comparing posterior fusion with
anterior column augmentation with other types of fusion do
not exist. Furthermore, there is no evidence to suggest that the
biomechanics and potential mechanism of failure for isthmic
spondylolisthesis are the same as those for DS.
Purported advantages of interbody fusion with PLIF, TLIF,
or XLIF compared with posterior instrumented fusion without
an interbody fusion include greater likelihood of fusion, better
indirect foraminal decompression, better reduction of the
spondylolisthesis, and better lordosis.81,82,85 In a one-level
spondylolisthesis, however, it is not clear whether a slight
improvement in slip reduction or lordosis produces a better
clinical outcome. Nor is it known whether the potential for a
slight incremental improvement in sagittal alignment or an
increase in lordosis is worth the risk of potential nerve root
injury as a result of interbody fusion.
Options for interbody fusion devices include metallic
cages, carbon iber cages, polyetheretherketone cages, or bone.
A study comparing combined anterior and posterior lumbar
reconstruction using anterior cages to posterior pedicle screw
ixation alone investigated the biomechanical efects of interbody cages on construct stifness, pedicle screw strain, and
adjacent-level changes.86 his study found that for spinal
instability with preserved anterior load sharing, pedicle screw
ixation alone was biomechanically adequate and recommended that interbody cages not be used because they further
increased segmental motion at the adjacent level. Where
anterior column support was deicient, however, posterior
stabilization with pedicle screws alone provided inadequate
stability and resulted in a high level of implant strain. Under
such circumstances, the addition of an interbody cage signiicantly increased the construct stifness and decreased hardware strain, although it resulted in increased motion at the
adjacent segment. Similar adverse efects on the adjacent level
were demonstrated in another biomechanical study that
showed that rigid fusion using posterior pedicle screw ixation
and an interbody cage produced higher loads at the superior
adjacent level than posterior instrumented fusion without an
interbody cage because of the increased stifness of the ixed
segments using the cage.87
In the absence of a head-to-head, prospective, randomized
controlled study comparing the clinical outcome of instrumented to noninstrumented fusion for DS, it is diicult to
know which treatment is better. In the absence of such data,
the decision for treatment will inevitably be based largely on
complications and cost.
From a societal perspective, fusion, particularly instrumented fusion, adds signiicantly to the incremental costs of
treating spinal stenosis with DS. Kuntz and colleagues looked
at the 10-year costs, quality-adjusted life-years (QALY), and
incremental cost-efectiveness ratios (reported as dollars per
quality-adjusted year of life gained) for patients undergoing
decompressive surgery, with or without spinal fusion, for
spinal stenosis with DS.88 Laminectomy with noninstrumented
fusion was found to cost $56,500 per QALY versus laminectomy without fusion. he cost-efectiveness ratio of instrumented fusion, compared with noninstrumented fusion, was
$3,112,800 per QALY. A cost-efectiveness ratio of $82,400 per
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patients undergoing instrumented fusion for DS reported a
patient satisfaction rate of 83%.91 Although there were no neurologic deicits, pseudarthroses, recurrent stenosis at the fused
segment, or progression of deformity at the fused level, ive
patients had symptomatic adjacent-level degeneration (transition syndrome) and an additional seven patients had asymptomatic radiographic transition syndromes. hese authors
concluded that although the rate of major complications (2%),
implant failures (2%), and symptomatic pseudarthroses (0%)
was low, radiographic degeneration at levels adjacent to the
fused levels (transition syndrome) was common.

Alternative Surgical Strategies
Indirect spinal canal and foraminal decompression via interspinous process distraction has been proposed as an alternative to decompression for spinal stenosis with DS.92 A
randomized controlled study of 42 patients with spinal stenosis
associated with DS was compared with 33 control patients
treated nonoperatively.92 he study found that the use of an
interspinous process distraction device produced a better
functional outcome than nonoperative management in
patients with neurogenic claudication associated with degenerative spondylolisthesis. he question of whether or not that
device was as good as, worse, or better than traditional
decompression or decompression and fusion was not addressed
by this study.
A contrary view of interspinous process distraction was
reported in a study of 12 consecutive patients with DS and DS
treated by interspinous process distraction and followed for a
mean of 30 months.93 hat study reported a high failure rate:
although two-thirds of patients had complete relief of their
preoperative symptoms, one-third had no relief and 58%
underwent surgical decompression and fusion within 24
months of their index procedure.
Signiicant reduction in total sagittal range of motion has
been reported with one interspinous process distraction
device that used both a mechanical blocking component and
a tension band.93 he tension band resulted in a signiicant
additional restriction in total motion, including lexion, compared with the device without the tension band (43% reduction in motion compared with 16% reduction).
he use of motion-sparing technology has been advocated
by some authors as an efective alternative to fusion that can
reduce the potential for adjacent-level degeneration.56,94–96
One prospective, minimum 4-year follow-up study of 26
consecutive patients with DS reported signiicantly improved
pain and walking distance without progression of the spondylolisthesis.56,95 hree patients demonstrated radiographic
screw loosening and one patient had screw breakage. Nearly
half of the patients showed some degeneration at adjacent
levels. Comparable clinical outcome using the same device
was reported in a prospective randomized, multicenter U.S.
Food and Drug Administration investigational device exemption trial with a 1-year follow-up.96 Early results from that
study showed signiicant improvement in both back and leg
pain, as well as function, but the study cautioned that further
follow-up was necessary.
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QALY was calculated if the proportion of patients experiencing symptom relief ater instrumented fusion was 90% as
compared with 80% for patients with noninstrumented fusion.
he study concluded that the cost-efectiveness of laminectomy with noninstrumented fusion compared favorably with
other surgical interventions, such as lumbar discectomy for
treatment of herniated lumbar disc or coronary artery bypass
grating for triple-vessel coronary artery disease. he costefectiveness, however, depended greatly on the true efectiveness of the surgery to alleviate symptoms and also on how
patients valued the quality-of-life efect of relieving severe
stenosis symptoms. Instrumented fusion was expensive compared with the incremental gain in health outcome. he study
further concluded that better data on the efectiveness of this
and other alternative procedures were necessary to justify
their incremental cost.
he SPORT looked at the cost-efectiveness of spine surgery
at 2-year follow-up.89 his study evaluated the 61% of patients
with DS who had surgery. Of these surgical patients, 93% had
fusion, most (78%) with instrumentation. he study found
that surgery signiicantly improved quality of life compared
with nonoperative treatment, with an average cost of $115,000
per QALY gained. hese authors concluded that surgery was
not highly cost-efective compared with other elective orthopaedic surgeries over the 2-year follow-up period but did
compare favorably with many other health interventions.
Whether or not surgery for DS is cost-efective in the long run
depends on long-term beneits and the ongoing costs associated with fusion surgery (e.g., the potential for future revision
surgery).
he cost-efectiveness of fusion was also examined in a
Swedish study that compared a group of patients who were
randomized to one of four treatment groups for chronic low
back pain: noninstrumented posterolateral fusion, instrumented posterolateral fusion, instrumented posterolateral
fusion with interbody fusion, and a nonsurgical control
group.90 his study did not speciically examine patients with
spinal stenosis and DS but concluded that the cost of treatment of chronic low back pain at 2-year follow-up was signiicantly higher if fusion was performed. Although the treatment
efect of all surgical groups was found to be better than the
control (nonoperative) group, the added (incremental) cost
per QALY for fusion compared with nonoperative care ranged
from $52,000 to $157,000 in the United States, depending on
the magnitude of the assumed average annual QALY.
A recent study that reviewed major medical complications
and charges associated with surgery for spinal stenosis in
Medicare patients from 2002 to 2007 found that adjusted
mean hospital charges for complex fusion procedures, deined
as fusion involving more than two levels or a 360-degree
(interbody) fusion, cost $80,888 compared with $23,724 for
decompression alone.46
Besides the added cost of instrumented fusion, other adverse
efects of fusion have been noted. It has been demonstrated
that lumbar fusion is associated with greater morbidity than
decompression alone.47,48,50 In addition, a greater potential for
complications exists with instrumentation than without it. A
retrospective 6.5-year follow-up (range, 5–10.75 years) of 36
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Summary of Treatment Options
Currently, there does not appear to be a clear consensus as to
the optimal way to treat patients with symptomatic DS. Some
studies suggest that patients undergoing surgery do better
when decompression is accompanied by fusion. It is less clear,
however, whether fusion should be augmented with instrumentation. Although a fusion is more robust and solid with
instrumentation than without it, the incremental beneits of
instrumentation on clinical outcome are less clear. It seems
reasonable that in the presence of clear evidence of instability
on lexion–extension radiographs, the immediate stability
provided by instrumentation warrants the additional time,
expense, and potential morbidity associated with its use. his
is especially appropriate for young active patients with good
bone stock. On the other hand, the indication for the use of
hardware in a patient with a collapsed disc space, no motion
at the spondylolisthetic level, or the presence of osteoporotic
bone is less clear. A 2005 focus issue in Spine on lumbosacral
fusion contained a combined position statement by Spine and
the Scoliosis Research Society. It noted a positive long-term
correlation between fusion and improved clinical outcome. It
also noted a clear association between the use of instrumentation and higher fusion rates. Accordingly, the use of spinal
instrumentation was recommended for spinal stenosis associated with DS. he position statement concluded by stating that
the efectiveness of other posterior or anterior techniques (e.g.,
interbody fusion techniques) has yet to be established.97

Summary
he optimal surgical treatment of spinal stenosis, particularly
when associated with DS, is still somewhat controversial. Such
controversy involves the method and extent of decompression,
the role of fusion, and the use of spinal instrumentation.
Although spinal stenosis is a difuse degenerative condition
with many segmental levels oten showing evidence of radiographic stenosis, decompression of every level showing any
degree of radiographic stenosis is clearly not always warranted.
Obviously, all symptomatic levels should be decompressed.
here is no clear consensus, however, on whether to decompress asymptomatic levels; this decision depends on many
factors. Because restenosis at a previously decompressed level
or the development of symptomatic stenosis at a previously
asymptomatic and unoperated stenotic level is a common
reason for failure of surgery for spinal stenosis, it is generally
more prudent to decompress any stenotic level suspected of
being potentially symptomatic than not to. When difuse
degenerative changes produce unilateral symptoms with
multilevel stenosis, particularly in an elderly patient, decompression by multilevel unilateral hemilaminectomies is a good
therapeutic option. If symptoms are bilateral and the stenosis
is difuse and multilevel, multiple bilateral laminotomies,
rather than multiple complete laminectomies, can be considered. Multilevel decompression with bilateral laminectomies
carries the risk of developing instability and therefore mandates consideration of fusion to ameliorate this risk.

Because fusion is associated with higher morbidity in the
elderly population, it is prudent to consider a less extensive
surgical decompression that could obviate the need for fusion
in these patients. Such an approach reduces the need for
concomitant fusion by preserving the uninvolved laminae and
ligamentous structures, thereby minimizing the risk of developing late instability. he arguments against such limited
decompression are the risk of performing an inadequate
decompression, the potential for recurrence of stenosis, and
technical challenges associated with a unilateral approach.
Unilateral (foraminal) neural decompression without sacriicing the facet joint is diicult in the presence of an intact
spinous process because the spinous process inhibits the
ability to angle instruments enough to adequately decompress
the neural foramen. his can be obviated to some degree by
the use of angled rongeurs, although foraminal decompression
is still diicult with intact midline structures.
As noted previously, many studies suggest that patients
with spinal stenosis and DS have better clinical outcomes
when decompression is accompanied by arthrodesis. he issue
of whether to augment the fusion with segmental (pedicle)
instrumentation is not yet completely resolved. In a younger,
healthy, and active patient with focal spinal stenosis associated
with DS, particularly if associated with well-maintained disc
height, fusion of the listhetic level is recommended, usually
with segmental ixation, because of the risk of developing
subsequent instability. For an older patient with combined
stenosis and DS, fusion is also generally warranted, particularly if the patient is active and generally healthy. he issue of
whether to instrument the fusion, however, is not completely
resolved. Although most studies show the beneicial efect of
instrumentation on fusion rate, its relationship to improved
short-term clinical outcome is not completely known. Because
long-term clinical outcome is improved by the presence of a
solid fusion and because the use of instrumentation has been
shown to increase the likelihood of achieving a solid fusion,
instrumentation is generally recommended. In elderly lowdemand patients with multiple comorbidities, the decision to
fuse must be balanced against the increased morbidity associated with arthrodesis. Arthrodesis may not be a therapeutic
imperative in the elderly low-demand patient with a listhetic
level associated with decreased disc height, spur formation,
subchondral sclerosis, or ligament ossiication because these
degenerative changes may provide enough stability to the
listhetic level to minimize the risk of slip progression. Under
such conditions, consideration of hemilaminectomies or
unilateral or bilateral laminotomies to preserve uninvolved
stabilizing structures is warranted.
Decompression and fusion with pedicle ixation are indicated
and recommended as a means to promote stability at the level
of the slip for active, healthy, physiologically young patients
with spinal stenosis associated with DS. Decompression and
instrumented fusion is also generally recommended for older,
healthy, active patients with a relatively well-maintained disc
height at the listhetic level. Elderly and inactive patients can
be managed by decompression with either instrumented or
noninstrumented fusion. Elderly low-demand patients with
multiple comorbidities and signiicant degenerative changes
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PEARLS AND PITFALLS
1. Degenerative spondylolisthesis (DS), also known as
spondylolisthesis with an intact neural arch, is an acquired
condition that rarely presents before the age of 50 years.
2. DS most commonly afects the L4–L5 level, although other
levels may be afected; it rarely afects the L5–S1 level, in
contrast to isthmic spondylolisthesis, which most commonly
afects L5–S1.
3. It is important to always get a standing anteroposterior and
lateral lumbar radiograph of any patient suspected of having a
DS because supine radiographs may fail to detect the slip.
4. DS may be asymptomatic or may present with low back pain
and neurogenic claudication.
5. In general, the surgical treatment of DS is decompressive
laminectomy and fusion.
6. Long-term surgical outcome appears better with a solid
arthrodesis than with a pseudarthrosis. It has been shown that
posterior instrumented fusion produces a more solid arthrodesis
than noninstrumented fusion. Therefore, the durability of
surgery may be more reliable with instrumented fusion than
with noninstrumented fusion.
7. The role of fusion in the elderly patient with DS must be
balanced against the potential morbidity of fusion surgery.
Decompression without fusion may be the better option in
selected elderly patients with signiicant medical comorbidities
and limited activity.

long-term study comparing fusion and pseudarthrosis. Spine.
2004;29:726-733.
This long-term follow-up of patients undergoing posterolateral
fusion and decompression for degenerative spondylolisthesis
found that patients with a solid arthrodesis had a superior clinical
outcome to those with a pseudarthrosis.
6. Mardjetko S, Connolly P, Shott S. Degenerative lumbar
spondylolisthesis: a meta-analysis of literature, 1970-1993. Spine.
1994;19(20 suppl):2256S-2265S.
This is a review of 24 years of literature on degenerative
spondylolisthesis. The results of this analysis support the conclusions
reached by Herkowitz and his group: patients do better with
decompression in conjunction with fusion, and instrumentation
enhances the fusion rate.
7. Ghogawala Z, Dziura J, Butler WE, et al. Laminectomy plus fusion
versus laminectomy alone for lumbar spondylolisthesis. N Engl J
Med. 2016;374:1424-1434.
This prospective, randomized controlled study compared
laminectomy alone to laminectomy and instrumented
posterolateral fusion in 66 patients with degenerative
spondylolisthesis and stenosis. The most striking diference between
treatments was the reoperation rate, which was 14% in the fusion
group and 34% in the laminectomy alone group.
8. Försth P, Ólafsson G, Carlsson T, et al. A randomized, controlled
trial of fusion surgery for lumbar spinal stenosis. N Engl J Med.
2016;374:1413-1423.
Another prospective, randomized controlled study, reporting no
diference between decompression alone versus decompression
and fusion in patients with degenerative spondylolisthesis and
stenosis.
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Solid spinal fusion requires bone healing, similar to the process
of fracture healing, through a combination of intramembranous and enchondral ossiication. Spinal fusion in a rabbit
model is comprised of three distinct phases: early inlammatory phase (weeks 1–3), the middle reparative phase (weeks
4–5), and the late remodeling phase (weeks 6+).1
Local bone grat from spinous processes and laminae can
be efective in lumbar fusion, either as standalone grat or as
grat extender in combination with nonlocal autogenous grat.
One study has shown that the mean volume of local bone
grat harvested can be approximately 25 mL.2 A retrospective comparative study showed that for single-level fusion in
degenerative lumbar cases, the fusion rate was similar between
local bone and iliac crest grat. However, in multilevel fusion,
deined as two or more levels, the fusion rate was signiicantly
lower in the local bone group.3 However, in children undergoing surgery for adolescent idiopathic scoliosis, fusion rate is
not greatly inluenced by the type of bone grat used.4,5
Iliac crest bone grat (ICBG) is still considered the gold
standard for spinal fusion by many surgeons today. It is readily
available, has inherent fusion-developing properties (i.e.,
osteogenic potential, osteoinductivity, and osteoconductivity),
is biocompatible, and can provide structural support. Harvested bone contains osteoblasts, bony matrix, and factors
such as bone morphogenetic proteins, and transforming
growth factor-β. he cancellous bone from ICBG contains
readily available channels for vascularization6,7 and important
growth factors that facilitate each of the three phases of fusion.
Apart from local bone and ICBG, other sources of autologous bone grat in spine surgery include the rib and both
vascularized and nonvascularised ibula.

Surgical Anatomy and Techniques
Anterior Iliac Crest
he ilium was introduced by Abbott in 1942 as a bone grat
reserve,8 and since then the iliac crest and outer table of
the ilium have been used as a source of cancellous or corticocancellous bone grating. Corticocancellous grat can be
harvested from the anterior iliac crest. It can be bicortical or
tricortical bone grat for use in anterior cervical arthrodesis

ater discectomy or corpectomy. his is the preferred site for
anterior spinal surgery due to easier access without the need
to turn the patient prone.
he patient is placed in the supine position. A roll or
sandbag is placed underneath the gluteal area of the side from
which bone grat will be harvested. his elevates and internally
rotates the iliac crest, making it more readily accessible. his
area is prepped and draped separately from the main wound.
It is our practice to prep this area in all cases of anterior cervical spine surgery in the event that autogenous bone grat is
needed.
he surgical incision is made parallel to the iliac crest,
beginning at least 2 cm posterior and lateral to the anterior
superior iliac spine (ASIS), at the iliac tubercle (Fig. 65.1A).
his incision can reduce the amount of ibrous scar healing by
preserving the skin around the ASIS.9 he skin is pulled
superiorly so the incision is not directly on the crest itself. his
maneuver can reduce discomfort from having a scar directly
over a bony prominence. he iliac tubercle marks the anterior
portion of the ilium and is the area containing the largest
amount of corticocancellous bone. An incision here will avoid
a variant course of the lateral femoral cutaneous nerve (LFCN).
he LFCN most commonly exits the pelvis about 2 cm medial
to the ASIS and passes beneath the inguinal ligament and
sartorius muscle, both of which attach to the ASIS. he most
supericial and dangerous variant course (in about 4% of
cases) occurs when the LFCN exits through the abdominal
wall, approximately 2 cm posterior to the ASIS, and crosses
the iliac crest.10 An incision at least 2 cm lateral to the ASIS
should avoid the LFCN.
Ater incising the skin, the incision is continued through
the subcutaneous fat and deep fascia onto the periosteum (Fig.
65.1B). he deep fascia can be incised in the manner of a lap,
such that ater closure it can act as “tent” to cover up the defect.
he next step depends on whether cancellous bone or corticocancellous bone grat is required. If only cancellous bone is
required, a trapdoor method is used to elevate the cortex of
the iliac crest, which can subsequently be “closed” ater the
cancellous bone is harvested to maintain the contour of the
iliac crest. An osteotome is used to make horizontal cut over
the crest and at the outer periosteal table, while the inner table
is kept intact by the periosteum and fascial attachments of
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FIG. 65.1 (A) Incision is made 2 cm posterolateral to the anterior superior
iliac spine over the iliac crest. This decreases the risk of fracture, and the
incision is not made directly over the bone defect. (B) Incision is continued
over the skin, subcutaneous tissues, and a deep fascia lap. (C) The deep fascia
and muscles are stripped from the periosteum so the surfaces of the iliac
crest are exposed. (D) An osteotome or oscillating saw can be used to make a
cut perpendicular to the iliac tubercle. A spare saw blade can be left in place
to guide a second parallel cut of the predetermined-size bone graft. The graft
cut is completed with an osteotome at the base of the bone. (E) A tricortical
bone graft of the desirable size is harvested.
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apex of the sacroiliac joint and oriented perpendicular to the
posterior margin of the superior limb inferiorly. he average
anterior limit was 34 mm lateral to the PSIS, with an average
maximum thickness of 17.1 mm.
An osteotome is used to make an initial cut parallel to the
superior aspect of the iliac crest. hen longitudinal cuts are made
to the outer cortical table and completed with a gouge at the
inferior limit to obtain cortical strips of bone grat (Fig. 65.2D).
Aterward, the exposed underlying cancellous bone can be
removed by careful stripping using the gouge without breaching
the inner table (Fig. 65.2E). Both cortical and cancellous bone
grats can be obtained and used as needed (Fig. 65.2F). When
both the outer cortical table and the cancellous bone beneath
it are harvested, signiicantly more bone can be obtained than
when just the cancellous bone is taken from between the inner
and outer cortices (average 36 g vs. 25.7 g).13 Before closure,
hemostasis should be achieved with bone wax and gel foam.
he wound is thoroughly irrigated before closing the incision
in layers. We do not routinely use a suction drain at the harvest
site because there is evidence suggesting that suction drainage
does not improve patient outcomes.14-16

Posterior Iliac Crest

Rib

he superior and posterior margin of this bone grat donor
site is the posterior iliac crest, with the inferior margin being
the greater sciatic notch. he anterior margin is the anterior
limit of the superior limb of the sacroiliac joint, although this
remains unseen during the bone grat harvest.
his site of harvest is typically used in posterior spinal
surgery since the patient is already placed in the prone position. he posterior superior iliac spine (PSIS) and the subcutaneous part of the iliac crest are readily palpable. Either an
oblique incision centered over the PSIS in line with the crest
(Fig. 65.2A) or a longitudinal incision can be used. An anatomic study using cadavers and dry ilium specimens showed
that the average distance from the superior cluneal nerve laterally to the PSIS medially was 68.8 mm.11 he incision therefore
should be placed well within this distance to avoid injury to
this nerve and formation of painful neuromas. Alternatively,
if the patient is undergoing lumbosacral spinal surgery, the
incision can be extended distally and the posterior iliac crest
can be accessed via the midline fascial splitting technique.
he midline fascial splitting approach was described by
Hutchinson and Dall.12 Ater incising the dorsal lumbar fascia
and releasing the fascial insertion from the spinous process,
the two posterior planes of the fascia (i.e., the fascial extension
of the latissimus dorsi and the fascia of the erector spinae
muscles) are separated. Both fascial layers attach to the iliac
crest, so the surgeon is led directly to the border of the iliac
crest. Electrocautery is used to cut directly down onto the crest
to release the insertion of the fascia of the gluteus maximus.
he gluteus can be elevated from the crest subperiosteally with
a Cobb elevator (Fig. 65.2B–C).
Xu et al.11 proposed that the largest and thickest area of the
posterior iliac crest was bound by the superior extension of
the posterior border of the superior limb of the articular
surface anteriorly, and a line extending from the PSIS to the

During anterior thoracic or thoracoabdominal approaches to
the spine, a piece of rib may be excised to facilitate access to
the thoracic cavity. he rib can be saved and trimmed to the
appropriate size for the grat.
he incision should be centered over the appropriate rib,
and skin, subcutaneous tissue, and the intercostal muscles are
incised down to the rib. he periosteum is stripped with a
periosteal elevator, taking care not to inadvertently incise the
parietal pleura during this stage (Fig. 65.3). he costochondral
junction can be cut medially with a rib cutter, as close to the
angle of the rib as possible. he rib can then be wrapped with
a piece of wet gauze until the grat is needed. he rib should
be cleared of sot tissue to ensure good bony fusion and cut to
the appropriate size.

Fibula
Autogenous ibula grat is rarely used these days because other
sites for harvesting or allograt bone are usually available. he
relatively high morbidity of autogenous ibular harvest precludes its routine use because it may afect ambulation. Nevertheless, the ibula can be used as a strut grat for anterior
reconstruction ater multilevel corpectomies in the cervical
and thoracic spine.
A direct lateral incision is made parallel to the posterior
border of ibula, at the middle third of the ibula, and carried
directly down to the bone. he supericial peroneal nerve and
surrounding sot tissues should be protected. Subperiosteal
elevation of the peronei, extensor digitorum longus, tibialis
posterior, lexor hallucis longus, and soleus from the bone is
performed (Fig. 65.4). Once stripped of the muscles, a suitable
length of bone can be harvested with an oscillating saw.
he syndesmosis of the ankle joint is 10 cm proximal to the
joint, so harvesting should extend no more distally than 10 cm
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iliacus and the abdominal wall muscles. his serves as a hinge
for the cortex to “open” like a trapdoor, and cancellous bone
can be harvested with a curette. he periosteum and fascia can
be approximated subsequently and the cortex of the crest will
heal in its original position.
For harvesting tricortical cancellous grat, subperiosteal
stripping of the muscles of the inner and outer table either
using cauterization or a periosteal elevator and sponge packing
provides adequate exposure (Fig. 65.1C). he length and depth
of the required grat are measured with a caliper. he harvest
site must be at least 2 ingerbreadths posterior to the ASIS to
reduce the likelihood of a stress fracture from the downward
pull of the sartorius and rectus femoris. A complete block of
the ilium can be removed with an oscillating saw or osteotome
to make two cuts perpendicular to the surface of the iliac
tubercle (Fig. 65.1D) and is completed with an osteotome at
the base of the crest (Fig. 65.1E). To obtain cuts parallel to each
other, a spare saw blade can be placed in the irst cut to act as
a guide for the second cut. Hemostasis with bone wax and gel
foam can be applied to the defect, and the fascia is repaired.
We do not routinely use a drain at the harvest site.
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FIG. 65.2 (A) After an oblique skin incision is made over the posterior superior iliac crest,
subcutaneous tissue is incised down to the iliac crest, and deep fascia is stripped. (B) A Cobb
dissector is used to strip the gluteus muscle of the outer table of the ilium. (C) The top of the
iliac crest and the outer table of the ilium are now completely exposed. (D) The outer cortex of
the posterior iliac crest is harvested as cortical strips (arrows) with an osteotome and gouge.
(D) The underlying cancellous graft is taken separately with a gouge. (E) The cortical strips (left)
and cancellous graft (right) harvested from the posterior iliac crest.
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Complications of Bone Graft Harvesting
General
Hematoma
Arterial injury is uncommon during bone grat harvesting.
Harvesting bone grats from the inner table of the anterior
ilium can damage the arterial anastomoses formed by the
lumbar artery, iliolumbar artery, and deep circumlex iliac
artery that supplies iliacus. In posterior bone grating, the
superior gluteal artery can be injured (see below).
Ater the bone grat is harvested, adequate hemostasis must
be obtained with bone wax applied over the cancellous bone
surfaces and other sites of bleeding and illed with gel foam.
If adequate hemostasis is achieved intraoperatively, a suction
drain is optional.

Diathermy

Intercostal
artery, vein,
and nerve

Periosteum
Rib

Pleura

Cephalad

Infection
Lung

Donor site infection is uncommon and no more likely than in
other orthopedic procedures. he principles of treatment are
identical to any other surgical site infections.

Anterior Iliac Crest
Complications include pain, infection, cosmetic deformity,
peritoneal perforation, and herniation of abdominal contents
through the defect in the ilium. Stress fracture of the anterior
ilium has also been reported.

FIG. 65.3 The pleura is entered superior to the rib to avoid damage to the
intercostal neurovascular bundle, which courses along the rib’s
posteroinferior border.
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POSTERIOR
FIG. 65.4 Axial view of the lower leg depicting the ibro-osseus compartments as well as the neurovascular
structures.
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above the ankle joint, or else there is a risk of ankle joint
instability. Proximally, the common peroneal nerve courses
over the neck of the ibula within the substance of the peroneus
longus muscle, then divides into the deep and supericial
branches. Hence the ideal harvest site lies at the junction of
the distal third and middle third of the ibula.
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FIG. 65.5 Anteroposterior view of the abdomen and pelvis showing the
normal course of the ilioinguinal, iliohypogastric, and femoral nerves.

FIG. 65.6 Anteroposterior view of the pelvis depicting the normal and
anomalous course of the lateral femoral cutaneous nerve. ASIS, anterior
superior iliac spine.

between patients who had autograt and those who did
not; at 6 weeks postoperatively, the majority of the pain is
resolved.17

Nerve Injuries
Nerve injuries are uncommon, but the ilioinguinal, iliohypogastric, and lateral femoral cutaneous nerves can be injured
during anterior bone grat harvesting (Fig. 65.5).
he ilioinguinal nerve is a branch of L1. It traverses the
internal oblique and transversus abdominis, passes under the
external oblique, and enters the inguinal canal. It supplies
sensation to parts of the penis, proximal and medial thigh,
scrotum, and adjacent abdomen. Gentle retraction should be
applied to iliacus and abdominal wall muscles to minimize
injury to this nerve.
he iliohypogastric nerve has a similar course to the
ilioinguinal nerve and supplies the sensation to the anterior
two-thirds of the iliac crest and motor function of the lower
portion of the abdominal wall.
he LFCN is a pure sensory nerve and supplies sensation
to the anterolateral aspect of the thigh. he nerve passes into
the thigh near the ASIS. Its normal course is beneath the
inguinal ligament and sartorius, both of which attach to the
ASIS, and is not encountered during the dissection. However,
in 10% of cases the nerve crosses over the anterior iliac crest
approximately 2 cm lateral to the ASIS, making it liable to
damage during bone grat harvesting (Fig. 65.6). LFCN neurapraxia due to retraction will present itself as meralgia paresthetica, manifesting as paresthesia, pain, and numbness. It is
usually self-limiting and resolves within 3 months.

Posterior Iliac Crest
Pain, cluneal nerve injury, infection, stress fracture, sacroiliac
joint injury, alterations in gait (i.e., gluteal gait), vascular
injury, and ureteral injury have been reported.

Cluneal Nerve Injury
he cluneal nerves arise from the dorsal rami of L1, L2, and
L3 nerves and supply sensation to the buttocks. A posterior
iliac bone grat approach should be within 8 cm of the PSIS
to avoid injury to the superior cluneal nerves. Damage to
these nerves can result in numbness and painful neuromas but can be asymptomatic due to cross-innervation in
this area.

Sciatic Nerve Injury
he sciatic nerve arises from branches of the sacral plexus
L4–S3, exits the pelvis to enter the gluteal region through the
sciatic notch and courses down the posterior thigh (Fig. 65.7).
Ater dissection of the gluteal muscles of the posterior iliac
crest, we palpate the outer cortical table of the ilium toward
the sciatic notch with a MacDonald dissector. Subsequent
harvesting should be taken no more than 1 cm in proximity
to this plane to avoid injuries to the contents of the sciatic
notch.

Pain
he incidence of persistent donor site pain from anterior iliac
crest harvesting ranges between 2% and 40%. Nonetheless,
no diferences have been found in health-related outcomes

Superior Gluteal Artery Injury
Injury of the superior gluteal vessels can cause a false aneurysm, arteriovenous istula, and hemorrhage. he superior
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FIG. 65.7 Posteroanterior view of the pelvis showing the neurovascular
structures in the sciatic notch.

gluteal vessels leave the pelvis through the superior portion of
the greater sciatic notch, staying against the bone. he average
distance between the PSIS and the superior gluteal vessels was
62.4 mm from anatomic studies of dry specimens.
Management of superior gluteal artery injury includes
direct pressure, enlargement of the upper margin of the sciatic
notch to allow better access to bleeding vessels, immediate
supine positioning to allow approach to the vessels anteriorly,
angiographic-controlled embolization,18 and subperiosteal
elevation of the gluteus maximus to identify the vessel at the
superior border of piriformis.19

Fracture
Iliac crest fractures have been reported ater ICBG harvesting.25,26
Risk factors include age, osteoporosis, and comorbidities.
he best way to reduce the risk of structurally weakening
the posterior crest is to maintain its continuity and enter the
bone below the crest on the outer table. Grat sites that cross
the anterior plane of the sacroiliac joint are subjected to tensile
and shear forces that may exceed the strength of the remaining bone. Hence, pelvic integrity is least compromised if the
area of harvest is limited to the iliac bone posterior to the
posterior coronal plane of the sacroiliac joint to avoid pelvic
ring fracture.
Kurz and colleagues14 recommend that long splitting of the
iliac tables should be avoided to prevent undue stress concentrating on the remaining ilium.

Fibula
he incidence of complications ater ibula bone grat harvesting ranges from 40% to 57.7%. he most common short-term
complication is pain at the donor site for up to 3 months
postoperatively. Infection either in the form of cellulitis or
deep wound infection has also been reported. Long-term
complications include incisional pain lasting more than 3
months postoperatively, injury to the supericial peroneal
nerve causing paresthesia and neuroma, infection, tibial stress
fractures, and ankle instability. Other complications that have
been reported include delayed wound healing, contracture
of the lexor hallucis longus, and weakness of toe lexor
and extensor muscles due to disruption of the interosseous
membrane.

Pain
A retrospective study found that most patients who had ICBG
were unable to identify which side the iliac crest had been
harvested.20 Another study found that in patients who did not
have any ICBG harvesting, 51% had tenderness over the iliac
crest, and patients who had ICBG harvesting had an equal
likelihood of having pain over the unharvested ilium as the
harvested one.21 Other studies have also found that patients
may not be able to diferentiate between donor site pain and
residual low back pain.22 hese studies put in perspective the
general gluteal pain experienced by patients ater posterior
lumbar fusion and dispute the common belief of the severity
and frequency of donor site pain.
Nonetheless, some studies have shown signiicant rates of
persistent pain and morbidity from iliac bone grat harvest.23
One prospective observational cohort study found that at
12 months postoperatively, 15.5% of patients reported more
severe pain from the harvest site than from the primary
operative site, and 29.1% reported numbness. Reported efects
have included functional limitation due to harvest site pain,
including diiculty in walking (15.1%) and problems with
employment (5.2%), recreation (12.9%), household chores

Rib
Each intercostal neurovascular bundle is located in the groove
on the posteroinferior edge of the rib. Subperiosteal dissection
of the rib should avoid damage to these structures. Intercostal
analgesia near the costovertebral junction before wound
closure can decrease postoperative pain.
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Spinal fusion may be deined as a bony union between two or
more vertebral bodies. Spinal fusion was irst reported in 1911
for treatment of Pott disease. he mechanical stability provided by fusion was intended to inhibit progressive deformity
and the spread of the tuberculous infection.1 Surgery to
accomplish spinal fusion has now been extended to treat a
variety of spinal conditions, including scoliosis, kyphosis,
fracture, dislocation, spondylolisthesis, and intervertebral disc
disease.
Much has changed since the pioneering eforts of Albee1
and Hibbs2 in the early part of the twentieth century. Specialized techniques and surgical approaches have been developed
for internal ixation and fusion of every part of the spine.
Additionally, there have been signiicant advances in diagnostic techniques, intraoperative image guidance, intraoperative
monitoring, minimally invasive surgical approaches, and bone
grat materials. hese advances have allowed for the aggressive
correction of many severe spinal deformities with relative
safety and predictability. Furthermore, the biologic principles
on which these procedures are based have become better
understood and used.
All fusion surgery involves preparation of bony surfaces at
the site of the intended fusion. his usually involves the
removal of sot tissues and decortication of bony surfaces. he
stimulus for the bone healing response, commonly referred to
as the “bone grat,” may be autologous or homologous bone
(i.e., allograt bone) or one of an increasing number of synthetic materials or bioactive substances. As the grat is incorporated, bone tissue is formed by osteogenic cells. Union is
accomplished when the newly synthesized bone matrix
becomes mineralized and remodels with mature bone, having
suicient strength to bear physiologic loads without injury,
thus becoming mechanically contiguous with the local host
bone. Failure of bone formation, union, or efective remodeling results in pseudarthrosis. he incidence of pseudarthrosis
ranges from 5% to 34% in large adult series.3–11 A recent review
of revision spine fusion procedures found that 23.6% were
performed for pseudarthrosis.10,11

he fundamental requirements for a successful spinal
fusion are (1) availability of an adequate population of osteogenic cells; (2) the presence of an osteoconductive matrix
within the region where new bone tissue is desired, osteoinductive signals within the grat site; (3) an adequate local
blood supply to support a bone healing response; and (4) a
local mechanical environment suitable for bone formation.
he following is a discussion of these fundamental concepts
and principles, with a review of the orthopaedic and neurosurgical literature regarding the bone grating materials that
are currently used or under evaluation in clinical spine fusion.

Biology of Fusion Sites
Bone growth between vertebrae in a spinal fusion, as in all
bone healing, is a cellular process, and unless cells are added
to the fusion site, the tissues at the site are the only source of
viable cells. Conventional autogenous bone grats add osteogenic cells; however, it has long been recognized that only a
small fraction of these cells survive.12–17 Consequently, preparation of the fusion site and handling of the tissue bed are
of paramount importance for a successful arthrodesis. he
components of the tissue bed that contribute most to the
healing process are the local population of osteogenic stem
cells and progenitor cells, local vascular tissues, the cells
contributing to the inlammatory response, and the formation
of a stable clot within the void spaces of the grat site. Bone,
fat, and muscle have all been shown to contain osteogenic
stem cells and progenitors that can contribute to new bone
formation.18–26 hese basic elements of the grat bed may be
afected by local or systemic disease. However, the quality of
these elements within the grat site is largely determined by
surgical technique.
To preserve the local blood supply, the surgeon must
attempt to minimize trauma to the host tissue bed imposed
by the trauma of retraction, cautery, and/or desiccation. Any
avascular, nonviable, or heavily traumatized tissues should be
1085

IX

1086

SPINAL FUSION AND INSTRUMENTATION

removed. he importance of the local blood supply cannot be
overstated. he blood supply serves as (1) a source of oxygen
and other nutrients to the healing tissue as well as control of
local pH; (2) a vehicle for endocrine stimulation; (3) a conduit
for recruitment of inlammatory cells, which both produce
paracrine factors, which may mediate the early proliferation of osteoblastic progenitor cells, and serve to reduce the
potential for infection; (4) a source of endothelial cells that
produce paracrine factors, which may enhance osteoblastic
diferentiation27,28; and (5) a potential source of osteoblastic
progenitors in the form of the vascular pericyte29,30 or circulating osteogenic cells.31,32
he efect of the postoperative hematoma on the success of
fusion has been debated. It has been suggested that spinal
fusion wounds should not be drained because the ibrin-rich
local hematoma may provide an osteoconductive scafold or
matrix, which may assist some of the initial phases of bone
healing. Additionally, the trapped platelets in the hematoma
release platelet-derived growth factor (PDGF), epidermal
growth factor (EGF), basic ibroblast growth factor (bFGF or
FGF-2), vascular endothelial growth factors (VEGFs), transforming growth factor beta (TGF-β), and other growth factors
that play a critical role during the repair process (discussed
later).33–35 On the other hand, the presence of a large hematoma
may displace some of the vascular tissue surrounding the grat
site away from the grat, slowing the vascularization of the
grat site. It may also increase the chance for displacement of
the grat and the potential for nonunion or bone formation
outside the intended site.
he inlammatory response in the wound site and the grated
bed represents a critical event in the healing process. his
response will involve the removal of necrotic tissue debris, lysis
of the local ibrin clot, the establishment and reestablishment of
a vascular supply to the grat and host tissue, and synthesis of
an early matrix rich in hyaluronic acid.14,36–42 Ater the surgical
procedure, polymorphonuclear cells, lymphocytes, monocytes,
and macrophages migrate to the fusion site and perform their
various functions. Among these, and possibly the most important
in terms of afecting vascular endothelial cells and osteoblastic
progenitors in the grat site, is the local production of paracrine
signals: cytokines, kinins, and prostaglandins. hese messages
act as chemotactic signals and growth factors, afecting the
proliferation, migration, diferentiation, and activity of a variety
of cells, as well as modulation of local blood low, vascular
permeability, and angiogenic response of local endothelial cells.
In this way, the inlammatory response establishes the local
environment in which the early events of the bone healing
response occur. It is not surprising, therefore, that agents that
inhibit the inlammatory response have been shown to alter or
inhibit bone healing.43–48 While the use of nonsteroidal antiinlammatory drugs (NSAIDs) has been associated with impaired
healing in patients undergoing spinal fusion,48 a more recent
meta-analysis of clinical trials did not support the hypothesis that
use of NSAIDs increases the risk of nonunion.49 NSAIDs reduce
inlammation by inhibiting cyclooxygenases (COX). he COX-2
isoform speciically induces osteogenesis via the anabolic efect
of prostaglandin E2 and the subsequent upregulation of Runx2,
a transcription factor that is necessary for osteoblastogenesis.50

hese indings have led to the recommendation that clinicians
weigh the theoretical risks of impaired bone healing against
the potential for pain beneit of NSAID therapy.42,51
In addition to the inluence of the local blood supply and the
inlammatory response, the host bone surface itself is known
to have a profound efect on the healing process in spinal
fusions. When properly prepared by the surgeon, local bone
will serve as a reservoir of osteogenic cells and osteoinductive
signals. It also provides an osteoconductive surface for grat
incorporation and serves as part of the local blood supply to
the grat site. As such, the goal of surgical preparation of local
bone is to minimize cellular and mechanical damage to the host
bone, while maximizing the availability of osteoprogenitor cells
and the osteoconductive and osteoinductive properties of this
surface. his is generally achieved by subperiosteal dissection
with or without decortication or roughening of the underlying
bone to expose vascular osteonal or endosteal bone spaces.
Decortication can be achieved with manual tools such as a
rongeur or osteotome. Alternatively, a power burr may be used,
provided that caution is exercised to prevent thermal necrosis
of the bone owing to the heat of friction at the site by using
continuous irrigation and limiting periods of contact between
the burr and bone at any one site.52 he surface area of cancellous
bone exposed during decortication is another factor thought
to afect the success of a spinal fusion. Increasing the available
surface area also increases the number of osteogenic cells at the
fusion site, which should have a positive efect on the amount
of bone formed and the rate of grat incorporation. Additionally, increasing the area of contact between the osteogenic host
bone and the grat material should lead to an increase in the
osteoconductive surface area available and potentially lead to
greater mechanical strength of the subsequent bony union. his
may account for the greater success of allograts in anterior
fusions53 as compared with posterior fusions, which generally
rely on a smaller area of decorticated bone per fusion segment.
Similarly, this may also contribute to the lower fusion rates
seen in myelomeningocele,54,55 in which the laminae are not
available as a surface for fusion. In theory, any exposure of the
local bone surface, osteonal spaces, or marrow spaces that does
not excessively weaken the mechanical strength of local bone
should increase the number of osteoblastic progenitors with
access to the grat site.56,57

Bone Graft Biology and Materials
Bone grating is performed to accelerate, augment, or substitute for the normal regenerative capacity of bone. here is no
single ideal or optimal grat. he functional demands and the
biologic assets and deiciencies of each grat site vary with the
clinical setting. As a result, the surgeon must rely on both past
experience and clinical judgment and must be familiar with
the new and expanding knowledge base of bone healing
biology and clinical grating materials.
All bone-grating strategies involve either the transplantation or targeting of osteoblastic stem cells or progenitor cells.
Bone grats have been described as having osteogenic, osteoinductive, and osteoconductive properties. Grats may also
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Autogenous Cancellous Bone
Autologous cancellous bone has traditionally been considered
to be the gold standard of grat materials. Autograt has
maintained a track record as the most reliable and efective

grat material, particularly in the challenging clinical setting
of spinal fusion.66–69 his inding is reinforced by the recognition that an autogenous cancellous grat provides all three
areas of functionality: osteogenic bone and marrow cells; an
osteoconductive matrix of collagen, mineral, and matrix
proteins; and a spectrum of osteoinductive proteins provided
within the transplanted matrix of cells. However, the limitations and disadvantages of autogenous cancellous bone have
become increasingly evident in recent years as more efective
and less morbid grating options have become available.
he principal disadvantage of autogenous cancellous bone
grat relates to the process of grat harvest. Autograt harvest
adds operative time, pain, and blood loss. It also carries an
increased risk of infection, cutaneous nerve damage, and even
local fracture. Autograt harvest leaves the patient with permanent scars and a risk of long-term pain at the grat site.70–73
Increased blood loss attributable to the grat harvest results in
an increased potential exposure to blood products along with
all the associated costs and risks of transfusion. he incidence
of major complications associated with the harvest of iliac
crest bone grat (ICBG) was, in earlier studies, reported to be
5% to 10%.74–76 A subsequent prospective study of 170 patients
undergoing spinal fusion with autologous ICBG found that
24% reported numbness at the grat harvest site 3.5 years
postoperatively, and 19% reported that the pain at their grat
harvest sites impaired their ability to perform routine chores.77
However, there is marked variability in techniques to retrieve
bone (e.g., cortical window for cancellous, tricortical for
structural) in the reported incidence and severity of pain
as well as other major and minor complications associated
with harvest of ICBG.70,76–91 Less invasive bone grat harvest
methods may decrease the incidence of complications and
pain.78,92 While randomized controlled trials (RCTs) have
shown no diferences in clinical outcome measures between
patients undergoing lumbar fusion with ICBG and those
receiving bone grat substitutes without ICBG,78,85,93,94 these
studies speciically investigated and reported the incidence of
bone grat pain in the ICBG groups and not in the groups
receiving bone grat substitutes. ICBG donor site pain may be
overestimated, however, since patients undergoing lumbar
spine fusion have diiculty distinguishing between residual
back pain and donor site pain.78,92,95
A second disadvantage of autograt is that, in addition to its
cost and morbidity, the amount of autogenous bone is limited
and may be insuicient in many settings, particularly in children
undergoing arthrodesis over multiple segments. Autogenous
bone also has a biologic limitation as a cellular grat. Although
cancellous bone from the pelvis is the most abundant source
of osteoblastic stem cells and progenitors, these cells represent
only about 1 in 20,000 cells in normal bone marrow. ICBG is
packed with many other cells that do not necessarily contribute
to bone healing. When autogenous cancellous bone is harvested,
its diverse mixture of highly metabolic cells is dissociated from
its blood supply and is then implanted under conditions in
which each cell must compete with all of the other cells in
bone and marrow for the limited amount of oxygen and other
nutrients that are available to difuse into the grat site. he
metabolic demand within the grat site far exceeds the capacity
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contribute to mechanical stability and vascularity at the grat
site.58–60 Detailed reviews of the principles underlying these
practical clinical concepts have been published.15,59–63
he osteogenic property of a grat is derived from viable
stem and progenitor cells that may be transplanted as part of
the grat under conditions in which they can survive and
contribute directly to new bone formation. Osteoinductive
activity refers to the capacity of some stimuli, usually peptide
growth factors, to stimulate cellular events that transform an
uncommitted cell into a cell that becomes activated and committed to new bone formation. he prototype for osteoinductive factors is the family of bone morphogenetic proteins
(BMPs), particularly BMPs 2, 4, 6, 7, and 9, which appear to
be the most osteoinductive. However, other matrix-bound and
soluble growth factors also contribute to this process, such as
TGF-β, insulin-like growth factors I and II (IGF-I and IGF-II),
and bFGF. hese factors may also be delivered as autocrine
and paracrine factors that are released from or secreted by
local or transplanted stem cells and progenitor cells, platelets,
or other cells associated with the local inlammatory response.
In contrast to osteoinduction, osteoconduction is the result
of the structural and surface features of a grat matrix. Osteoconductivity refers to the capacity of a grat matrix to enhance
the attachment, migration, proliferation, and diferentiation of
osteoblastic stem cells and progenitors as well as other cells
that contribute to the bone healing response. As a result,
osteoconduction promotes the distribution of a bone healing
response of the grat. he osteoconductivity of a matrix is a
function of its macrostructure or architecture, the size and
connection between pores on the material, and its surface
chemistry and surface texture. In the case of degradable
materials, the degradation properties of the material are also
critical, speciically the degradation rate, the chemical species
that are released by degradation, and their rate of clearance
from the site.15,64,65
Cell attachment and migration is mediated by the presence
of cell adhesion molecules and other proteins in or bound to
the surface of a matrix. hese matrix ligands can also have a
profound efect on the survival and retention of cells within
the grat site and on their diferentiation. Examples of biomolecules that may serve as adhesion molecules are collagens,
ibronectin, osteonectin, laminin, vitronectin, hyaluronan,
bone sialoprotein, heparin, and various proteoglycans. Binding
domains similar to those provided by these molecules can also
be provided by smaller peptides of 7 to 30 amino acids, a
strategy that is being exploited in many current development
eforts. he extracellular matrix of an allograt is a prototype
for an osteoconductive scafold, which assists the distribution
of a bone healing process throughout a grat site.
he following section reviews the speciic functional elements and clinical outcomes of each of the major spinal fusion
grating options.
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for nutrient difusion. his results in profound hypoxia as one
moves more than 1 to 2 mm into the grat, and few deeply
placed cells survive. his fact was recognized by Burwell from
histologic assessment in the 1960s and can now be deined in
more quantitative terms on the basis of chemical engineering
principles,16,96 Necrosis within the grat places an additional
burden on the site. Necrotic debris must be removed before
new bone formation can occur. In addition, cell debris and
the cytokines that are released by dying cells escalate the local
inlammatory response, bringing in additional cells that further
increase local metabolic demand.

Autologous Cortical Bone
Cortical bone grats are less biologically active than cancellous
grats as a result of several factors. Cortical bone contains
fewer osteoblastic stem cells and progenitors than trabecular
bone. Furthermore, the cells that are present are less likely to
survive because a larger fraction of cells are located within
osteons, which are buried in the matrix, where difusion is
insuicient to provide adequate nutrients to support viability.
he absence of nonosteogenic marrow cells and endothelial
cells further limits the biologic potential of a cortical grat. In
addition, in contrast to trabecular bone, cortical grats have a
much lower available surface area per unit volume. his
reduces the potential surface for new bone formation (and
therefore osteoconductive potential) and may also reduce the
bioavailability of osteoinductive factors buried in the matrix.
he marked reduction in porosity of cortical bone also represents a barrier to vascular ingrowth and bony remodeling,
both of which are critical to bone healing and the development
of optimal mechanical strength.
he only advantage of cortical bone versus cancellous bone
and other grat materials is its superior mechanical strength
and the availability of cortical segments of suicient size to ill
virtually any skeletal defect. he ability to provide immediate
mechanical strength at the time of implantation is a critical
advantage in many situations, particularly in anterior interbody
fusions. However, the mechanical strength of a cortical grat
is not constant over time. Allograt bone is remodeled by the
process of creeping substitution, resulting in increased porosity and progressive loss of strength during the irst 12 to 24
months ater implantation before remodeling and new bone
formation reconstitutes the mechanical properties of the grated
segment.58,97–101 his is associated with increased risk of grat
failure and collapse during the irst 24 months ater implantation.
Combined grats consisting of intact cortical and cancellous bone from the iliac crest are common and readily available
grat materials with good mechanical properties and biologic
properties of incorporation. he mechanical strength of these
grats is variable, however. Grats from the anterior crest
exhibit greater mechanical compressive strength than grats
from the posterior crest.60,102

Vascularized Autologous Grafts
Vascularized grats are used extensively in many centers for
musculoskeletal reconstructive procedures. High rates of

vascular patency can be achieved by experienced microsurgeons. Many studies have shown clear advantages to using
vascularized grats in a number of settings.103–109 In anterior
spinal fusions, donor vessels are available to support the
vascularized grat. Suitable grats with good mechanical
strength are available from the anterior iliac crest, posterior
iliac crest,110 ibula,107,111 or rib.112 An iliac grat pedicle lap on
quadratus lumborum has also been described.113 In intrathoracic procedures, a vascularized rib grat may be mobilized
on its intercostal pedicle, with limited additional morbidity
and in much less time than a free vascularized grat.114,115
However, a rib grat provides less mechanical strength when
compared with the iliac crest or ibula116 and therefore must
be mechanically supplemented by additional cortical bone or
internal ixation.
Although routine use of vascular grats is limited by concerns regarding their increased operative time, technical dificulty, and added morbidity, the improved incorporation of
these grats may make them highly desirable in some settings
in which incorporation of avascular grats may be compromised, such as in areas of radiation-induced ibrosis, dense
scar, or previous infection.107 he ability of vascular grats to
withstand higher levels of irradiation than nonvascularized
grats has markedly increased the use of vascularized grats in
the treatment of bone tumors.104,107,117–119

Autologous Bone Marrow
Bone marrow is a valuable and easily accessible source of
osteogenic cells that is probably underused in contemporary
clinical practice. he osteogenic potential of transplanted
bone marrow was irst documented in 1869 by Goujon120 and
later in 1889 by Senn.121 Studies by Burwell in the 1960s
concluded that the formation of new bone following autograting resulted from the diferentiation of osteogenic precursor cells contained within the marrow in addition to osteoblasts
on the surface of the grat material itself.16 Burwell postulated
that, following transplantation, these reticular cells free themselves from the sinusoidal walls to become primitive migratory
cells. hey then diferentiate into osteogenic cells when they
are exposed to osteoinductive substances released from the
necrotic portion of the grat122 or perhaps from osteoinductive
materials contained within or secreted by the marrow itself.
Many studies have demonstrated the ability of marrow
cells to form bone intramuscularly,123,124 subcutaneously,125
interperitoneally,126–128 in the anterior chamber of eye,129 and
orthotopically. Using a suspension of marrow cells in difusion chambers, Friedenstein showed that hematopoietic cells
die following transplantation, whereas ibroblasts and other
stromal elements are more resistant to hypoxia and may proliferate close to the surface of the grat to produce immature
bone, suggesting the presence of an undiferentiated precursor
cell in postnatal marrow.125,128,130,131 It has been well established
that the osteogenic cells that contribute to this response are not
derived from one homogeneous population of cells but rather
appear to come from two or more compartments of stem cells
or progenitor cells that are upstream from the osteoblastic
population in bone.63,125,132,133 A more mature preosteoblastic
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expressed at each stage, and the approximate site
of principal action for some of the principal
osteotropic growth factors and hormones. AP,
alkaline phosphatase; bFGF, basic ibroblast
growth factor; BMPs, bone morphogenetic protein
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cell appears to be localizable to the marrow space adjacent to
trabecular surfaces or osteonal bone. One or more populations of less mature and potentially multipotent cells appear
to be present in the more liquid phase of bone marrow space,
possibly including cells associated with perivascular tissue of
vascular sinusoids or other marrow vessels. Overall, one can
estimate that, on average, 60% to 70% of osteogenic stem and
progenitor cells are from the trabecular surface population.134
Osteoblastic diferentiation proceeds in a series of steps,
which can be conceptually divided into phases.135,136 An
initial proliferative phase is characterized by expression of H4
histone, c-fos, and c-jun. A matrix synthesis phase is characterized by a reduction in proliferation and upregulation of gene
products for type I collagen, osteopontin, osteonectin, and
alkaline phosphatase. Finally, a matrix mineralization phase
culminates in an osteoblastic phenotype characterized by
expression of osteocalcin, bone sialoprotein, and responsiveness to 1,25-dihydroxyvitamin D and parathyroid hormone.
A conceptual summary of the large body of literature related
to osteoblastic diferentiation is presented in Fig. 66.1.63,137
he value of bone marrow as a bone grat, used alone or as
a component in a composite bone grat material, has been supported by numerous studies in rats and rabbits.122,125,128–130,138–145
Lane et al.146 demonstrated the eicacy of autogenous bone
marrow grating in a 5-mm rat femoral defect and showed
that the eicacy of bone marrow grats were dependent on
transplantation of viable cells. Yasko et al.147 also showed
that bone marrow enhanced the performance of an efective
synthetic BMP-2 material in rats, a inding consistent with
prior materials.143 However, in contrast to clinical practice,
almost all of these studies in rodents have used bone marrow
obtained by open harvesting of bone and/or irrigation of bone
explants rather than by aspiration.
Increasing evaluation of bone marrow grating has been
carried out in larger nonrodent models. Johnson et al.148 found
canine bone marrow much less osteogenic than rabbit marrow
when transplanted in difusion chambers. Using a canine
tibial model, Tiedeman et al.144 found that the percutaneous

injection of marrow mixed with demineralized bone matrix
powder produced overall results comparable with open cancellous grating.
here have been series of reports showing that aspirated
bone marrow can improve bone healing.122,140,149–154 Connolly
reported successful treatment of 18 of 20 nonunions treated
with casting or intramedullary nails plus percutaneous marrow
injection.139
Recognizing the potential biologic value in various clinical
settings, many surgeons currently use bone marrow as an
adjuvant to allograt bone. his practice is indicated primarily
because the risk and morbidity of bone marrow aspiration
from the iliac crest are low. he prospective trials needed to
document the value or limitations of bone marrow grating
are only now being organized. hese investigations are justiied by a signiicant volume of clinical information regarding
methods and cellular yield of bone marrow aspiration155–157
and by a robust set of preclinical studies.158–162
he method of bone marrow aspiration has a signiicant
efect on the concentration and prevalence of bone marrow–
derived osteogenic cells. Muschler et al.,156 in a cohort of
normal subjects undergoing elective orthopaedic procedures,
showed that a mean of approximately 2100 osteoblastic progenitors (colony-forming units or CFU-Os) could be harvested
in a 2-mL aspirate of human bone marrow from the iliac crest
and that the mean prevalence of CFU-Os among nucleated
marrow cells was approximately 1 in 37,000 cells.
hey further documented that the yield of CFU-Os harvested dropped rapidly as the volume of bone marrow aspirated
was increased owing to dilution with peripheral blood. On the
basis of these indings, they recommended that aspiration of
marrow be limited to 2 mL from each aspiration site in order
to maximize the concentration of CFU-Os in the marrow
grat. Further studies have demonstrated that the yield of
osteoblastic stem cells and progenitors tends to decrease with
age and that the prevalence of these cells may decrease more
rapidly in women than in men.155,157,163–165 However, these data
also show that there is marked variation from individual to
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individual in the cellularity of marrow and the prevalence of
osteogenic cells that is not associated with age or gender.
he vertebral pedicle can be a source of bone marrow
aspiration during spinal arthrodesis; however, the available
volume is limited. McLain et al.166 obtained iliac crest and
transpedicular aspirates from the vertebral bodies of 21 adults
undergoing posterior lumbar arthrodesis and pedicle screw
instrumentation. he concentration of osteogenic progenitor
cells was, on average, 71% higher in the vertebral aspirates
than in the paired iliac crest samples (P = .05).
In a subsequent clinical study, the same authors evaluated
sequential aspirations from the diferent depths of the vertebral body, along the same transpedicular axis in 13 patients.167
Four aspirations of 2.0 mL each were taken from lumbar
pedicles prior to placement of pedicle screw ixation. he
authors found that the most supericial aspiration sites in the
vertebral bodies had signiicantly greater concentrations of
connective tissue progenitors (CTPs) and that concentrations
decreased progressively and signiicantly with sequentially
deeper aspirates.
Several authors have addressed the potential value of harvesting bone marrow by aspiration and then processing the
cells that are collected to concentrate those that are most likely
to be of value while eliminating cells that may not contribute
to fusion or inhibit fusion. Connolly et al.138 described concentration of marrow-derived cells using centrifugation
techniques and showed that a three-fold to four-fold increase
in the concentration of nucleated cells increased the amount
of bone formation in a difusion chamber in the rabbit. Several
recent reports have described the results of clinical spine
fusion procedures using bone marrow as a cell source and
concentrating marrow-derived cells using a centrifuge (density
separation).168–171 Other methods have been described that
allow rapid intraoperative concentration and selection of
osteoblastic stem cells and progenitors from bone marrow
using an appropriately designed implantable allograt matrix
as an ainity column to select osteoblastic cells on the basis of
attachment behavior (i.e., selective retention).159,160,172,173 Both
density separation and selective retention can be used to
rapidly concentrate marrow-derived nucleated cells. However,
selective retention has the theoretical advantage of concentrating osteogenic CTP-Os; while removing 50% to 80% of the
other nucleated cells (non-CTPs) may improve the survival of
transplanted cells and reduce local inlammation associated
with necrotic cell debris.172 A clinical cohort study using bone
marrow concentration strategies to lumbar interbody fusion
has also reported a fusion rate of 85%, comparable with historical autograt controls.174 Use of bone marrow aspirate from
the vertebral body, as accessed during spinal fusion procedures
utilizing instrumentation, has been shown to augment fusion
rates in the absence of donor site morbidity.175–178
Muschler et al.15,62,63,179,180 have published four more detailed
reviews of the biologic principles and practical strategies for
harvest and use of stem cells and progenitor cells for bone
healing applications. Use of genetically modiied cells as a
delivery system for gene products promoting bone fusion has
been explored in several studies. his strategy is addressed in
other chapters in this text.181–191

More recent investigations have demonstrated that although
the concentration and prevalence of CTPs decrease in frequency
and function with age,179,192 this may be overcome, at least
partially, by rapid intraoperative processing methods designed
to enrich the population of CTPs. Several studies have explored
the possible use of culture-expanded, bone marrow–derived cells
that have been referred to as mesenchymal stem/stromal cells
(MSCs) based on the premise that they are immunoprivileged, or
hypoimmunogenic.179,193,194 While a meta-analysis of 36 clinical
trials investigating systemic administration of culture-expanded
MSCs has conirmed that treatment can be safe,179,195 the ability
of culture-expanded MSCs to contribute to formation of new
tissue has not been substantiated.
In a systematic review of the literature speciically comparing clinical outcomes of cell-based grats combined with bone
grat extenders to outcomes using autologous bone grats for
spinal fusion, Khashan et al.196 concluded that the actual
overall evidence for the use of culture-expanded MSCs or
BMA combined with synthetic or allograt materials is insuficient to support their use as a substitute for iliac crest grats.
A paucity of high-quality, prospective, comparative controlled
trials currently limit the use of these cell-based therapies in
place of autograt or allograt bone for spinal fusion.196 In
another recent systematic review, Hsu et al.197 concluded that
there were no studies available providing data of suicient
quality to assess the cost-efectiveness of cell-based products
and other synthetic carriers.

RIA (Reamer-Irrigator-Aspirator)
Recent studies have evaluated the potential for use of a
reamer-irrigator-aspirator (RIA), a novel system for harvest of
intramedullary reamings and fatty marrow contents from the
intramedullary canal of the femur and tibia. here are clinical
reports that RIA grats have osteoconductive and angiogenic
properties comparable to ICBGs.198,199 If the intramedullary
canal of the femur or tibia is readily available in the operative
ield, RIA provides a large volume of grat compared with
ICBG harvest procedures.200–202 However, the clinical utility
for spine fusion is debated, as is the extra cost of the RIA
device as compared to the ICBG. In addition, Henrich et al.
found that culture-expanded MSCs from the femur harvested
with the RIA had reduced expression of BMP2 and WNT
family genes, compared with MSCs obtained from the iliac
crest by aspiration.203 hey also found trends toward increased
methylation of the RUNX2 gene, as well as decreased methylation of the SMAD5 and WNT3A genes. Biologic potential of
cells harvested by RIA may be altered by diferent mechanical
stresses on the cells or by harvest of a mixture of fat and
bone-derived CTPs. RIA harvests are prone to variation in
the amount of cells harvested from patient to patient and
due to diferences in reamer diameter and the bone endosteal
diameter.

Structural Bone Allografts and Cages
Use of allograt bone has been well characterized over the past
30 years.204 here are four principal advantages of allograts.
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1 in 1,000,000. he risk of transmission of HIV is between
1 in 1,000,000 and 1 in 1,600,000 for fresh-frozen allograt
bone.221–226
A variety of secondary sterilization procedures have been
designed and may be used, depending on the source of the
allograt. Ethylene oxide sterilization was evaluated by
Cornell,227 who found a 70% decrease in bone induction by
demineralized bone powder in rats. Other authors have
reported variable changes in inductive capacity of ethylene
oxide sterilized matrix.228–231 Heating or autoclaving bone
tissue is generally avoided due to their disruption of matrix
proteins. Some processing techniques, such as high-dose
irradiation, compromise both the biologic potential of bone
matrix, reducing bone formation and union rates,232,233 and
also alter the mechanical properties of the grat.234–242 For
example, irradiation to 2.5 mrad or freeze-dried processing
may reduce the torsional strength of the cortical allograt by
as much as 50%.218 Islam et al.242 showed that, in contrast to
the previously documented two- to threefold decreases in
strength, Young’s modulus, and ductility determined with
monotonic tests, by their group and others,237,238,243 gamma
irradiation induces a more than 15-fold reduction in the highcycle fatigue life of cortical bone at physiologically relevant
stress levels.
Results from other clinical and experimental studies using
allograt bone alone in spinal fusions have been mixed. Some
investigators have found allograt to be signiicantly inferior
to autogenous bone grating when compared with other distinctive preparation methods,53,55,235,244–256 whereas others ind
little or no diference between them.53,114,256–270
Angevine et al.271 documented similar cost-efectiveness
ratios between iliac crest autograt bone and allograt bone for
single-level anterior cervical decompression and fusion
(ACDF) for patients with cervical spondylosis.
Allograt bone appears to be particularly valuable in settings that require the grat to serve a signiicant mechanical
function, such as struts or ring allograts for anterior lumbar
interbody fusions (ALIF)272–276 or as struts or bone–wire ixation constructs in the upper cervical spine.277–286 In these settings, allograts have essentially replaced the use of autograts
from rib, ibula, tricortical iliac crest, and tibial hemicortex
grats, which are all associated with signiicant donor site
morbidity.
Several synthetic materials have expanded the options
for structural support. hese include interbody fusion cages
comprised of titanium, carbon iber–reinforced polymers, and
polyetheretherketone (PEEK).286–295 hese materials provide
the structural function that is necessary to maintain the height
and stability of the interbody site. hese cages and wedges
lack some of the osteoconductive capacity of allograt bone.
Furthermore, they lack the capacity of allograt bone to be
biologically incorporated into the fusion mass and remodeled, remaining in the site essentially as a permanent foreign
body. Metal cages create artifacts on magnetic resonance
imaging and computed tomography, which makes radiographic
assessment of fusion diicult. However, in comparison with
allograt, synthetic materials ofer the advantage of more consistent material properties, speciically strength and fracture
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First, they eliminate the morbidity associated with harvesting
autologous bone. Second, and in contrast to autograt bone,
the volume of available allograt is essentially unlimited. hird,
because cortical allograts can be selected from any bone (not
just the iliac crest or tibial hemicortex), they provide the
surgeon with access to grats that have mechanical strength
and options for shaping that are superior to any autograt site.
Fourth, allograt bone can be preprocessed into a wide range
of specialized physical forms (e.g., blocks, threaded or nonthreaded dowels, sized rings and wedges, chips, ibers, powder)
prepared from cortical and/or cancellous bone. hese preprocessed grats provide the opportunity to customize and precertify the physical form and architectural properties (shape,
size, mechanical strength, surface area, porosity) of a grat
matrix to an individual site.
he method of sterilization and preparation of allograt
tissue has a signiicant impact on osteoconductive, osteoinductive, and mechanical properties, as well as immunogenicity.101,205–208 Donor cells and cell fragments are the most
immunogenic material in allogeneic bone. Processing of
allograt bone therefore includes steps that attempt to remove
as many cells as possible from the grat. Immunogenicity is
further reduced, although not eliminated, by freezing to
−20° C.209–217 Freeze-drying is even more efective at reducing
the immunogenicity of allogeneic bone, but at the price of
reducing mechanical strength by 50%.211,218
Using contemporary processing and storage techniques,
clinical evidence of overt immunologic reaction against the
grat is rare. Even so, histologic evidence of a low-grade
inlammatory reaction can be found around essentially
all allograts. his reaction probably slows the incorporation of many allograts and may contribute to the failure
of some, as suggested by several canine studies that have
documented improved biologic behavior in antigen-matched
allograts.206,207,218,219 Antigen matching is not currently considered practical in the clinical setting, however. he relatively
high current success rates for allograts makes the large cost
of antigen matching not feasible and is probably unwarranted
in general practice.220
Sterility of frozen allograts is ensured through expedient
postmortem harvesting using sterile surgical technique and
careful monitoring using surface cultures and polymerase
chain reaction screening for bacterial and viral genome
fragments. he American Association of Tissue Banks
(www.aatb.org) requires screening tests of all allograts as well
as screening of patients’ medical histories. Musculoskeletal
allograts are tested for hepatitis B virus, hepatitis C virus,
human T-lymphotrophic virus types I and II, and syphilis
(Treponema pallidum).221 It is diicult to determine exact
risks of transmission, particularly in spinal surgery patients,
who oten have multiple comorbidities and may have had
blood transfusions in addition to receiving tissue allograts.
Diferences in reporting and investigating these infections
may also prevent precise determination of incidences of these
events. Allograt transmission rates are estimated by risks of
blood transmission of these viruses. he risk of transmission
of hepatitis B virus in fresh-frozen allograt is estimated to
be 1 in 63,000. Risk of transmission of hepatitis C virus is

1091

IX

1092

SPINAL FUSION AND INSTRUMENTATION

resistance. Recent studies have begun to evaluate absorbable
designs, such as polylactic acid–polyglycolic acid copolymers,
as well as poly(L-lactide-coD,L-lactide). However, the current
data regarding the latter and former is insuicient to support
broad clinical use at this time.295
Regardless of material used for structural support, there is
general consensus that in order to achieve optimal rates of
spinal fusion, the environment within and around these
structural allograts or cages should be further supplemented
with other osteogenic, osteoconductive, and/or osteoinductive
grat materials. Autogenous cancellous bone, bone marrow
aspirate,296 processed bone marrow–derived cells,174 processed
nonstructural allograt materials, and BMPs3,297 are most commonly considered.

Demineralized Allograft Bone Matrix
Demineralization is one means by which the biologic activity
of allograt bone can be modiied. In settings in which
mechanical properties are not critical to the grat application,
demineralization may enhance the osteoinductive activity of
the allograt matrix by making growth factors embedded in
the matrix more available. Several preparations of demineralized bone matrix (DBM) are available; however, these materials may vary in biologic activity, as discussed later.
he history of demineralization as a means to enhance
allograt performance is richly linked to many of the recent
biologic insights into bone biology and bone healing. It was
more than a century ago, in 1889, that Senn reported the
repair of long bone and cranial defects in patients with chronic
osteomyelitis using hydrochloric acid–treated decalciied
heterologous bone implants.121 Although his primary motive
was to promote antisepsis within the bone cavities, Senn
observed rapid substitution of the demineralized tissue with
new bone formation invading from the perimeter of the
defects. However, several of Senn’s contemporaries obtained
equivocal results and clinical eforts over the next 70 years
were minimal.277,298–300
Reddi and Huggins301,302 revived this concept when they
reported on their observation that demineralized matrix
induced bone formation in rats. Marshall Urist went on to
demonstrate bone induction using a variety of demineralized
matrix preparations in muscular pouches of rabbits, rats, mice,
and guinea pigs.303 Subsequently, matrix-induced heterotopic
bone formation was documented at many sot tissue sites,
including muscle, tendon, and fascia,301,303–305 as well as in
the thymus125 and sot connective tissue of visceral organs.306
Nathanson also observed the diferentiation of neonatal
embryonic skeletal tissue into cartilage when cultured on
demineralized bone matrix substratum and suggested that
the tissue transformation of bone induction was analogous to
embryonic bone tissue diferentiation.307–309
Reddi subsequently characterized the inductive phenomenon of bone matrix as a cascade of events parallel to those
occurring in endochondral ossiication and postulated that
the process was the result of stimulation by a series of soluble
matrix factors that potentiated events along the cascade.310–312
In this paradigm, bioactive factors in bone matrix stimulate

activation and migration of osteogenic stem cells and progenitor cells. Mitogenic factors promote cell proliferation.
Angiogenic factors promote local revascularization, and
osteoinductive factors promote osteoblastic diferentiation.
Subsequently, bone matrix has been shown to contain a rich
variety of growth factors and other bioactive molecules in
concentrations that are bioactive.313,314
Sato and Urist315 showed that demineralized bone matrix
was both inductive and was synergistic with bone marrow–
derived cells in healing of rat femoral defects. hey went on to
provide a clinical outlet for these discoveries by developing a
“chemosterilized, autolyzed, antigen-extracted allogeneic bone
(AAA),” prepared using chloroform-methanol extraction, 0.6
N hydrochloric acid extraction of soluble proteins with partial
demineralization, and neutral phosphate autodigestion.316–319
his preparation appeared to reduce the immunogenicity of the
allograt matrix without loss of inductive properties. Using this
preparation, Urist and Dawson reported on 40 patients undergoing posterolateral lumbar spinal fusion with an 80% success
rate and a pseudarthrosis rate of 12%.320
he value of a variety of DBM preparations (chips, ibers,
powders) has subsequently been described in a number of
settings by a series of authors. Glowacki et al.321–323 were
among the irst to report successful repair of craniofacial
defects. Tiedeman et al.144 and Wilkins et al.324 both reported
clinical eicacy in long bone defects. Other reports have also
shown eicacy for DBM in spine fusion models.325,326 Some
studies have reported a beneit of adding DBM to autograt
or ceramic matrices in animal spine fusion models.142,327–330
here is also recent evidence that some DBM preparations
can be used as a substrate for selective attachment and concentration of bone marrow–derived osteogenic stem cells and
progenitors.174,331
Because demineralized bone preparations do not have
mechanical properties suicient to resist external forces, they
can easily be dislodged from a grat site. he use of these
materials is therefore primarily restricted to grating of contained defects or grat sites that are protected by rigid internal
ixation or to settings in which demineralized matrix is combined with other allograt or synthetic materials that resist
displacement or compression.
Of recent clinical concern is evidence that suggests that the
biologic eicacy of commercially available preparations of
DBM materials can vary signiicantly, depending on the
method of processing, the individual batch of bone that is
processed, or the donor of the bone that is used. his variation
has raised questions about the possible value of implementing
generalized standards for either in vitro or in vivo biologic
assays for bone from each batch and donor in order to limit
the potential for biologically deicient materials from compromising the performance of clinical grating procedures. At
present,204,225,332 without evidence that failed grat procedures
cluster around individual donors or batches of demineralized
bone and that these failures can be predicted by any of the
available assays, the clinical value and cost-efectiveness of
biologic assays is uncertain. Regardless, some providers of
demineralized bone have elected to implement some form
of bioassay and use these data to exclude some bone from use
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ongoing developments in this area, speciically the application
of growth factors, collagen matrices, and ceramics in synthetic
bone grating materials.

Deproteinated Heterologous Bone
In contrast to allograt bone, heterologous bone (xenograt)
fails to induce osseous repair due to its high level of antigenicity. Partially deproteinated and partially defatted heterologous
bone (Kiel bone or Oswestry bone) does exhibit greatly
reduced antigenicity and therefore evokes a minimal immune
response.333 he denaturing process, however, also destroys
osteoinductive matrix proteins. Accordingly, implantation of
such materials in bone defects and muscular compartments
has failed to generate bone formation.150
he impregnation of this material with cells capable of
osteogenic activity, however, has been studied. Salama et al.150
and Plenk et al.334 demonstrated that deproteinated xenograt
bone supplemented with autologous marrow assisted osteogenesis in both experimental animals and humans. In these
experiments, deproteinated bone served as an osteoconductive scafolding, providing a stable mechanical environment
for revascularization and proliferation and diferentiation of
osteogenic cells. Salama and Weissman151 reported satisfactory
results in clinical attempts to use composite xenograt/
autograt (Kiel bone/marrow) in a variety of bone defects.
More recently, Rawlinson et al.335 reported poor results using
bovine-derived Cloward grats. Due to the wide availability of
more efective allograt matrix materials in the United States
at similar costs, xenograt materials are not currently used.

Synthetic Bioactive Bone Graft Materials
Recent years have seen an explosion of new information about
the cellular and molecular events involved in the bone healing
response (see Fig. 66.1) and has increased the potential for
clinical applications of growth factors with and without traditional bone grats and bone grat substitutes. Puriied human
recombinant growth factors are becoming available. Many are
active in multiple events in the bone healing process and are
therefore candidates as potential therapeutic agents. In addition, developments in porous ceramic materials and bioerodible polymers of biologic and synthetic polymers enable the
design of customized matrix materials that can be used both
as osteoconductive scafolds and as delivery systems for bioactive molecules. hese converging events are now producing an
army of irst-generation and second-generation biosynthetic
bone grating materials. One of the prototype materials
designed used in combination with bone marrow aspirate
(BMA) is a matrix comprised of type I bovine collagen iber
coated with hydroxyapatite. Several studies compared BMAcollagen-ceramic composite to ICBG in transforaminal lumbar
interbody fusion (TLIF), posterior lumbar interbody fusion
(PLIF), and posterolateral spine fusion, inding similar outcomes but a lower radiographic fusion rate.336–339 It is beyond
the scope of this chapter to comprehensively review any one
of these areas. Several recent reviews are available.15,205,340–342
he following is intended as an overview of some of the

Bone Morphogenetic Proteins
A major advance occurred in 1978, when Urist et al.343
reported the isolation of a hydrophobic, low-molecular-weight
protein fraction from insoluble bone matrix gelatin that was
responsible for osteoinductive activity.344 Further characterization of this inductive factor, BMP, was made possible by
quantitative extraction accomplished by diferential precipitation in a bufer containing 4M guanidine hydrochloride.345
Lovell and Dawson went on to report the success of a partly
puriied BMP preparation on polylactic acid strips in a canine
segmental spinal fusion model.346
Ater an extensive search for the protein responsible for the
inductive activity of bone matrix extract, Wozney et al.347
identiied and characterized three proteins isolated from a
highly puriied preparation from bovine bone in 1988, each
capable of inducing bone formation in a rat subcutaneous
bioassay. Human complementary DNA clones for each peptide
were isolated and expressed as recombinant human proteins.
Two of the encoded proteins were homologous and described
as members of the TGF-β super gene family, whereas the third
appeared to be a novel polypeptide (BMP-1). BMP-1 has
turned out not to be a growth factor at all. Rather, this molecule has been characterized as a procollagen C-proteinase,
which may have a biologic function in the activation of
TGF-β–like molecules, including the BMPs.348,349
At least 17 BMPs have been identiied, but only BMP-2,
BMP-4, BMP-6, BMP-7, and BMP-9 have been documented
to have signiicant osteogenic properties.347,350–352 he BMP
family are homologous proteins with molecular weight of 12
to 14 kD that are posttranscriptionally modiied by glycosylation and are secreted as homodimers or heterodimers linked
by one disulide bond (≈30 kD).347,353,354 In vivo, these proteins
are secreted as soluble factors that have autocrine and paracrine efects. BMP-7 (OP-1) can also be found in systemic
circulation and may also have efects on kidney function.355,356
BMPs are present in bone matrix, both as homodimers and as
heterodimers at a concentration of roughly 1 mg/kg of bone,
where they are believed to play a role in bone remodeling and
the coupling of osteoclastic and osteoblastic activity. BMP-3 is
the most abundant BMP in demineralized bone, comprising
as much as 65% of the BMP in bone matrix. However, BMP-3
is a negative regulator of bone formation, antagonizing the
efects of BMP-2357 and increasing levels of chondrogenic
markers, such as aggrecan and type II collagen.358 Daluiski
et al. found that BMP-3 knockout mice have twice as much
trabecular bone as controls.359
here are four subfamilies of BMP ligands based on their
degree of sequence similarity and functions360,361: subfamily
(I), containing BMP-2 and BMP-4; subfamily (II), containing
BMP-5, BMP-6, BMP-7, BMP-8a, and BMP-8b; subfamily (III),
containing BMP-9 and BMP-10; and subfamily (IV), containing BMP-3, BMP-3b, BMP-11, BMP-13, BMP-14, BMP-15,
and BMP-16. BMP-3 (as stated earlier)357–359 and BMP-13361,362
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and to make claims of superior or more reliable performance
in the marketplace.
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BMP-1
BMP-2
BMP-3
BMP-4
BMP-5
BMP-6
BMP-7
BMP-8
BMP-9
BMP-10
BMP-11
BMP-12
BMP-13
BMP-14
BMP-15

Procollagen C-proteinase
BMP-2a
Osteogenin
BMP-2b

BMP RECEPTOR FAMILY
Activin

BMP-2

BMP-4
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BMP-13
BMP-14

VgR1
OP-1
OP-2
GDF-2

MP53

GDF-11
GDF-7
GDF-6
GDF-5
GDF-9
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ActR-I
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BMPR-IA

Alk-6
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CDMP-3
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FIG. 66.2 The bone morphogenetic protein (BMP) family of proteins. This
igure lists the known members of the BMP family of proteins and some of
the corresponding names that identify the same protein using other
classiication terminology. CDMP, cartilage-derived matrix protein; GDF,
growth and diferentiation factor.

have been shown to be inhibitory. Subfamily (IV) contains
those BMPs that do not have osteogenic properties.
Fig. 66.2 summarizes these proteins along with synonyms
or alternative names that are now, or have been, used for
some of these molecules. here is RNA sequence homology
within and between subgroups of the BMP protein family.
Each of these proteins can interact with one or more of a
family of cell surface receptors. Cells must express both type
I and type II receptors (serine/threonine kinases) in order to
be responsive to BMPs because a type I and type II receptor
must interact in the presence of a BMP to mediate a cellular
response. To date, three type I and three type II BMP receptors
have been identiied. BMPR-IA binds only BMPs. BMPR-IB
binds BMPs and müllerian inhibitory substance. ALK-2 (also
a type I receptor) binds BMPs and activin. BMPR-II binds
only BMPs, and the activin type II receptors, ActR-IIA and
ActR-IIB, bind both BMPs and activin.363 In vitro, BMPs
demonstrate dose-responsive modulation in responsive cells,
both in primary osteogenic cells and in cell lines, in the range
of 1 to 100 ng/mL, but each BMP demonstrates a unique and
variable binding pattern for the individual receptors, as illustrated in Fig. 66.3. hese genes are independently regulated in
both space and time in embryonic development and in bone
healing settings, but a great deal of functional redundancy and
promiscuity between these proteins and receptors is present.
Expression of speciic inhibitors of BMP function (e.g., noggin,
chordin, connective tissue growth factor, follistatin) also plays
a role.353,364–369
Binding of BMP homodimers to type I and type II receptors can also be modulated by three families of co-receptors361:
(1) betaglycan or type III TGF-β receptor370 and Endoglin (aka
CD105)371; (2) the EGF-CFC family (which includes Cripto)372;
and (3) the glycosyl-phosphatidylinositol-linked family of
repulsive guidance molecules (RGM),373,374 which includes
RGMa, TGMb or DRAGON, RGMc or hemojuvelin, and
RGMd.375 his complex system of activators, inhibitors, receptors, and modulators creates a rich ield of potential therapeutic
targets for purposed modulation. Spine fusion has been at the
heart of both development and controversy in the rapidly

ActR-IIB

BMPR-II

FIG. 66.3 The bone morphogenetic protein (BMP) receptor family. BMPs
act on cells through interaction with a family of membrane-bound cell
surface receptors. Cells must express one or more of the type I and the type
II receptors in order to be responsive to BMPs. Some of the cross-reactivity
between BMP-7, BMP-4, and another TGF-β superfamily member, Activin A,
are illustrated. BMPs bind irst to a type I receptor, including Alk-2, Alk-3,
Alk-4, and Alk-6. The relative binding ainity of each BMP is relected by the
thickness of the connecting line. The BMP–type I receptor complex is then
phosphorylated by a type II receptor protein to activate the signal
transduction mechanism in the cell, which results in the BMP-induced
response acting through the SMAD pathway.

evolving and promising ield of targeted delivery of potent
bioactive agents for tissue regeneration and repair.
Among the BMP homodimers that are most active in bone
induction in vivo are BMP-2 (i.e., INFUSE), BMP-4, BMP-6,
BMP-7 (i.e., osteogenic protein-1, or OP-1), and BMP-9.
BMP-2 and BMP-7 have both been developed for clinical
applications in bone grating and skeletal reconstruction.
BMP-13 (aka, GDF-6, CDMP-2) and BMP-14 (aka, GDF-5,
CDMP-1) have been investigated.358,361,376,377 BMP-14 (GDF-5)
is present in varying levels in nucleus pulposus and anulus
ibrosus of both normal and degenerative intervertebral disc
tissue from patients with lumbar intervertebral disc disease,
and it has been proposed that BMP-14 (GDF-5) may play an
inhibitory role in progression of intervertebral disc disease.378
At present, only BMP-2 has been approved by the US Food
and Drug Administration (FDA) for use in spinal fusion. his
approval is speciically limited to use in an absorbable collagen
sponge (ACS) carrier (INFUSE Bone Grat, Medtronic) with
a metallic lumbar tapered fusion device (INFUSE Bone Grat/
LT-Cage Lumbar Tapered Fusion Device; Medtronic) in the
setting of single-level ALIF from L2 to S1 for degenerative disc
disease.379 BMP-2 is also approved for use in open tibial shat
fractures stabilized with an intramedullary nail and treated
within 14 days of initial injury.380,381 BMP-7 (OP-1) received
FDA approval under a humanitarian device exemption as an
alternative to autograt in patients who have failed a previous
spinal fusion surgery and are not able to provide their own
bone or bone marrow for grating because of a condition such
as osteoporosis, diabetes, or smoking.178 BMP-7–based products (OP-1 IMPLANT, OP-1 PUTTY, BioEZE, and BioVERSE)
were removed from the US market in 2014.
A large number of animal studies have demonstrated the
promise and relative safety for these proteins as powerful
stimulants of a local bone-healing response in rodents, sheep,
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formulation of BMPs does or does not provide optimally efective biologic efects. his includes identiication of patient
groups or settings in which clinical performance may be
limited even for on-label applications (e.g., high-risk patients—
diabetes, steroid use, tobacco use, pseudarthrosis). It also
includes identiication of potential value settings that are
currently of label, such as posterolateral lumbar fusion and
applications in the cervical spine. hese must be assessed
through prospective trials or carefully selected and documented clinical experience. Until data regarding the use of
BMPs in these settings become available, surgeons must
remain cautious to avoid overoptimism or wishful thinking
that may result in the use of these products in settings in which
their performance is still to be proven. he following discussion regarding published complications associated with the
clinical use of BMPs brings to light the importance of this
vigilance on the part of surgeons to avoid being “overwhelmed
by their enthusiasm of using recombinant human bone morphogenetic protein type 2.”430,431

Risks and Adverse Events Associated With Use of
Bone Morphogenetic Proteins in Spine Fusion
he initial clinical studies using BMPs reported few and oten
no complications.93,94,412–414,430–434 However, this was not always
the case. Lewandrowski et al.435 reported vertebral osteolysis
with the use of rhBMP-2 in PLIF with 5 out of 68 patients
developing osteolysis within 4 months of surgery. Violation of
the endplate during decortication was thought to be a contributing factor. his oten resolves spontaneously. Similar observations were made in the cervical spine by Vaidya et al.424
As clinical experience expanded and BMP-2 was used in
many settings beyond anterior lumbar spinal fusion, awareness of risks and adverse efects became more evident. his
assessment began by a review of the concerns raised by
Poynton and Lane (also discussed earlier) in 2002,403 warning
that “Safety issues associated with the use of bone morphogenetic proteins in spine applications include the possibility
of bony overgrowth, interaction with exposed dura, cancer
risk, systemic toxicity, reproductive toxicity, immunogenicity,
local toxicity, osteoclastic activation, and efects on distal
organs.”
Despite initial reports of excellent outcomes, data irst
became available in 2006 citing adverse event rates between
20% and 70%, leading to the issue of a Public Health Notiication by the FDA in June 2008379 regarding life-threatening
complications associated with the use of rhBMP-2. Despite
initial reports of no adverse events regarding the use of
rhBMP-2 for spinal fusions,93,94,412,434,436 in 2011, Carragee
et al.431 systematically reviewed the published data on
rhBMP-2, comparing results of early industry-funded studies
with FDA reports and later independent reviews of outcomes
and clinical trial data. In this review, concern was expressed
regarding an increased risk of malignancy with high doses—
speciically with use of AMPLIFY, developed by Medtronic,
which is reported to have a dose (concentration × grat
volume) 33% higher than INFUSE Bone Grat). here was also
strong level 1 evidence demonstrating morbidity equal to or
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canines, and nonhuman primates, using various carrier matrices and a dosage range of 100 to 10,000 µg/mL.354,383–411
Several of the early prospective clinical trials strongly supported the value of BMPs (particularly BMP-2) in the setting
of spinal fusion, reporting fusion rates that were comparable
with autogenous cancellous bone between 80% and 99%.412–421
In a prospective, consecutive patient enrollment with a
minimum 24-month follow-up, 30 patients underwent anterior interbody allograts alone and 45 patients underwent
anterior interbody allograt illed with rhBMP-2. All cases had
posterior pedicle screw instrumentation. A total of 165 surgical levels (62 allograt alone; 103 allograt + BMP) were
included. In the allograt-rhBMP-2 group, fusion rates were
94%, 100%, and 100% at 6, 12, and 24 months, respectively,
ater surgery. In the allograt-only group, fusion rates were
66%, 84%, and 89%, respectively, at the same time intervals.
Clinical outcomes were signiicantly improved in the rhBMP-2
group when compared with the allograt group at 6 months.
here were no revisions in the rhBMP-2 group and four revision fusion surgeries (13%) in the allograt group.422 In a
randomized, controlled trial in patients older than 60 years,
Glassman et al.423 also found that rhBMP-2/ACS (INFUSE
Bone Grat) is a viable ICBG replacement in older patients in
terms of safety, clinical eicacy, and cost-efectiveness.
Taking advantage of the clinical availability of BMP-2,
several investigators began evaluating the use of BMPs for
expanded of-label indications. One of the irst areas was
anterior cervical spine surgery.424–426 Anterior cervical discectomy and fusion performed with rhBMP-2 (0.9 mg BMP per
level) allograt was found to be as efective as iliac bone grat
in terms of patient outcomes and fusion rates. However, safety
concerns were raised related to neck swelling in the BMP
group.425 Vaidya et al.304 compared 22 patients treated with
rhBMP-2 and PEEK cages with 24 patients in whom allograt
spacers and DBM was used. Radiographic examination following surgery revealed endplate resorption in all patients in
whom rhBMP-2 was used, followed by a period of new bone
formation commencing at 6 weeks. In contrast, allograt
patients showed a progressive fusion. Dysphagia was a
common complication; it was signiicantly more frequent and
more severe at 1 and 6 weeks in patients in whom rhBMP-2
was used. here was no signiicant diference in the clinical
outcome of patients in the two groups at 2 years. he authors
concluded that, despite good fusion rates, they abandoned
using rhBMP-2 and PEEK cages for anterior cervical fusion,
due to side efects, high cost, and the availability of a suitable
alternative. Shields et al.427 reviewed 151 patients who underwent either an anterior cervical discectomy and fusion (n =
138) or anterior cervical vertebrectomy and fusion (n = 13)
augmented with high-dose BMP-2 and found a 23% complication rate attributable to BMP-2. he authors concluded that
an inlammatory efect involving adjacent critical structures
led to increased postoperative morbidity.427 Smucker et al.428
and Crawford et al.429 also reported similar indings.
Although BMPs clearly provide valuable tools for use in
stimulation of spinal fusion, the next set of challenges is to
optimize their use in a broader range of applications. his
includes deining those clinical settings in which the current
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greater than that in patients undergoing harvest of ICBG,
speciically a two- to threefold increase in early back and leg
pain (16–18% with INFUSE and 25–30% with AMPLIFY).
he rate of wound complications was estimated to be two to
ive times the rate of those seen in patients not receiving
rhBMP-2 (level 3 evidence). Carragee et al.431 criticized the
study design as having potentially biased clinical outcomes
against the ICBG group, as the study protocols (1) limited the
quantities of ICBG that could be used, (2) required discarding
local bone grat, and (3) did not allow preparation of facets for
arthrodesis, all changes from standard surgical procedures for
PLIF.431,437–439 In a more recent review of the literature, Walker
et al.297 concluded that rhBMP-2 might be useful in improving
rates of radiographic arthrodesis in PLF, speciically in patients
at high risk for pseudarthrosis, such as smokers.
Focusing on studies using rhBMP-2 for ALIF,413,414,432,440,441
which previously had unreported complications, a later review
on available FDA data and recent publications reported complications including osteolysis, subsidence, implant loosening,
and migration at rates signiicantly greater than those in
controls.431 In addition, a statistical higher rate of retrograde
ejaculation (RE) was seen in male patients (6–9%), two to four
times greater than that in patients not receiving rhBMP-2. he
rate of urogenital adverse events (described as mainly urinary
retention) was twice that in controls (level 2 evidence). he
rates of delayed infections in anterior and anteroposterior
fusion procedures were signiicantly increased in patients
receiving rhBMP-2, with the infection rate being as high as
ive times greater for delayed wound infections (level 2
evidence).431
In analysis that followed, Siemionow and Singh442 advise
caution in interpreting these indings, asserting that the
current available evidence may be biased in favor of inding a
correlation between rhBMP-2 and RE. However, they agreed
with the prior assertion by Mroz et al.443 that validated methods
for preoperative and postoperative assessments of RE should
be used in patients undergoing ALIF and that the lack of these
standardized methods in the previous literature may have
even contributed to previous underreporting.
Focusing on studies in which BMP-2 was used for PLIF
despite initial reports of no adverse events, Carragee et al.431
found that the morbidity in the patients receiving rhBMP-2
was the same as or greater than associated with harvest of
ICBG (level 2 evidence). here was level 1 evidence of formation of ectopic bone into the spinal canal/foramen at a frequency six times that seen in patients not receiving rhBMP-2.
In 50% to 70% of patients receiving rhBMP-2 for PLIF, complications included osteolysis, subsidence, implant migration,
and/or loss of lordosis (level 1 and level 2 evidence). hese
problems usually do not resolve. Patients receiving rhBMP-2
for PLIF had poorer outcome scores: they were more dissatisied with their surgery. he external validity of this inding was
diicult to assess, as the RCT in question was discontinued
prior to enrollment of a number of patients suicient to
provide statistical power to support further analysis of the data
(level 2 evidence). Carragee et al.431 criticized the use of ICBG
as the source of autogenous bone in the PLIF trial. hey
asserted that prior to the publication of the industry-sponsored

trial evaluating rhBMP-2 in PLIF,430 the eicacy of local bone
grat for PLIF had been established.444 hey argued that harvest
of ICBG increased pain that would have been minimal or
absent if local bone grat had been used alone or used to supplement the ICBG controls.431 hey proposed that the use of
ICBG in controls may have unnecessarily handicapped the
control group. More recent trials had conirmed the eicacy
of local bone in single-level PLF,445–447 and Carragee et al.
emphasized that despite this handicap, no advantage was
found for the use of rhBMP-2 in PLIF.431 Haid et al.430 later
conceded, despite no discussion of adverse events in the initial
reports, that the study was discontinued as a result of bony
overgrowth into the spinal canal in patients receiving rhBMP-2.
Focusing on studies using rhBMP-2 in ACDF, despite
initial reports of no device-related adverse events and claims
of a 100% fusion rate with no signiicant morbidity in patients
receiving rhBMP-2,433,448 the Carragee et al.431 review of later
available FDA data and more recent publications revealed the
following. here was increased perioperative mortality in the
rhBMP-2 group (level 2 evidence). Perioperative wound
complications, diiculty swallowing, and impaired vocalization were seen in rates 40% higher during the acute hospitalization in patients receiving rhBMP-2 (level 2 evidence).
Patients in the rhBMP-2 group also experienced prolonged
dysphagia requiring tube feeding even when a lower-dose
formulation of rhBMP-2 was used (level 3 and level 4 evidence). Finally, endplate resorption, subsidence, and loss of
alignment were seen in more than 50% of patients receiving
rhBMP-2 for ACDF (level 3 evidence).
he indings of Carragee et al.431 have been supported by
more recent meta-analyses on the use of rhBMP-2 and
rhBMP-7.449,450 In addition to concerns regarding study design
and the possible role of bias in reporting of the earlier industryfunded studies, Carragee et al.431 drew attention to the importance of caution in large-scale clinical application of biologics
that have known potential for safety concerns based on preclinical data, including intense inlammatory response and
comprising neural elements.403,410 hese concerns, particularly
regarding of-label use, were echoed by Epstein et al.451
In a prospective, randomized, controlled clinical and
radiographic trial conducted in Belgium, Michielsen et al.452
found no diferences in clinical outcomes between use of
rhBMP-2 and ICBG in patients undergoing single-level PLIF.
Fusion was equally achieved between groups, but formation
of trabecular bone was slower and interbody bone density was
lower in the irst year postoperatively in the rhBMP-2 group.
he incidences of ectopic bone formation and osteolysis were
high in the rhBMP-2 group. Because there was no evidence of
ectopic bone formation, cystic formation, or osteolysis in the
control group and because the ectopic bone extended posteriorly along the path of cage implantation, the authors concluded that these complications were directly related to use of
rhBMP-2.
A cohort-controlled study conirmed previously published
indings demonstrating a higher rate of RE in patients undergoing ALIF with rhBMP-2 at a single level (6.7%) when
compared with control patients undergoing single-level (0%)
and two-level (1.6%) ALIF without rhBMP-2.453 Glassman
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with rhBMP-2.462 his relative time interval (10 days in rats)
is believed to correlate to several months in human patients.463
his inding appears to be supported by FDA clinical data
documenting the efects of radiculitis in these patients persisting for approximately 3 months postoperatively. he authors
concluded that the mechanism of this observed allodynia is
potentially via BMP-2–mediated inlammation in and around
the dorsal root ganglion and emphasize the importance of
careful consideration of risks associated with of-label use of
rhBMP-2.465
In a meta-analysis of RCTs evaluating clinical outcomes of
use of BMP versus ICBG for lumbar fusion in patients with
degenerative disc disease, Noshchenko et al.466 found signiicant improvements in the Oswestry Disability Index (ODI)
and 36-Item Short Form Health Survey (SF-36) scores as well
as in back and leg pain in both groups at 24 months. he rate
of patient satisfaction was approximately 80% in both groups.
he only diference in patient-reported clinical outcome
measures between the two groups was a signiicantly greater
improvement in the SF-36 (physical scale) scores in the BMP
groups. However, the authors reported that the diference
was heterogeneous, raising concerns regarding low levels of
evidence.466–468
Malham et al.469 reported results of a prospective study of
131 consecutive patients undergoing ALIF with a PEEK cage
illed with rhBMP-2 and a separate anterior titanium plate,
performed by a single spine surgeon and a single vascular
surgeon with goal of prospectively evaluating complication
rates, particularly RE. Of note, this patient population is
closest in age (mean age, 45.3 years; range, 23–70 years) to that
of Helgeson et al.457 (mean age, 38.2 years; range, 23–81 years).
Malham et al.469 reported lower complication rates than those
in the literature for ALIF patients, reported to be as high as
40%. heir total perioperative complication rate was 10.1%,
with minor complications in 13.0% and major complications
in 6.1%. Perhaps most noteworthy was that only 1 of 67 male
patients in this series experienced RE (1.5%). his is in contrast to previous studies with published rates of RE of 7.9%,470
3.4%,471 and 7.2%,453 which led to conclusions that use of
rhBMP-2 in lumbosacral ALIF was associated with an
increased risk of RE. he overall fusion rate in this study (for
ALIF and hybrid patients receiving rhBMP-2) was 96.9%.
Only 4 of 131 patients had not experienced fusion at 12
months postoperatively. his was the 12-month fusion rate
(12.9%) reported by Burkus et al.414
In the largest reported series of adult patients receiving
high-dose rhBMP-2 (≥40 mg), Mesin et al.472 reported
short- and long-term results in 502 adult patients at a single
institution. he average length of follow-up was 42 months
(range, 14–92 months). he majority of this caseload was
comprised of adult spinal deformity cases, noted for having
high complication rates, ranging from 35.9% to 46%.473–475
Further, 47% of their cases were revisions, known to have
a documented higher risk of major complications.474 he
authors stated that one of the main reasons they elected to
use rhBMP-2 was the potential for decreasing the high risk
for pseudarthrosis in this challenging patient population.
Compared with a published pseudarthrosis rate of 17%,
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et al.454 reported that use of rhBMP-2 in posterolateral fusion
does not adversely afect postoperative leg pain to a clinically
signiicant level in patients with dural tears speciically. here
were no diferences in leg pain scores or in any other healthrelated quality-of-life outcome measure between the group
with dural tears and the group with no dural tears. However,
the number of patients with neurologic deicits preoperatively
was too small to determine whether or not there was a differential rate of recovery of neurologic function. Mannion
et al.455 reported on the use of rhBMP-2 with autograt for
minimally invasive lumbar interbody fusion (PLIF or TLIF)
performed at either one or two levels in 30 patients (36 levels).
Using their technique of placement of a low dose of rhBMP-2
(1.4 mg) and locally harvested bone grat, almost all patients
(33 of 36 levels) had evidence of fusion within 7.1 months.
Complications related to rhBMP-2 occurred in 5 of 30 patients
and included vertebral body osteolysis with nonunion (3.3%),
heterotopic ossiication in the neural foramen (6.6%), and cyst
formation (6.6%). One patient required revision surgery.
Practicing in the United Kingdom and Australia, they emphasized the importance of two potential obstacles to widespread
use of rhBMP-2 in publicly funded health care systems: cost
and adverse efects. hey cautioned that, given that high rates
of interbody fusion can be achieved with minimally invasive
techniques without rhBMP-2,456 the added cost and potential
morbidity associated with use of this product should limit its
applications to cases in which preexisting risks of nonunion
are considerable.
In a retrospective study of patients undergoing TLIF with
rhBMP-2, Helgeson et al.457 reported that the incidence of
osteolysis was high: 54% at 3 to 6 months postoperatively.
While this decreased to 41% at 1 to 2 years, 76% of cases of
osteolysis did not resolve. While this afected neither the rate
of fusion nor the inal outcome (overall union rate of 83%), a
bony void was still present at the time of ultimate fusion. he
authors noted that this patient population (at a military hospital) was younger, on average (38.2 years), than patients in
other published studies.
Despite the fact that early studies documented little to no
morbidity to the nervous system,401 the incidences of back and
leg adverse events were noted by the FDA to be markedly
higher in the early postoperative period in patients undergoing PLF with both the INFUSE and AMPLIFY (Medtronic)
rhBMP-2 formulations.458 Concerns regarding the efects of
rhBMP-2 in the setting of spinal cord injury led to in vivo
studies in a rat model of penetrating spinal cord injury, in
which Dmitriev et al.459 performed PLF with or without
rhBMP-2 at varying intervals ater injury. hey found signiicant intraparenchymal inlammatory changes with use of
rhBMP-2 at all time points. Further studies with this model
conirmed the presence of intraparenchymal inlammation at
both early and late time points.460 An unexpected inding was
the diference in the need for treatment for self-mutilation
behavior, a response to neuropathic pain in rats,461 in the
rhBMP-2–treated group (56%) compared with controls (31%).
he authors proposed that these histochemical and clinical
indings in rats correlated with clinical reports on early postoperative radiculitis in patients undergoing single-level TLIF
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cited in studies performed prior to the use of rhBMP-2,
Mesin et al.476 reported a rate of 5%; 52% of their patients
developing pseudarthrosis were patients undergoing revision
procedures. In a patient population receiving an average dose
of 115 mg of rhBMP-2 (range, 40–351 mg), with an average
of 11.5 levels instrumented (range, 3–19 levels), these authors
reported a lower prevalence of cancer in this patient group,
when compared with the general population, and the dose of
patients in this group who had cancer received a lower dose
of rhBMP-2 than those in the noncancer group (although
the dose was not signiicantly lower). At 1%, the rate of
postoperative radiculopathy (in ive patients, four undergoing
TLIF) was also lower in this study than the rates of 5.4%
to 11% reported in other studies evaluating rhBMP-2 in
TLIF,472,477,478 and the authors found no correlation between
dose of rhBMP-2 and development of postoperative radiculopathy. hese results challenge the indings in the literature
regarding these complications and the associated discussions
regarding potential for dose-related escalations in risk,
particularly a study published at the same time by Carragee
et al.479 reporting on 463 patients with 86% follow-up at
2 years. In patients undergoing single-level instrumented
posterolateral arthrodesis, at 2 years the incidence rate of
cancer was 6.8-fold greater in the rhBMP-2 (40 mg) group
in a compression-resistant matrix when compared with autogenous bone grat (control). In addition, ivefold more patients
in the rhBMP-2/CRM group developed one or more cancers
compared with the control group, also a statistically signiicant diference. he authors concluded that use of 40 mg of
rhBMP-2/CRM was associated with an increased risk of new
cancers.479
In a larger, population-based retrospective cohort study,
Cooper et al.480 compared the rate of new cancers in Medicare
beneiciaries aged 67 years and older undergoing lumbar
spinal fusion with rhBMP between 2003 and 2008 to patients
who did not receive rhBMP. he authors identiied 146,278
patients meeting these criteria. Mean duration of surveillance
was 4.7 years. he authors used data from the Surveillance,
Epidemiology, and End Results (SEER) Program481 to determine whether the incidence of cancer was diferent from the
general population. here was no association of administration of rhBMP with cancer incidence.
In response to concerns regarding the safety of INFUSE,
Medtronic, Yale University, Oregon Health and Science
University, the University of York in the United Kingdom,
and Fu et al.,482 via the Yale University Open Data Access
(YODA) Project, conducted a meta-analysis of individualpatient data from 13 RCTs (12 sponsored by Medtronic and
one by Norton Healthcare). he goals of this study were
(1) to estimate the efectiveness and harm of rhBMP-2 in
spinal fusion and (2) to assess reporting biases in published
articles of industry-sponsored studies.482 he authors found
that the main sources of bias were lack of blinding of
surgeons, patients, and outcome assessors. hey concluded
that there was no diference between the efectiveness of
rhBMP-2 and ICBG when used in spinal fusion, speciically
in ALIF and PLF. hey found the evidence available insuficient to make conclusions regarding the efectiveness of

rhBMP-2 compared with ICBG in other surgical approaches
for spinal fusion.
In agreement with the indings (discussed earlier) by Carragee et al.,431 Fu et al.482 also concluded that use of rhBMP-2
in ACDF was associated with statistically signiicant increases
in adverse events overall, wound complications, and dysphonia and dysphagia. hey found that adverse events were
common with the use of both rhBMP-2 and ICBG for lumbar
fusion, with both on-label and of-label use. he authors stated
that although this review did raise concerns regarding the
possibility of increased risks of RE, urinary retention, and
ectopic bone formation with rhBMP-2, the data on these
events were sparse and “the quality of ascertainment was oten
poor,” leading them to conclude that there was insuicient
evidence regarding the risks of these complications in patients
receiving rhBMP-2.
Fu et al.482 also found that, consistent with previous indings, rhBMP-2 was associated with an increased risk for cancer
through 24 months of follow-up but recommended caution in
interpretation of this inding, as cancer cases were found to be
heterogeneous and were underreported. hey agreed with
Carragee et al.431 that publications of data reporting both onlabel and of-label use of rhBMP-2 in journals favored the
reporting of results favoring rhBMP-2 over ICBG and that
adverse events of ive trials were, in fact, underreported. hey
conceded that results were not previously made available to
the public.
In another publication funded by the YODA Project, Simmonds et al.484 evaluated individual-participant data in a
meta-analysis of 11 Medtronic RCTs and one additional RCT
comparing efectiveness of rhBMP-2 to ICBG. he authors
concluded that rhBMP-2 improves rates of fusion compared
with ICBG. However, they noted that inconsistency across
trials was high. hey also found that rhBMP-2 improves back
pain and quality of life (based on ODI or SF-36 scores) between
6 and 24 months postoperatively, but that these improvements
in pain were not clinically signiicant. hey noted the limitation that patients were not blinded regarding treatment and,
as such, may have been biased toward reporting better function and less pain if they were in the rhBMP-2 treatment
group. his study also found increased pain in the immediate
postoperative period in the rhBMP-2 group, but concluded
that rhBMP-2 reduced pain in the longer term. his study
reported an increase in the risk of cancer associated with
rhBMP-2 administration, with this treatment group having
almost twice the incidence of new cancer cases when compared with patients in the ICBG group, consistent with previously reported concerns regarding cancer risks.485 However,
they note that the overall absolute cancer risk in both groups
is low and question whether this increased risk is genuine.
his is not consistent with the increased risk of malignancy
reported by the FDA with use of AMPLIFY, in which a 3.8%
incidence of new malignancies was found when compared
with 0.89% in controls. his diference was statistically signiicant, with the statistical analysis performed reporting a 90%
to 95% probability that this association was genuine.431,458
Regarding concerns about increases in formation of heterotopic bone, osteolysis, radiculitis, and RE,485 Simmonds et al.484
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TABLE 66.1
Analyses

Recommendations for Use of rhBMP-2, per YODA178,482,484

Procedure

Recommendation

ALIF

There is no diference between rhBMP-2 and ICBG.
However, ICBG requires an additional surgical site. When
autograft bone is not available or harvest/use of
autograft is not desired, rhBMP-2 is a reliable alternative
to ICBG. RE and neurologic complications in patients
treated with rhBMP-2 and ICBG were equal.

Anterior
cervical
fusion

The FDA has issued a warning stating that rhBMP-2
should not be used in the anterior cervical spine due to
inlammation causing severe dysphagia and airway
compromise.

PLF

There is no diference between rhBMP-2 and ICBG.
However, ICBG harvest requires an additional surgical
site. When autograft bone is not available or the harvest
procedure is not desired, rhBMP-2 is a reliable alternative.

PLIF

Use of rhBMP-2 is associated with high rates of ectopic
bone formation leading to neurologic compromise. ICBG
is preferred.

TLIF

Use of rhBMP-2 is associated with seroma formation and
neurologic compromise. Further evidence is needed.
Judicious use of rhBMP-2 is advised based on reported
complications.

ALIF, anterior lumbar interbody fusion; FDA, US Food and Drug Administration; ICBG,
iliac crest bone graft; PLF, posterolateral fusion; PLIF, posterior lumbar interbody fusion;
RE, retrograde ejaculation; rhBMP, recombinant human bone morphogenetic protein;
TLIF, transforaminal lumbar interbody fusion; YODA, Yale University Open Data Access.

ossiication (OR, 5.57), RE (OR, 3.31), and cervical swelling
(OR, 4.72). he pooled OR for new onset of tumor was slightly
higher (OR, 1.35) for patients receiving rhBMP-2, but did not
difer signiicantly between groups.
Favorable long-term outcomes of use of rhBMPs in spinal
surgery were recently reported by Malham et al.492 in a retrospective cohort study of patients in the state of Victoria,
Australia. In 527 patients undergoing anterior, lateral, posterior, or posterolateral lumbar fusion performed by two spine
surgeons between 2002 and 2012 with either rhBMP-2
(INFUSE) or rhBMP-7 (OP-1), with a mean follow-up period
of 4.4 years (range, 1.8–11.5 years) and a mean age of 58.4
years (range, 21.3–93.0 years), fusion rates were similar (90.1%
for rhBMP-2 and 91.9% for rhBMP-7). he success rate of
interbody fusion was 93.5% at 12 months with no diference
found between rhBMP-2 and rhBMP-7. he authors commented that they have not harvested ICBG since initiating the
use of rhBMP in their practice in 2002. Reporting of cancer
diagnoses in the state of Victoria, Australia to the Victorian
Cancer Registry is mandated by law. he authors used this
database to identify new cancers occurring during the duration of patient follow-up (2002–13) and compared this to the
incidence of cancer in the population of Victoria. here was
no signiicant diference in the incidence of cancer in their
patient cohort when compared with age- and sex-speciic rates
for the population of Victoria. he authors noted that while
their analysis criteria were more strict, these estimates of risk
in their patient cohort are similar to those reported by Cooper
and Kou.480 hey also cited that their indings difered from
those of Fu et al.,482 Simmonds et al.,484 and Carragee et al.,479
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advised that these indings should be interpreted with caution,
as they were based on less extensive and less detailed clinical
data than that in the YODA Project. Analysis of YODA studies
found no diference in efectiveness (based on ODI/SF-36
scores, safety, or cancer risk between patients receiving the
licensed INFUSE product and the unlicensed AMPLIFY
preparation (which contained a higher concentration of
rhBMP-2). However, the authors did concede that, overall,
rhBMP-2 may lead to an increase in incidence of cancer and
that this is a inding important for clinicians to discuss with
patients when facilitating informed decision making. Regardless of the low published risks, Tannoury and An486 advise that
the observed increases in cancer incidence associated with use
of rhBMP-2 should remain a critically important concern to
clinicians based on longer-term reviews of the literature.487
Hustedt and Blizzard178 subsequently expanded on the
indings of the YODA studies, clarifying the rationale and
logistics of the collaboration between Medtronic and Yale
University. hey summarized the indings resulting from all
studies in the YODA Project as follows:
• here were no diferences in fusion rates between rhBMP-2
and autograt ICBG.
• Both rhBMP-2 and ICBG are associated with similar rates
of RE and neurologic complications when used in ALIF or
PLF.
• here is clear evidence that use of rhBMP-2 leads to high
complication rates in anterior cervical spine procedures
and high rates of formation of ectopic bone in posterior
lumbar interbody procedures.
• While there is a slight increase in the risk of cancer with
use of rhBMP-2, the absolute risk remains very small and
is therefore most likely clinically insigniicant.
hey also summarized the current recommendations for
the use of rhBMP-2 based on the results of YODA analyses, as
shown in Table 66.1.
Cahill et al.488 reviewed and summarized the indings of
both YODA meta-analyses482,484 and articles in the English
language meeting their criteria of being published studies with
at least 1 year of follow-up,472,479 which included three large
population-based studies.480,489,490 With the addition of the
population-based analyses, the advantages of the inclusion of
massive data sets (MarketScan,490 Medicare Beneiciary
Data,480 and PearlDiver489 Medicare Data), the authors noted
the clear advantages of larger sample sizes in risk assessment
regarding postoperative carcinogenesis in patients receiving
rhBMP-2 for spine fusion procedures. In combining these
sources, Cahill et al.488 concluded that the overall risk of cancer
development is low and that there is no clear association
between postoperative cancer formation and use of rhBMP-2
in spinal fusion.
In a meta-analysis of studies reporting on spinal fusion
with rhBMP-2 in human patients, Vavken et al.491 identiied
26 studies with outcomes on a total of 184,324 patients (28,815
experimental patients and 155,509 controls) with a mean age
of 51.1 ± 1.8 years. Using random-efects modeling to calculate
pooled odds ratios (ORs), they found signiicantly higher risks
of the following in patients receiving rhBMP-2 compared
with ICBG: general complications (OR, 1.78), heterotopic
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all of whom reported increased cancer risks in patients who
underwent spinal surgery utilizing rhBMP-2.

Opportunities for Improving or Reining the Use
of BMPs and Other Bioactive Molecules
he mechanism of action of BMPs provides many opportunities for further advancement and reinement, including modiication of dose, formulation, delivery systems, changes in
molecular structure, and means of optimizing the environment
into which these agents are placed. One of the principal
requirements for optimal BMP activity is the presence of a
local population of target cells that are responsive to the
protein (i.e., they express appropriate receptors). In order for
a BMP to be optimally efective, these target cells must be both
available and activated in suicient numbers to produce the
desired result. If an optimal number of responsive cells are not
present within the tissue volume that is exposed to the protein,
the biologic response will inevitably be reduced and the
implantation of a BMP (or any agent) may be completely
inefective. Variation in the concentration or biologic potential
of target cell populations in bone, bone marrow, periosteum,
and other tissues (e.g., muscle, fat) may explain much of the
apparent variation in the magnitude and type of response seen
to BMPs and other growth factors from site to site and individual to individual.156,157,493,494
Preclinical evaluation of BMPs in a series of animal
models from rats to rabbits to dogs to nonhuman primates
demonstrated the need for delivery of dramatically high
concentrations of BMP to grat sites in higher animals.386 In
fact, the formulation of BMP currently available delivers an
amount of BMP that is roughly 50 times greater than the total
amount of BMP that is present in an entire human skeleton.
INFUSE delivers BMP-2 in solution at a concentration of
1.5 mg/mL to be combined with a collagen carrier, resulting
in an implanted concentration of slightly less than 1 mg/mL.
he reason for this escalation of dose has not been clearly
established, though several factors are likely to contribute.
Species-speciic diferences in dose response may exist at the
target cell level, though this has not been a consistent inding
in in vitro culture of primary osteogenic cells. However, individual species do demonstrate signiicant diferences in the
concentration and prevalence of responsive target cells in local
tissues and consistently lower numbers in higher animals. he
geometry involved in delivery of BMP to a suicient volume
of a responsive target population of cells in larger grat sites
increases with the cube of the dimension, which also contributes. A huge dose may be necessary to provide a burst of
BMP delivery that is suiciently large that the BMP difusing
away from the grat site will penetrate into regional tissues
to a suicient depth at a suiciently large concentration to
activate enough stem cells and progenitors or the grat site
becomes larger. Similarly, if the concentration and prevalence
of target cells in regional tissues decrease, as they do in higher
animals, activation of a similar number of cells will require
even deeper tissue penetration. hese factors likely contribute
to the seemingly exponential increase in dose that is necessary in larger animals.15 A second possible explanation for the

massive dose relates to the issue of BMP retention at the grat
site. A massive initial dose may also ensure that a suicient,
though perhaps small, quantity of BMP will remain at the site
long enough to result in activation of target cells that may not
enter the grat site until several days ater implantation, with
the associated inlammatory response or angiogenic response
following the surgical trauma. hese issues in BMP delivery
and function in a grat site suggest a number of options
that could be used to increase the exposure of BMP to an
appropriate target population of cells, thereby improving its
performance. Direct delivery or supplementation of the target
cell population in the grat site is one option. Evidence is
provided by a number of studies that addition of a target
population (e.g., bone marrow–derived cells) to a site of BMP
implantation will signiicantly improve bone healing.147,493,494
Another possible method for enhancing the performance
of BMPs is to reine the method and rate of BMP delivery
into the grat site. he chemical surface of the matrix may
inluence the protein binding, its conformation, and stability.
In some cases, BMP binding to matrix can actually enhance
the biologic performance.495–497 he four major categories of
BMP carrier materials are natural polymers, such as collagen,
hyaluronans, ibrin, chitosan, silk, alginate, and agarose; inorganic materials such as low- and high-temperature calcium
orthophosphates (calcium phosphate cements and sintered
ceramics) and calcium sulfate cements; poly(α-hydroxy
acid) synthetic polymers such as polylactic acid, polyglycolide (PLG); and their copolymers (poly[D,L-lactide-coglycolide]) (PLGA).498 Furthermore, the carrier (collagen,
ceramic, polymer) may have its own biologic efects associated with the release of ions or other degradation products.15
Currently INFUSE uses an absorbable type I bovine collagen
sponge (ACS) as the carrier, on which BMP-2 is reversibly
absorbed. A recent study in canines suggested that if BMP-2
is implanted in an environment containing CaPO4 ceramic,
BMP-2 and BMP-2–associated bone formation will concentrate around the ceramic.172 Other options include controlled
release from degradable polymers, liposomes, collagenhydroxyapatite microspheres, and potentially an osteogenic
and antiadipogenic molecule known as Oxy133 (recently
evaluated in rodent and rabbit models).499–502 Tethering BMP
or other bioactive agents to the surface of a substrate using
covalent linkage or a matrix-speciic binding peptide is also
being explored.503
Yet another option for enhancing the performance of BMPs
is to prolong the period of time that efective concentrations
of the protein are present in the grat site. Residence time of
bioactive protein in a grat site is a complex function of the
rate of delivery (e.g., release or solubilization); the rate of
consumption within the grat site (e.g., degradation, inactivation, binding to inhibitors); and the rate of clearance from the
grat site (e.g., difusion, convection). With the current BMP
preparations, release kinetics is relatively rapid. BMP difuses
rapidly out of the immediate grat site and appears at low
concentrations, in systemic circulation, where it is rapidly
cleared. Fity percent of the rhBMP-2 is cleared from the site
in 48 hours and less than 1% is remaining at 2 weeks.504
Approximately 50% is excreted in the urine.494
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Other Growth Factors
A large number of peptide growth factors and hormones are
known to have important efects on the recruitment, proliferation, and diferentiation of osteoblastic progenitors, which
may have potential therapeutic importance.509,510 EGF and
PDGF are both capable of inducing colony formation by
osteoblastic progenitors in vitro,33 and local injection of PDGF
has been shown to result in induction of new bone formation
when applied close to a bone surface. A PDGF product has
been introduced for use in ankle fusion but has no current
indication or data related to spine fusion.511,512 Basic ibroblast
growth factor (FGF; also called bFGF or FGF-2) will also
increase proliferation of human osteoblastic progenitors and
reversibly inhibit the expression of alkaline phosphatase and
matrix synthesis in addition to its known potent angiogenic
efects. FGF has been evaluated in preclinical studies using a
hyaluronic acid delivery system and has been shown to
increase local bone formation and union rates.513
VEGFs are a family of proteins that function as dimers.
hey have a structure similar to PDGF and interact with
transmembrane receptors Flt-1, Flk-1, and Flt-4 to activate a
tyrosine kinase signaling cascade. VEGFs play several important roles in angiogenesis, osteoclast migration, and osteoblastic activity.514,515 VEGFs do not induce bone directly but, in
addition to angiogenic efects, VEGF delivery has been shown
to upregulate BMP activity in fracture healing and distraction
osteogensis.516,517 When used in combination, VEGFs may
enhance the performance of BMPs.518,519
Transforming growth factor beta (TGF-β) is another potent
osteotropic factor. Of the ive known isoforms of TGF-β,
two—TGF-β1 and TGF-β2—are synthesized by bone cells. In
fact, bone matrix deposited by osteoblasts is the largest source
of TGF-β and is mostly present in a latent form that is released
during bone remodeling.520,521 TGF-β has efects on bone
formation and remodeling. It will induce new bone formation,
but only when implanted or injected in close proximity to
bone, suggesting that its bone formation efects are mediated
primarily by trabecular or periosteal cells, a diferent or more
limited target cell population than the BMPs.522 For example,
Joyce et al.523 showed that subperiosteal injection of TGF-β

can produce a marked periosteal response resulting in rapid
formation of a cartilage tissue mass and bone formation via
endochondral ossiication. IGF-I and IGF-II potentiate a
mature osteoblastic phenotype in culture.58,524,525 Both TGF-β
and IGF-I have been shown to promote spine fusion in a sheep
model.526,527

S E C T I O N

Longer residence time within the site is associated with
improved eicacy at lower protein concentration.505 Residence
time is inluenced by the ainity of the protein to the
carrier.506,507 Residence time can also be increased by modifying the BMP protein itself to reduce its solubility and therefore
its rate of difusion out of the implant.508 Prolonged residence
time within the grat site may have two efects. It may allow
the initial gradient of protein concentration around the site to
be maintained for a longer period, which may positively inluence chemotactic efects that may be mediated by the protein
and draw more activated progenitors and other cells into the
defect. Prolonged residence may also serve to maintain a
functional concentration of protein in the grat site for a
longer time, providing the opportunity for additional stem
cells and progenitors to migrate into the grat site where they
may become activated.
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he major components of organic matrix of bone are type I
collagen (90% dry weight), a large number of noncollagenous
matrix proteins, at least two proteoglycans (biglycan and
decorin), and several minor collagens (mostly types III and
X). hese proteins contribute an osteoconductive substrate for
cell attachment and migration and are necessary elements of
new bone formation and mineralization. he precise contribution of each element of organic bone matrix is not known. Nor
is it understood how the structural organization of the various
components within the matrix inluences the biologic function of these proteins, making the engineering of synthetic
matrices that mimic speciic functional relationships between
these proteins diicult.
Type I collagen has been the focus of many eforts to
develop optimal tissue engineering scafolds. Most of the
noncollagenous proteins in bone matrix can be solubilized
using 4 M guanidine. However, the majority of type I collagen
in bone matrix is heavily interconnected by covalent pyridinium cross-links. his makes native collagen I insoluble and
virtually impossible to manipulate as a reagent to create new
structures. In addition, demineralized extracted collagen
matrix is only modestly efective as osteoconductive material,
though it has been used efectively as a delivery vehicle for
puriied proteins and extracts of bone matrix.
In contrast, ibrillar collagen (uncross-linked collagen) is
soluble and can be extracted from bone and skin. Fibrillar
collagen can be engineered to produce a variety of matrices,
such as gels, sponges, and ilaments. hese are oten secondarily cross-linked to stabilize their structure using a variety of
chemical methods. Again, few of these engineered collagen
matrices are efective by themselves in strongly promoting
bone formation. Some formulations have appeared to actually
compromise the eicacy of autograt in a grat site.162 However,
in general, collagen matrices have been efective as delivery
systems for bone marrow–derived cells146 and for growth
factors. Both BMP-2 and OP-1 used collagen I as their delivery
vehicle when introduced. Interconnected porous meshes of
puriied bovine collagen (pore size ≈50 µm) with a coating of
hydroxyapatite precipitated on its surface have also been
speciically developed and marketed as a delivery system for
bone marrow harvested by aspiration.339,528

Noncollagenous Matrix Proteins
Bone matrix contains many proteins other than collagens and
growth factors.155,313,529–531 hese proteins may serve a role in
organization of the collagenous matrix and other proteins into
higher-ordered structures. hey may provide attachment sites
for cells or binding sites for growth factors. hey may serve as
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regulators of mineralization, as in the case of bone and dentin
phosphoproteins, bone sialoprotein, osteonectin, and
osteocalcin.532–534 hey may also provide a source for release
of locally active growth factors and other bioactive molecules
during the process of matrix turnover and remodeling, as
previously discussed.
Other than growth factors that are embedded in bone
matrix, it is diicult to ascribe any one factor with exceptional
function in the setting of bone grating or a high potential for
future clinical application. However, some may be relevant
and deserve mention. For example, osteoblasts and osteoblastic cell lines appear to express integrins that bind selectively
to both ibronectin and vitronectin535–537 and possibly osteopontin, bone sialoprotein, and laminin. In addition, osteocalcin appears to be chemotactic for osteoclasts and monocytes,538
critical elements of normal bone remodeling. Although these
proteins are not likely to be exploited in terms of recombinant
manufacturing processes used for BMPs, it is possible that
these functions may be localized to speciic functional domains
of these proteins. his knowledge may be used to design
speciic low-molecular-weight surrogates that may be applied
to tissue engineering constructs.

Ceramics
Calcium phosphate biomaterials fused at their crystal grain
boundaries into polycrystalline ceramics by high-temperature
sintering confer stability to these minerals and reduce bioresorbability.539 A variety of ceramics are currently being
evaluated, most of which are composed of either hydroxyapatite (HA) or tricalcium phosphate (TCP). Ceramics may be
prepared as porous three-dimensional implants, dense block
implants, granular particles (usually 0.5–3 mm in size), or
thin surface coatings. Almost all calcium phosphate ceramics
have a high degree of biocompatibility,330,540 and some have
already been extensively used in dentistry and maxillofacial
surgery.330,341,540–547
he minimal macropore size in porous ceramics needed for
efective ingrowth of bone is approximately 100 µm.548,549 Most
porous ceramics currently being manufactured contain interconnecting macropores ranging from 100 to 400 µm. he
various calcium phosphate ceramics generally difer with
regard to their bioresorbability characteristics. A number of
investigators have reported that ceramic HA that does not
exhibit bioresorption is essentially inert.539,540,550,551 Conversely,
there is unequivocal evidence that ceramic TCP undergoes
biodegradation.330,473,539,540,550
Early studies of ceramics suggested that they may be
capable of osteogenic stimulation.552 In fact, one can oten ind
new bone formation in an HA ceramic implant placed at
heterotopic sites in the absence of other stimuli. his occurs
only ater several months and would not be likely to contribute
to the early success of a bone grat. he role of ceramics,
therefore, is primarily that of osteoconduction.553 One possible
mechanism for this apparent late osteoinductive property of
HA ceramics is that an implanted HA implant will selectively
bind proteins to its surface on the basis of their relative ainity
to HA. his may result in the accumulation of some protein

growth factors, such as BMPs, TGF-βs, and insulin-like
binding protein-5, which have strong ainity to HA. Accumulation of these low-abundance proteins and their presentation
on a stable surface may secondarily create a local growth factor
environment on the ceramic surface that is capable of recruiting local osteoblastic progenitors and inducing bone formation. his ainity of many osteotropic growth factors for the
highly charged surface of HA may also make HA ceramics an
efective delivery system for growth factors as composite
synthetic bone grating materials are developed.554
he stability of a bone-ceramic interface and preparation
of local bone are also important. Cameron et al.555 demonstrated that ceramic implants placed against an unprepared
bony cortex do not exhibit bone ingrowth and simply resorb
over time. However, when placed subperiosteally and immobilized on a scariied cortex, bone ingrowth readily takes place.
he sensitivity of these materials to micromotion likely results
from magniication of the mechanical strain within the grat
site at the interface between local tissues and the surface of a
rigid ceramic block. Similar magniication of strain will occur
in the regions of tissue between adjoining ceramic granules,
inhibiting bone formation. As a result, the optimal settings for
use of these materials may be limited to settings in which
mechanical micromotion can be well controlled.
Another drawback of ceramic implants is that they are
brittle and have low impact and fracture resistance.556 Furthermore, the limited solubility and remodeling capacity of highly
crystalline HA ceramics may retard late stages of bone healing
and remodeling and may compromise late mechanical properties of the bone formed in a fusion site.539,556 his concern has
been reduced by the work of Ohgushi et al.,557 which showed
that ceramic combined with bone marrow exhibited greater
biomechanical properties following implantation with marrow
cells as a result of new bone formation in the implant. In
addition, Muschler et al.161,162,557 have performed a series of
spinal fusion experiments evaluating composites of collagen
and ceramic granules (60% hydroxyapatite, 40% TCP).
Although these studies found that all composites tested had a
signiicantly higher nonunion rate than autogenous cancellous
bone grat, the mechanical properties of successful unions
achieved with the collagen ceramic composites were comparable with the mechanical properties of unions resulting from
autogenous bone grat, despite the presence of unresorbed
granules in the fusion mass.
A modest volume of clinical literature is available related
to ceramic materials in spine fusion. Several injectable ceramic
preparations that crystallize at body temperature have also
been described. Resorption rates vary signiicantly, from
weeks to months. hese may provide means for improving the
initial mechanical ixation for acute fractures, though they do
not seem well conceived for achieving long-term ixation.
hese injectable setting ceramics may also have potential
utility in providing extended local delivery for bioactive proteins.558 In a prospective, randomized study with 3-year
follow-up, Dai et al.559 compared beta-tricalcium phosphate
versus autograt in patients undergoing single-level instrumented posterolateral fusion of lumbar spine with betatricalcium phosphate versus autograt. he authors reported
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Systemic/Patient-Speciic Factors Inluencing
Bone Healing in Spine Fusion
Many systemic factors have been shown to inluence bone
healing in the laboratory. Clinically, these factors are also
likely to play an important role. A list of systemic factors and
their relative efects on bone healing is shown in Table 66.2.
Given the complexity of various factors in the clinical setting,
it is diicult to demonstrate on a case-by-case basis or in a
clinical series that each of these factors results in signiicant
alterations of fracture healing or the success of spinal fusion
procedures. Nevertheless, the surgeon should optimize each
factor whenever possible.
Nutritional status has been shown to afect the clinical
outcome of surgical procedures generally566 and on bone

TABLE 66.2

Systemic Factors Inluencing Bone Healing

Positive Factors

Negative Factors

Insulin
Insulin-like growth factor and
other somatomedins
Testosterone
Estrogen
Growth hormone
Thyroxine
Parathyroid hormone
Calcitonin
Vitamin A
Vitamin D
Anabolic steroids
Vitamin C

Corticosteroids
Vitamin A intoxication
Vitamin D deiciency
Vitamin D intoxication
Iron deiciency anemia
Negative nitrogen balance
Calcium deiciency
Nonsteroidal antiinlammatory drugs
Adriamycin
Methotrexate
Rheumatoid arthritis
Syndrome of inappropriate
antidiuretic hormone
Castration
Tobacco
Sepsis

healing speciically.567 Identiication of a nutritional deicit
using anthropomorphic measurements, serum albumin levels,
lymphocyte count, skin antigen testing, and nitrogen balance
studies can be important in selected patients. Recent weight
loss, anergy in skin testing, serum albumin levels less than
3.4 mg/dL, or a total lymphocyte count of less than 1500 are
clinical red lags indicating the need for a careful nutritional
evaluation and a possible need for nutritional support.568
Lenke et al.569 documented that patients undergoing multiplelevel spinal fusion procedures may take 6 to 12 weeks to
recover from the perioperative nutritional insult and suggested
more aggressive nutritional assessment in these patients.
Because most evidence suggests that the critical period in
determining the success of a fusion attempt occurs in the irst
3 to 7 days of healing, manipulation of systemic factors should
be carefully controlled during this time period, especially the
administration of radiation,570 chemotherapeutic agents,571
nonsteroidal antiinlammatory drugs,43,44 and corticosteroids.
Tobacco use, speciically nicotine, is a clinical factor that is
both reversible and most strongly associated with negative
results.406,572–577

Local Factors Inluencing Bone Healing in
Spine Fusion
Many local factors also inluence bone healing; a partial list of
these is shown in Table 66.3. In some cases, these factors are
unavoidable. In other cases, rational methods can be employed
to limit the negative efects. Osteoporosis is generally assumed
to be an undesirable factor in fracture healing, but this is
without direct clinical evidence. his is probably true but
could relate to both mechanical and biologic factors. he
quality of internal ixation is signiicantly afected by bone
mass and is an important variable in the outcome of spinal
fusions. Furthermore, it has been reported that the quality of
local bone marrow and other regional tissues in terms of the
concentration, prevalence, and biologic potential of local
osteogenic stem cells and progenitors may be reduced in the
elderly patient, particularly patients with low rates of bone
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similar clinical outcomes and fusion rates and suggested that
beta-TCP as bone grat substitute may eliminate the need for
bone grat harvesting from the ilium.559 In a diferent prospective study, Chen et al.560 placed autologous iliac crest bone
grat in one posterolateral gutter; on the other side, an equal
quantity of autogenous laminectomy bone supplemented with
calcium sulfate was placed. In a prospective, matched, and
controlled study, Acharya et al.561 evaluated HA-bioactive
glass ceramic composite as a stand-alone grat substitute for
posterolateral fusion of lumbar spine by placing it in the let
intertransverse bed. he autograt was placed in the right
intertransverse bed. At the end of 1 year, excellent radiologic
outcome was seen on the right side (autogenous grat) in all
the cases, whereas 95% (21 of 22) of the cases had poor consolidation on the let side (HA composite). Epstein562 found a
15% pseudarthrosis rate following multilevel laminectomy
and one- to two-level noninstrumented posterolateral fusion
using lamina autograt/β-TCP. Enriched bone-marrow–
derived mesenchymal stem cells were combined with porous
beta-tricalcium phosphate in 41 patients undergoing posterior
spinal fusion.563 Ater 34.5 months, 95.1% of cases had good
spinal fusion results.
Nickoli et al.564 reported an overall fusion rate for all
ceramic products as a bone grat extender in the lumbar spine
to be 86.4% and that ceramics used in combination with local
autograt resulted in signiicantly higher fusion rates. Kaiser
et al.565 provided an evidence-based guideline for performance
of fusion procedures for degenerative disease of the lumbar
spine, using HA/calcium extenders. β-tricalcium phosphate
(β-TCP)/local autograt can substitute for autologous ICBG
for single-level instrumented posterolateral fusion (one level
2 study). HA with local bone autograt/bone marrow aspirate
(BMA) can be a substitute for ICBG in instrumented posterolateral fusion (one level 2 study). Use of HA can be a bone
grat extender when mixed with ICBG for instrumented
posterolateral fusions (multiple level 5 studies). Use of calcium
sulfate preparations mixed with local autograt can be a substitute for ICBG in instrumented posterolateral fusions (one
level 4 study and several level 5 studies). Finally, there is
insuicient evidence to recommend an HA-glass/BMA composite as a substitute for autograt for posterolateral fusion.
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TABLE 66.3

Local Factors Inluencing Bone Healing

Positive Factors

Negative Factors

Increased surface area (bone and
viable local tissue)
Local stem cell sources (e.g., bone
marrow, periosteum)
Osteoconductive scafold (e.g., ibrin
clot or other matrix material)
Mechanical stability
Mechanical loading
Factors promoting recruitment,
activation, and proliferation of
osteoblastic stem cells (e.g.,
platelet degranulation products
including PDGF, EGF)
Osteoinductive factors (e.g., BMPs)
Factors promoting angiogenesis (e.g.,
FGF, EGF, VEGF)
Electrical stimulation

Osteoporosis
Radiation scar
Radiation
Denervation
Tumor
Marrow-packing disorder
Infection
Local bone disease
Mechanical motion
Bone wax (other materials
inducing foreign body
reaction)

BMPs, bone morphogenetic proteins; EGF, epidermal growth factor; FGF, ibroblast
growth factor; PDGF, platelet-derived growth factor; VEGF, vascular endothelial growth
factor.

remodeling.15,62,578,579 hese age-related changes may or may
not be directly related to the pathophysiology of osteoporosis
but likely have a negative impact on the biology of the grat
site for spinal arthrodesis. hese efects may be partly reversed
by strategies that allow concentration of osteogenic cells from
bone marrow or other tissues. he use of antiresorptive agents
that inhibit osteoclasts would theoretically reduce bone formation and remodeling. Antiresorption medications afect
bone remodeling, which is a central part of grat incorporation
and fusion. In a recent review, Lubelski et al. concluded that
although there have been numerous animal studies, there is
limited clinical evidence on the use of antiresorptive medication and spinal fusion. Further clinical data are needed to
understand the relative advantages/disadvantages of antiresorptive compared to anabolic agents and the impact of
administration of these medications before or ater fusion
surgery.578
he mechanical stability of the grat site is generally a factor
that the surgeon can control. Solid internal ixation increases
the chances of achieving a successful fusion. he anatomic site,
patient’s weight, patient’s activity level, and use of external
immobilization are additional variables. he generally higher
union rates seen in patients with spinal muscular atrophy580
and Duchenne muscular dystrophy581,582 may be the result of
decreased voluntary motion and improved local mechanics
despite the presence of osteopenia.
Local tumor invasion can replace normal marrow and
weaken bone, and it may directly invade the fusion site. hese
problems may be partly overcome by the use of special ixation
techniques583 and adjuvant radiation and chemotherapy
depending on the individual tumor. Use of autologous bone
or bone marrow is desirable, but harvest must be performed
in a separate surgical ield to prevent tumor seeding in the
donor site.
Marrow-packing disorders, such as thalassemia major, may
decrease the osteogenic potential of marrow by overgrowth of

normal marrow cells, altering the marrow growth factor
environment and/or crowding out osteogenic stem cells.
Similarly, local bone disease, such as Paget disease or ibrous
dysplasia, can replace the population of normal osteogenic
cells with abnormal cells, preventing or eroding into a successful fusion mass.
Radiation is an adverse factor for bone healing, especially
when administered perioperatively. his may be a function of
its direct cytotoxic efects on proliferating cells or the intense
vasculitis induced by radiation injury. Long ater the acute
phase, radiation-induced osteonecrosis and the dense hypovascular scar let in the radiation bed may leave a poor environment for fusion. In some cases, therefore, it may be
advantageous to use free vascularized grats and donor vessels
outside the area of previous radiation to enhance the vascular
supply of local tissues and the likelihood of a successful fusion.
Emery et al.584–586 have shown that the timing of radiation ater
a spine fusion procedure has a signiicant efect on outcome
and that radiation has the least adverse efect if given at least
3 weeks ater grating. Radiation was best timed to be performed either preoperatively or in the late postoperative
period, avoiding the early postoperative period when vascular
invasion of the grat site and proliferating osteogenic progenitors would be most vulnerable. Settings of marrow replacement or regional scarring secondary to radiation or other
causes are perhaps most likely to beneit from methods
designed to supplement or replace the local population of
osteogenic cells. However, their value is as yet unproven in
clinical trials.
Ma et al.587 reported on a series of 22 consecutive patients
with giant cell tumor of the cervical spine. Of these, 18 received
postoperative radiation therapy 4 to 6 weeks following either
subtotal resection or en bloc resection with total spondylectomy, with reconstruction with titanium plate and titanium
mesh with autogenous bone grat for anterior reconstruction
and pedicle screw placement for posterior reconstruction.
While the authors caution that radiation myelopathy and
radiation-induced sarcoma remain legitimate clinical concerns
in any patients undergoing radiation therapy of the spine,
their patients in this series experienced neither of these complications (with a follow-up period ranging from 36 to 124
months).
Electrical stimulation has been shown to be of potential
beneit in the treatment of nonunions,588,589 failed arthrodeses,590–592 and congenital pseudarthroses,590 consistent with
spinal fusions in animal models.593–595 Nonetheless, irm conclusions about eicacy are diicult to establish because of
inconsistencies in both determining a reliable, reproducible
endpoint for fusion and in incorporating the efect of patient
parameters.596
Several of these clinical studies have been small series,
oten without a randomized control population.594,597–599 A
recent double-blind clinical trial in 201 evaluable patients
found a beneit of electrical stimulation following uninstrumented posterolateral lumbar fusions but only in women.600
Another randomized trial in 179 patients with both instrumented and uninstrumented posterolateral fusions found a
union score of 85% among treated patients compared with
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Future Considerations
Advances that have already been made in the strategies
and grat materials available for spinal fusion in the past
several years have not yet eliminated the need for harvest of
cortical or cancellous bone autograts, sparing patients the
signiicant morbidity and cost of these procedures and their
complications.
he potential for further advancement in the area of spinal
fusion and tissue repair and regeneration in the spine is tremendous. Advances in stem cell biology, biomaterials, manufacture and puriication of growth factors and other
biomolecules, and the delivery of these agents is proceeding
rapidly. In addition, methods for clinical evaluation and surgical and anesthetic techniques will ofer surgeons and patients
ever increasing reliable options, safer methods, and potentially
entirely new strategies for repair and regeneration of bone and
other tissues in the spine.
he clinically efective preparations of puriied recombinantly manufactured protein growth factors are available.
However, the eicacy and risks of these agents vary signiicantly with dose, carrier, and anatomic site. Clinical trials to
date demonstrate clinical eicacy only for the limited indication of interbody lumbar fusion instrumented using a cage
and, even then, only in carefully selected patients. Prudence
and caution are indicated until additional data become available demonstrating that these materials or future materials
will be efective in other settings and in less selected populations to minimize the chance of exposing patients to potentially
inefective treatment without the beneit of systematic controls
or means of generalizable analysis.
Optimizing the use of current and future grating materials
will increasingly require a detailed understanding of the cell
biology, materials science, and engineering principles upon
which tissue engineering strategies are based.15,60,62,63,205,415,604
Central to this process is the recognition that stem cell and
progenitor populations that are capable of proliferating and
diferentiating to form new tissues are the direct or indirect
target cells for all implantable osteoconductive biomaterials,
all bioactive or osteoinductive proteins, and all methods for
biophysical physical intervention (i.e., mechanical or electrical
stimulation).
Future strategies will use the rapidly evolving knowledge
and capabilities of many converging ields. We will design
more eicient, more efective, and less invasive methods for
surgical exposure, manipulation, and mechanical control over
spinal segments and tissues. We will deine methods to characterize and optimize the stem cell and progenitor populations
in our spinal fusion sites, especially in settings where these
essential target cells may be deicient in number or biologic
potential. his will include the harvest, concentration, selection, and transplantation of osteogenic stem and progenitor
cells when needed. We will develop more eicient and more

efective methods for delivery of bioactive factors to responsive
target cells. Finally, advances in biomaterials will also allow us
to design and provide a milieu in which the conditions necessary for the activation, migration, proliferation, diferentiation,
and survival of osteogenic cells (and other cells that are
essential to the bone healing response) can be customized to
the unique biologic situation presented by each clinical setting
and each grat site.

KEY POINTS
1. Graft site preparation is of paramount importance in fusion
procedures regardless of whether or not biologics are used. Care
needs to be taken to ensure that all of the soft tissues have
been removed and that the bone surfaces are decorticated.
2. Host factors—such as diabetes, immunosuppression, nutritional
depletion, and tobacco—play an important role in bone fusion;
efort should be made to optimize reversible factors before
undergoing elective spinal procedures.
3. Knowledge of the cell biology of spinal fusion and the attributes
and synergies of available materials for bone grafting as well as
clinical literature is essential for optimal selection of surgical
techniques and graft materials.
4. BMP-2 is a powerful and potentially efective agent in
enhancing bone regeneration. However, use of BMP-2 must be
balanced by increased awareness of potential adverse efects
and cost.
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65% in placebo controls.601 Application of extracorporeal
shock wave treatment to enhance spinal fusion is another
promising technique.602,603

1105

IX

1106

SPINAL FUSION AND INSTRUMENTATION

3. Shields LB, Rague GH, Glassman SD, et al. Adverse efects
associated with high-dose recombinant human bone
morphogenetic protein-2 use in anterior cervical spine fusion.
Spine. 2006;31:542-547.
The authors reviewed 151 patients who underwent either anterior
cervical discectomy and fusion (n = 138) or anterior cervical
vertebrectomy and fusion (n = 13) augmented with high-dose
INFUSE. They found a high morbidity rate with a total of 35 (23.2%)
patients having complications that the authors thought were
attributable to the use of high-dose INFUSE in the cervical spine.
Fifteen patients were diagnosed with a hematoma, including 11 on
postoperative day 4 or 5, eight of whom were surgically evacuated.
Thirteen individuals had either a prolonged hospital stay (>48
hours) or hospital readmission because of swallowing/breathing
diiculties or dramatic swelling without hematoma. The authors
concluded that putative inlammatory efect that contributes to the
efectiveness of INFUSE in inducing fusion may spread to adjacent
critical structures and lead to increased postoperative morbidity.
4. Muschler GF, Nakamoto C, Griith LG. Engineering principles of
clinical cell-based tissue engineering. J Bone Joint Surg Am.
2004;86:1541-1558.
This review highlights the current state of cell-based tissue
engineering and the central engineering principles and strategies
involved in the design and use of cell-based tools and strategies,
particularly the challenges of mass transport and the inluence
of cell biology on the design and development of biologic
osteoconductive scafold materials.
5. Burkus JK, Gornet MF, Dickman CA, et al. Anterior lumbar
interbody fusion using rhBMP-2 with tapered interbody cages. J
Spinal Disord Tech. 2002;15:337-349.
The authors presented results of a multicenter, prospective,
randomized, nonblinded study of patients with degenerative lumbar
disc disease undergoing interbody fusion using two tapered, threaded
fusion cages. The investigational group (143 patients) received rhBMP-2
on an absorbable collagen sponge. A control group (136 patients)
received autogenous iliac crest bone grafts. At 24 months the BMP-2
group’s fusion rate was 94.5% and the control group’s was 88.7%.
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Zorica Buser

Spine disorders are one of the most common medical problems worldwide, with low back and cervical pain being among
the top contributors to high disability rates.1 Choosing the
right treatment is very challenging due to the complexity of
degenerative changes, patient comorbidities, and psychosocial
factors. Spinal fusion is a common treatment for various
conditions, including deformity, trauma, and degenerative
disc disease with instability. Nonetheless, signiicant rates of
pseudarthrosis (up to 26%) have been reported in the literature.2 Advances in surgical techniques and instrumentation, a
variety of biologics, and better knowledge of fusion biology
have increased fusion rates, but symptomatic pseudarthrosis
still occurs in 10% to 15% of cases.3–7 Nonunion may result in
poor clinical outcomes and extensive medical expenditure.
New bone formation is essential to arthrodesis of the spine
and is heavily inluenced by the local bone environment and
grating substitutes.
Successful grating materials require three essential components: an osteogenic potential capable of directly providing
mature osteoblasts and stem cells that will drive new bone
formation, osteoinductive factors that are able to signal the
osteoblastic diferentiation of osteoprogenitor stem cells, and
an osteoconductive scafold that assists neovascularization
and supports the ingrowth of bone. In addition to these
properties, the ideal bone substitute should be without risks
of disease transmission. Autologous bone grats are the only
grating materials that possess all three properties; they can
provide immediate and long-term mechanical stability, and
are therefore considered the standard. Autogenous grats can
be divided into two groups: local bone (laminae, spinous
processes, or facet joints) and extraspinal material (iliac crest
bone grat [ICBG]). Local bone is a cortical bone grat in
which cell migration is decreased due to small pore size.
ICBG, on the other hand, is cancellous bone that provides
a great environment for rapid new bone formation but lacks
the ability to withstand compressive loading. Both grating
materials have similar fusion rates in single-level fusions;
however, it has been shown that ICBG outperforms local
autograt for multilevel fusions.8 he main challenges with
both grating materials are bone quality, particularly in older

patients, and the amount of autograt needed for long-segment
fusions or revision surgeries. Furthermore, ICBG harvesting is
associated with considerable donor site morbidity, increased
operative time, and increased blood loss.9 Up to 30% of all
patients undergoing the harvesting of ICBG will experience
signiicant postoperative pain or complications including
infection, hematoma, nerve or vascular injury, fracture, persistent pain, abdominal herniation, or pelvic instability.4,5,10–23
Some older studies report autologous bone grat harvest to
be associated with major complications in 8.6% of patients
and minor complications in 20.6%.19 For these reasons, other
grating materials were developed to augment, expand, or
substitute for autogenous bone grats.
In order to avoid morbidity associated with harvesting
autogenous grat and to optimize bone formation for fusion,
several classes of bone substitutes have been developed. hese
include allograts, ceramics, demineralized bone matrices
(DBMs), osteoinductive factors and bone marrow aspirates
(BMAs), autogenous platelet concentrate, mesenchymal stem
cells, and gene therapy (Table 67.1). Although bone substitutes
do not provide the same osteogenic, osteoinductive, and
osteoconductive properties as autograts, various grating
materials have demonstrated eiciency for bone formation in
basic science and clinical studies. Furthermore, advances in
the understanding of bone remodeling, the development of
osteoinductive proteins and small molecules, and the synthesis
of new osteoconductive carriers hold a promising future for
biologic treatments of spinal conditions.

Allografts
Allograts are composed of cadaveric bone and have been
employed traditionally as bone grat extenders. Allograts have
good osteoconductive and minimal osteoinductive properties;
however, they lack growth factors and osteogenic cells due to
the processing that they undergo in order to decrease their
antigenicity. Allograt bone may be applied to the grat bed in a
crushed particulate form or can be formulated to create structural spacers. Cortical allograts ofer substantial structural
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TABLE 67.1 Properties of Bone Substitutes
Osteogenic Cells

Osteoinductive
Factors

Osteoconductive
Matrix

Initial Biomechanical
Strength

Donor Site
Morbidity

+++

++

+++

−

++

Autogenous bone, cortical

+

+

+

+++

++

Allograft, frozen

−

+

+

++

−

Allograft, lyophilization

−

+

+

+

−

Ceramics

−

−

+++

+

−

Demineralized bone matrix

−

++

+

−

−

Osteoinductive growth factors

−

+++

−

−

+

Unfractionated bone marrow

++

+

−

−

+

Mesenchymal stem cells

+++

−

−

−

+

Bone Graft Substitute
Autogenous bone, cancellous

Autologous platelet concentrate

−

++

−

−

−

Gene therapy, in vivo

−

+++

−

−

−

Gene therapy, ex vivo

++

+++

−

−

+

−, none; +, low; ++, medium; +++, high.

stability and are best suited for interbody arthrodesis but sufer
from increased grat resorption and slow bone remodeling.
Corticocancellous allograts initially impart little mechanical support to the fusion site but, because of its relatively
large surface area, are integrated more rapidly than cortical
bone.24,25 Genetic incompatibility between donor and recipient
has been found to be associated with increased resorption of
the allograt and histologic evidence of rejection.26
Ater the harvest, allograt bone undergoes debridement of
sot tissue, removal of bacteria and viruses, and antibiotic
bath. Preservation is achieved through freezing or freezedrying in order to decrease its antigenicity and permit storage
for extended periods of time.27 Frozen allograts may be stored
for up to 1 year. Freeze-drying reduces immunogenicity even
more than freezing, but on rehydration, these grats may lose
up to 50% of their mechanical strength.28 Other sterilization
techniques, such as ethylene oxide or irradiation, may compromise the material properties and osteoinductive capacity
or leave toxic residues behind.
Disease transmission is one of the main concerns with
allograts, particularly viral diseases, such as human immunodeiciency virus and hepatitis. Nevertheless, there have been
only two documented cases of human immunodeiciency
virus transmission from allograt bone, both of which involved
unprocessed grats.29 he combination of rigorous donor
screening and tissue processing has lowered the risk of infection to less than one per million transplants.30 A retrospective
review of US Food and Drug Administration (FDA) data from
1994 to July 2007 found that 96.5% of all recalled allograts
were musculoskeletal. Most were recalled between 2006 and
2007 because of improper donor evaluation.31 Other complications observed ater the implantation of structural allograts
include nonunion and fracture of the grat due to the slower
rates of incorporation.32,33
Structural allograts have been used extensively for anterior
cervical discectomy and fusion (ACDF). Studies evaluating
patients undergoing single-level ACDF with either allograt or

autogenous bone have demonstrated similar fusion rates.34,35
Furthermore, Jagannathan and colleagues reported 94%
fusion rates for single-level ACDF with freeze-dried cortical
allograt without plate ixation or postoperative rigid cervical collar.35a For two-level ACDFs, several studies reported
higher fusion and lower nonunion rates with autograts
compared to allograts.36,37 Advances in plate ixation have
increased the fusion rates in both single-level and multilevel
ACDFs. Samartzis et al. noted similar fusion rates between
allograts (94.3%) and autograts (100%) in two- and threelevel ACDFs.38
In the posterior lumbar spine, autogenous bone grat
appears to be superior to allograt for promoting posterolateral
arthrodesis. Jorgenson and colleagues39 conducted a prospective analysis of autograts versus allograts in posterolateral
lumbar fusion in the same patient and concluded that ethylene
oxide–treated allograt is inferior to autograt and should not
be used for posterior lumbar fusions. Another prospective
study of adult posterolateral lumbar spinal fusion reported
that autograts alone or combined with allograt resulted in
solid fusion in 80% and 50% of the cases, respectively. Freezedried allograt produced no solid fusions, and frozen allograt
led to partial fusion in only 40% of the cases.40 While allograts
alone were not able to achieve a suicient fusion rate for
posterior spinal fusion, they contributed to solid fusion as
bone extenders in adolescent idiopathic scoliosis. Jones and
colleagues conducted a retrospective review of long-segment
spinal fusion with cancellous freeze-dried allograt in patients
with pediatric idiopathic scoliosis. hey reported a 92.7%
fusion rate and an average of 3.4 degrees of loss of curve
correction at 39 months’ follow-up.41 A multicenter retrospective study with 111 patients undergoing spinal fusion for
adolescent idiopathic scoliosis reported a 2.7% pseudarthrosis
rate and 5.9 degrees loss of correction when freeze-dried
allograt and autograt were used together.42
Additional studies have reported excellent outcomes with
the use of femoral ring allograts in the anterior lumbar spine,
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Ceramics
Ceramics are osteoconductive bone substitutes without cells
and growth factors.47 he most commonly used ceramic scaffolds for spinal fusion are calcium sulfates, silicate-substituted
calcium phosphate, calcium phosphates (hydroxyapatite
[HA], β-tricalcium phosphate [β-TCP]), or a combination
of these materials. Ceramics are favorable bone substitutes
because they are biodegradable, nontoxic, nonimmunogenic,
easy to sterilize, and available in virtually unlimited supply
without donor site morbidity or infection risk. he bioresorbability of a ceramic is inluenced by the shape, density, and
chemical composition of the material. HA is a relatively inert
substance that is retained in vivo for prolonged periods of
time, whereas the more porous tricalcium phosphate typically
biodegrades in about 6 weeks.48 When loaded with a source
of osteogenic cells, such as autogenous bone or bone marrow,
ceramic scafolds assist cellular adhesion, support vascular
ingrowth, and promote new bone formation.49 Disadvantages
of ceramic structures are their brittle structure and reduced
shear strength and resistance to fracture. Because they ofer
minimal mechanical stability in the immediate postoperative
period, ceramics are commonly used in conjunction with rigid
internal ixation and must be protected from loading forces
until they are incorporated into the surrounding bone.
With rigid instrumentation, several studies have reported that
ceramic scafolds are eicient bone grat extenders when used with
the local bone in posterolateral spinal fusion.50–52 In a prospective single-center study, patients underwent posterior lumbar
interbody fusion (PLIF) or posterior lumbar fusion (PLF) with
laminectomized bone chips and HA or ICBG.53 At 12 months,
the fusion rates were 86.7% in the HA group and 88.9% in the
autograt group, with the average fusion mass volume being
greater in the HA/local grat group. In a prospective PLF study
done by Korovessis et al.,54 patients were divided into three groups
based on the grating material: ICBG bilaterally, ICBG on one
side and HA plus BMA and local autograt on the other side,
and HA plus BMA plus local bone bilaterally. Solid intertransverse and posterior fusion was observed only in the ICBG group,
deeming HA inappropriate as a stand-alone grating material.
Similar results were reported by halgott and colleagues,55–57 who
retrospectively evaluated the eicacy of coralline HA as a bone
replacement in anterior interbody fusion in both the cervical and
lumbar spine. Yoshii et al.57a reported positive results for HA as
bone extender in ACDF. HA and percutaneously harvested trephine chips led to similar fusion rates as ICBG, had lower blood
loss, and no donor site complications or fragmentation of the HA
grat.

On the other hand, successful results have been reported
for the implantation of ceramic scafolds for posterior spinal
fusion in scoliosis cases, which require extensive bone grat.58–60
Ransford and colleagues59 conducted a prospective randomized study to evaluate the use of a synthetic porous ceramic as
a bone grat substitute in posterior spinal fusion for idiopathic
scoliosis; they concluded that porous ceramic is a safe and
efective bone substitute. Lerner and coworkers reported
similar results with the use of β-TCP as a local bone extender
in the posterior correction of adult idiopathic scoliosis.60 hey
reported loss of correction for the β-TCP group of 2.6 degrees
compared to 4.2 degrees in the ICBG group. Furthermore,
β-TCP was shown to be a good bone extender in posterior
lumbar fusion, achieving 100% fusion rates, as with ICBG at
a 3-year follow-up.61
Calcium sulfate is another synthetic grat substitute. It was
initially used as iller for traumatic bone defects or as an
antibiotic carrier. It has been linked to increased wound and
infection rates, however.62 Furthermore, Niu et al. reported
low fusion rates in patients on the side treated with calcium
sulfate and BMA (41%) compared to the side treated with
ICBG (91%).63 Silicate-substituted calcium phosphate (SiCaP)
has been shown to contain some osteogenic properties in
addition to osteoconduction. However, data on the success of
SiCaP in fusion is inconclusive. In a randomized clinical trial,
SiCaP led to 100% fusion rates in patients undergoing PLIF
for degenerative disc disease. he authors also reported that
patients with SiCaP showed reduced back pain at 6 weeks and
better quality-of-life measurements at 6 months compared to
a recombinant human bone morphogenetic protein 2
(rhBMP2) group.64 On the other hand, Nandyala and colleagues reported poor outcomes with SiCaP in minimally
invasive transforaminal lumbar interbody fusion (TLIF). hey
recorded lower fusion rates (65%) and higher pseudarthosis
rates (35%) with SiCaP when compared to rhBMP2.65
Ceramic carriers may also function as efective vehicles for
the delivery of osteoinductive growth factors.

Demineralized Bone Matrices
DBMs are derived from allograt bone by removing the
mineralized component and antigenic markers, thereby
reducing its immunogenicity. DBMs have osteoconductive
and some osteoinductive properties. he osteoconductive
matrix consists of type I collagen, glycoproteins, calcium
sulfate, and debris. he osteoinductive properties of DBMs
were irst recognized by Urist66 in 1965, when he reported
that the introduction of decalciied bone brought about
the formation of heterotopic bone in rodents. he bone
morphogenetic proteins (BMPs) represent less than 0.1% of
all bone proteins by weight,67 but these growth factors are
essential to the process of osteoinduction, initiating a cascade
of cellular events leading to bone formation. Other growth
factors include bone sialoprotein, osteopontin, transforming
growth factor-β (TGF-β), and insulin-like growth factor-1.68
With aging, the levels of BMPs decrease; however, TGF-β and
insulin-like growth factor-1 levels are not afected and extend

S E C T I O N

with freeze-dried allograts having higher risk of nonunion
compared to frozen allograt.43–45 In cases involving revision
anterior lumbar fusions, one study found that the results
obtained with tricortical allograt may be comparable with
those obtained with autogenous bone grat taken from the
iliac crest.46 Overall, these studies suggest that allograts may
be eicacious alone or as grat extenders in anterior cervical
and lumbar fusions and in patients with scoliosis deformities.
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FIG. 67.1 Demineralized bone matrix (DBM) preparations possess variable
osteoinductive activities. (A) Implantation of DBM induces an intertransverse
spinal fusion in a rat model. (B) Implantation of another DBM does not result
in a solid fusion, suggesting that there are signiicant diferences in the
osteoinductive potentials of commercially available DBM products.

osteoinduction via interaction with BMP proteins.69 Commercially available DBMs have demonstrated marked variability
in osteoinductive potential that may relect diferences in their
BMP content in rat spinal fusion models (Fig. 67.1).70–72
Rabbit, dog, and nonhuman primate models of posterolateral spinal fusion have demonstrated good results with DBMs
alone or in conjunction with autograt.73–76 Clinical studies
also support the eicacy of DBMs as bone grat extenders for
posterolateral spinal fusion.77,78 A composite consisting of
DBM putty and aspirated bone marrow ofers similar performance to autograt in posterolateral spinal fusion. A multicenter prospective study that compared the efectiveness of
Graton (Osteotech) DBM gel composite with iliac crest
autograt in posterolateral spinal fusion demonstrated that
Graton DBM could extend a volume of autograt that was less
than that normally required to achieve a solid spinal fusion.79
DBM and bone marrow composite has been successful for
posterior spinal fusion in scoliosis surgeries as well, and the
fusion rates have been reported to be comparable with those
of autograt.80 One case series of anterior lumbar interbody
fusions (ALIFs) with DBM composites consisting of titanium
mesh cages, coralline HA, and DBM concluded that the DBM
composite was efective for anterior interbody fusion of the
lumbar spine when used as part of a rigidly instrumented
circumferential fusion.56 On the other hand, An and colleagues81 prospectively compared the fusion rates of an
allograt-DBM composite with autograt in anterior cervical
fusion and concluded that the allograt-DBM construct
resulted in a higher rate of grat collapse and pseudarthrosis
than autograt alone. he low fusion rates reported in that

study have prompted surgeons to look for an alternative in
DBM delivery. Several studies conducted prospective evaluations of DBM with or without autograt packed into polyetherether ketone (PEEK) cages.82,83 Park et al. observed 97% fusion
rates in ACDF patients with DBM and local autograt packed
in PEEK cages.82 Moon and colleagues reported fusion in
77.8% of patients at a mean 25.5-months’ follow-up in twolevel ACDFs with PEEK cages packed with Graton DBM
without plate ixation. Regional alignment and cervical global
alignment were improved postoperatively; however, 84% of
the patients had some subsidence of the cages.83
In a direct comparison of multiple formulations of the same
DBM, the putty and lexible sheet forms enhanced spinal
fusion to a greater extent than a gel, most likely because the
former are iber-based preparations and exhibit improved
handling characteristics over the gel form.84 Apart from bone
extenders, DBM was tested as a delivery vehicle for growth
factors, cells, and antibiotics. In a rat PLF model, DBM with
adenovirus carrying a Nell-1 gene was implanted at L4–L5; at
6 weeks postoperatively, micro-CT demonstrated a 70% fusion
rate.85 High doses of Graton DBM had a nephrotoxic efect in
a rat model but not in human studies.86

Osteoinductive Growth Factors
Numerous growth factors capable of signaling cell-surface
receptors and directing cellular activities are involved in the
regeneration of bone tissue. In 1965, Urist66 irst observed that
DBM possessed osteoinductive ability; subsequently, the
osteoinductive BMPs were isolated and characterized. BMPs
are members of the TGF-β superfamily. By binding to speciic
receptors present on the surface of the osteogenic progenitor,
intracellular cascades that recapitulate endochondral ossiication are activated. BMPs also stimulate mesenchymal stem
cells to diferentiate. Initially, BMPs were extracted from large
amounts of bone: 10 kg of cortical bone yielded less than 20 g
of osteoinductive protein.87 In addition, these crude preparations contained a heterogeneous collection of growth factors,
including several diferent types of BMPs, as well as other
biologically inactive proteins.
With advantages in molecular biology, the genes encoding
the BMP proteins were sequenced and subsequently cloned
(recombinant DNA), allowing for the mass production of
single BMPs, including BMP-2 and BMP-7 (also known as
osteogenic protein-1 [OP-1]).88 Because they are available in
almost unlimited quantities, BMP-2 and BMP-7 have become
the most widely used recombinant BMPs for animal studies
and are the only BMPs currently being evaluated in human
clinical trials. In contrast to puriied extracts, recombinant
growth factors are free of impurities and do not elicit a host
immune response. Recombinant human BMPs (rhBMPs) are
soluble factors that tend to difuse away from the fusion site
when used alone, resulting in attenuation of their osteoinductive capacity. For this reason, before implantation, these
factors are combined with a carrier matrix that serves to
restrict their movement, conine them to the location where
they are needed, and allow them to release consistently over
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use. McClellan and colleagues110 retrospectively investigated
cases with a TLIF with BMP and reported a high rate of bone
resorption, thereby assuming that the osseous remodeling
potential of rhBMP-2 may lead to bone resorption within the
vertebral body. In another TLIF study, 7.4% of the patients
who received rhBMP-2 developed vertebral osteolysis within 4
months postoperatively.111 Pradhan and colleagues112 reported
that the pseudarthrosis rate among patients who received
femoral ring allograts with rhBMP-2 was higher than that in
patients who received femoral ring allograts with autogenous
iliac bone. hey concluded that this appeared to be caused
by the aggressive resorptive phase of allograt incorporation,
which occurs before the osteoinduction phase.112 hese results
suggested that caution must be exercised in deciding between
autograt and rhBMP-2 for anterior lumbar interbody fusion
and that further clinical studies were warranted. In a canine
lumbar spine fusion model, the placement of OP-1 (BMP-7)
over a dural tear stimulated new bone formation in the subarachnoid space, resulting in mild spinal stenosis at the site
of dural decompression.113 Several other rhBMP-2 complications have been documented in the lumbar spine including
heterotopic/ectopic bone formation, radiculitis, and wound
infections.114–117 In a minimally invasive TLIF and PLIF study,
21% of the patients with rhBMP-2 presented with heterotopic
bone formation; however, they were not associated with any
further adverse events.116 he rate of radiculitis in patients
undergoing minimally invasive TLIF with rhBMP-2 was
11% within the irst few days postoperatively.117 Vaccaro and
coworkers reported wound infections in 4 out of 24 patients
(16.7%) who had single-level uninstrumented fusion with
OP-1.118 A recent meta-analysis reported that the overall data
on the beneits and harms of BMP are underreported and oten
industry biased, making their accuracy inconclusive.119,120
It appears that the osteoinductive activity of the BMPs may
compensate for the inhibitory efects of nicotine and nonsteroidal antiinlammatory drugs, two agents implicated in hindering spinal fusion in humans.121–124 As noted previously,
recombinant growth factors have been used in conjunction
with intervertebral fusion devices in an attempt to achieve
arthrodesis of the anterior spinal column. Titanium cages or
cortical allograt dowels loaded with rhBMPs proved to be
more eicacious than similar devices carrying autogenous
bone for stimulating interbody fusion in a number of diferent
animal models, a inding that was consistent whether these
composite grats were implanted in the cervical, thoracic, or
lumbar spine.123–125 hese encouraging results were corroborated by a prospective, randomized clinical trial in which
patients with degenerative disc disease limited to a single level
of the lumbar spine were treated with a threaded cylindrical
cage illed with either rhBMP-2 protein or autograt.126 Ater
24 months, all 11 patients who had received rhBMP-2 exhibited radiographic evidence of solid fusion, compared with only
two of the three control patients who were implanted with
interbody devices containing their own iliac crest bone.
Patients in the rhBMP-2 group initially experienced a more
rapid resolution of their original symptoms, although at 6
months both groups demonstrated similar levels of clinical
improvement. In addition, no complications were reported
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time. Current osteoinductive carriers used to deliver rhBMPs
include autogenous bone grat, DBMs, collagen, ceramics,
and polylactic acid.88–100 Depending on the speciic clinical
application and the location into which the growth factors
will be introduced, some carriers might be superior to others.
Minamide et al. demonstrated in their rabbit lumbar fusion
model that rhBMP-2 delivered onto bone cement coated with
type I collagen had better fusion rates and more mature bone
with higher tensile strength and stifness than rhBMP-2 delivered onto a type I collagen sheet.101 Multiple animal studies,
many of which were performed in nonhuman primates, have
established that the implantation of BMP-2 and BMP-7 in the
posterior spine results in fusion rates equivalent to or superior
to those obtained with autogenous bone grat. Furthermore,
they may generate fusion masses with improved biomechanical properties that may obviate the need for decortication of
the posterior elements, a procedure that is normally required
to provide endogenous growth factors that are essential for
successful posterolateral spine arthrodesis.102 Boden and colleagues103 conducted one of the irst prospective randomized
clinical pilot studies on the use of rhBMP-2 for posterolateral
fusion in humans. In that study, the authors randomly divided
the enrolled patients into three treatment groups, as follows:
autograt with instrumentation, rhBMP-2/ceramic granules
with instrumentation, and rhBMP-2/ceramic granules
without instrumentation. hey reported that the fusion rate
of the rhBMP-2/ceramic granules without instrumentation
group was 100%, which was superior to the autograt with
instrumentation group (40%).103 Following this pilot study,
Dimar and colleagues104 conducted a prospective randomized
study comparing the use of ICBG to rhBMP-2 combined with
a carrier (bovine collagen and tricalcium/HA) for singlelevel posterolateral fusions. hose authors reported that the
rhBMP-2 group demonstrated increased fusion rates (91%) as
compared with the autograt group (73%).104 In another study,
Boden and colleagues105 described the human pilot trial of the
use of rhBMP-2/collagen inside lumbar interbody spinal fusion
cages. Although the number of patients enrolled in that study
was small, they reported at the 2-year follow-up that fusion
occurred more reliably in patients treated with rhBMP-2-illed
cages than in controls treated with autogenous bone grat.105
Burkus and colleagues also conducted a prospective study on
the use of rhBMP-2/collagen sponge with allograt dowels
or tapered cylindrical fusion devices in ALIF and concluded
that the use of those rhBMP-2 composites showed promise
in assisting anterior intervertebral spinal fusion.106–108 Slosar
and colleagues,109 in a prospective study on ALIFs, compared
patients treated with allograts, either with or without the
addition of rhBMP-2, with posterior instrumentation and
demonstrated excellent results with the use of rhBMP-2.
hese reports supported the use of rhBMP-2 for ALIF and
contributed to approval by the FDA in 2002. Because of its
high fusion rates in ALIF, rhBMP-2 use was extended “oflabel” to PLIF, TLIF, and cervical fusion. An increase in the
number of procedures with rhBMP-2 has generated a large
body of literature on adverse events and complications.
Resorption of an implanted grat before osteoinduction and
interbody fusion occurs was associated with the rhBMP-2
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with the use of rhBMP-2. hese studies have conirmed that
partially puriied BMP extracts and recombinant growth
factors are able to induce spinal fusion in animals and humans.
In all of these studies, however, the concentration of BMP
necessary to bring about adequate bone formation in this
environment was several magnitudes of order greater than
normal physiologic levels, an observation that raised potential
safety concerns. Furthermore, a recent meta-analysis summarized rhBMP-2 concentrations for various spinal procedures, and found poor study quality and large discrepancies
in BMP doses within each procedure.127
In contrast to anterior lumbar fusion, there are studies that
caution against the use of high-dose rhBMP-2 for cervical
anterior spinal fusion. Shields and colleagues128 reported a
retrospective review of patients who underwent anterior cervical fusion using high-dose rhBMP-2/collagen sponge. he
authors reported that 23.2% of patients sufered complications,
such as hematomas, dysphagia, and excessive edema. Vaidya
and colleagues129 also reported that complications were associated with anterior cervical spinal fusion using rhBMP-2,
including dysphagia, which was shown to be signiicantly
more frequent and more severe in patients in whom rhBMP-2
was used. As a consequence, in July 2009, the FDA issued a
Public Health Notiication citing serious adverse efects with
use of BMP in the cervical spine. Several systematic reviews
looked at rhBMP-2 complications in the cervical spine. Tannoury and colleagues reported that the most common complications were dysphagia and neck swelling, hematoma,
vertebral edema, osteolysis, and wound infections.114 In order
to minimize the quantities of BMP required for a successful
fusion and outcome, it will be important to establish the
appropriate dose for each spinal application and develop
eicient carrier systems to deliver these osteoinductive factors.
New adjuvant agents such as bone morphogenetic binding
peptide (BBP), which may enhance the eiciency of BMP, are
under investigation in animal and in vitro studies. BBP is a
BMP-speciic binding protein that was isolated on the basis of
the early work of Urist. BBP binds rhBMP-2 with an intermediate ainity, which makes it an ideal “slow release” agent.129
As such, BBP may reduce the time to fusion and more thoroughly control the distribution of bone healing in spinal
fusion.

Autologous Platelet Concentrate
Platelet degranulation is part of the normal cascade of bone
healing with release of several growth factors, such as plateletderived growth factor and TGF-β. hese growth factors promote
chemotaxis and proliferation of mesenchymal stem cells and
osteoblasts and enhance bone healing.130,131 By concentrating
these platelet factors as autologous growth factor (AGF) concentrate, one may enhance the formation of new bone in lumbar
spinal fusion when used in combination with autograts.132 In
the autologous platelet gel systems currently in development,
platelet-rich plasma is separated from a sample of the patient’s
blood and concentrated in a ibrinogen matrix. his ibrinogen
preparation is combined with thrombin, forming a ibrin clot

that can be administered with an osteoconductive scafold or
a source of osteogenic cells to form a composite bone grat.
However, AGFs have several disadvantages: blood draw,
platelet processing, and longer surgery time. Recently, several
reports have addressed in detail the eicacy of AGF for spinal
fusion.133–136 Weiner and colleagues134 retrospectively compared autograt alone with an autograt with AGF in posterolateral spinal fusion; the authors reported that the use of AGF
resulted in inferior rates of fusion compared with those of
autograt alone. Hee and colleagues135 conducted a prospective
study on AGF in instrumented TLIF and concluded that the
use of AGF in TLIF procedures did not increase overall fusion
rates, although it might promote a faster rate of fusion. Carreon
and colleagues136 retrospectively investigated the efectiveness
of platelet gel in instrumented posterolateral fusion and
reported that platelet gel failed to enhance the fusion rate
when added to autograt. On the other hand, Jenis et al.
reported similar fusion rates between ICBG (85%) and autograt supplemented with AGF (89%) in one- or two-level
lumbar interbody fusion with posterior ixation.137 In current
systems, autologous platelet concentrate has not been conclusively shown to enhance fusion; thus, further investigation
may be warranted.

Mesenchymal Stem Cells
Mesenchymal stem cells (MSCs) are self-renewing and pluripotent cells and have been identiied in a variety of tissues,
including bone marrow,138 muscle,139,140 periosteum,141 and
adipose tissue.142 In a variety of animal models, bone marrow–
derived MSCs have demonstrated an eicacy in spinal fusion.
Minamide and colleagues143 cultured MSCs derived from
bone marrow and implanted these cells onto the posterolateral
lumbar transverse process with an HA-granule carrier in a
rabbit model; ive of seven rabbits in the high-number cultured
cell group were deemed to be fused using manual palpation.
he authors demonstrated that these cells acted as a substitute
for the autograt in spinal fusion.140 Using a rhesus monkey
model, Wang and colleagues144 expanded autologous MSCs
derived from bone marrow in culture, stimulated them with
osteogenic supplements, and constructed calcium phosphate
ceramic composites with MSCs. hey demonstrated that
autologous MSC composites could enhance bone regeneration
and achieve osseous spinal fusion in an anterior interbody
fusion model. Clinically, Gan and colleagues145 used bone
marrow–derived MSCs combined with porous β-TCP for
posterior spinal fusion and reported 95.1% spinal fusion.
Unfractionated bone marrow (BMA) has osteoinductive
(growth factors) and some osteogenic potential. he bone
marrow of healthy adults contains only one MSC for every
50,000 nucleated cells; this population is even further diminished in older patients and those with metabolic diseases such
as osteoporosis.143–145 Moreover, as bone marrow is aspirated
from the iliac crest, it undergoes extensive dilution with
peripheral blood, further decreasing the concentration of
MSCs. Ampliication or concentration of BMA may improve
the yield of osteogenic MSCs from bone marrow. BMA is
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Gene Therapy
Gene therapy involves the delivery of a vector with a speciic
DNA sequence, or gene, to target cells that subsequently
express the therapeutic protein. Recombinant BMPs have
been used successfully to stimulate fusion in several clinical
trials.103,105,151–156 he advantages of gene therapy are that it can
provide longer release of osteogenic proteins at levels more
closely resembling physiologic levels than the administration
of a single large dose of recombinant proteins. Delivery vehicles
include viral and nonviral vectors that can be delivered in vivo
(nonspeciic and can elicit host immune response) or ex vivo
(transfection of isolated autologous cell). Nonviral vectors are
easier to produce, they are more stable, less antigenic, and
are theoretically safer than viral vectors. Common nonviral
vectors include naked DNA, liposomes, or polyplexes (DNA
embedded into lipids or polymers). Nevertheless, viral vectors
are oten favored over nonviral strategies because of their superior transduction eiciencies. Replication-deicient adenoviral
vectors have been successful in animal experiments. Lu and
colleagues85 tested a new osteoinductive factor, Nell-1 (Nellike molecule-1) with DBM carrier, for in vivo gene therapy
in the posterior rat spinal fusion model and reported 70%
fusion rates at 6 weeks. However, there are several drawbacks

TP

TP

FIG. 67.2 Ex vivo gene therapy using rat bone marrow cells transduced
with the bone morphogenic protein-2 gene successfully induces spinal
fusion in rats. A sagittal section through the posterolateral spine
demonstrates a solid fusion mass (arrows) spanning two adjoining
transverse processes (TP).

with adenoviral vectors. Although these vectors transfect both
dividing and nondividing cells, they cannot integrate into the
host genome, thereby limiting protein production to several
weeks.157 Furthermore, adenoviral vectors generally retain their
ability to synthesize adenoviral proteins, which stimulate the
host immune response.158,159 Recently, in order to compensate
for the disadvantage of adenoviral vectors, various other viral
vectors, such as adeno-associated viral vector and lentiviral
vector, have been tested160–162 and improvements have been
implemented to ensure safety.162–164
Using cells, in particular stem cells, as a delivery vehicle in
gene therapy could potentially hold a two-fold beneit for
spine fusion by providing both osteogenic and osteoinductive
characteristics. his bone grating technique has been implemented in several animal models for spinal arthrodesis.161,165–171
Wang and colleagues168 employed ex vivo gene therapy to
promote posterolateral spinal fusions in rats. Rat bone marrow
cells transduced with the BMP-2 gene were combined with a
guanidine-extracted DBM and implanted in the posterolateral
spine. Treatment with BMP-2-producing marrow cells generated solid fusion masses comparable with those resulting from
the use of recombinant BMP-2 protein (Fig. 67.2). Even
though high rates of fusion were observed, there are several
safety concerns with use of viral vectors in humans. Furthermore, cells have to be isolated, expanded, and successfully
transfected. Focusing on one or a combination of two BMPs
is only capturing a certain stage of bone remodeling and might
not provide long-term results. To overcome some of these
obstacles, several studies looked at the markers of early bone
pathway. Boden and colleagues169 achieved single-level posterior fusions of the lumbar and thoracic spines in rats by supplying bone marrow cells with the gene encoding the LIM
mineralization protein (LMP-1), a signaling protein that
stimulates the expression of multiple osteoinductive growth
factors. Consistent fusions were obtained in all of the animals
receiving bone marrow cells containing the LMP-1 DNA
sequence, whereas no bone formation was observed in those
implanted with cells carrying an inactive copy of the gene.
Another study on LIM-1 looked at the transfection dose
response in vitro and the fusion rates in vivo using bufycoat
cells derived from either bone marrow or peripheral blood.170
Ater being infected for only 10 minutes with an adenoviral
vector bearing the LIM-1 gene, these cells were placed in the
posterolateral spine in conjunction with an osteoconductive
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always combined with a carrier (DBM or collagen I sponge)
to supplement mechanical properties. Taghavi and colleagues
retrospectively reviewed a cohort of patients undergoing
instrumented revision PLF with at least 24 months’ followup.146 Patients were divided into three groups: autograt only,
BMA and autograt, and rhBMP-2 on a collagen sponge. hey
found that all grating options achieved solid single-level
fusion (100%). However, the multilevel BMA group had only
a 63.6% fusion rate, while the other two groups had 100%.
Clinical outcomes in all three groups were similar at 2 years,
leading to the conclusion that BMA is a viable option for
single-level procedures. Another single-level PLF study
showed good fusion rates with BMA and autogenous bone
chips (85.7%) similar to ICBG alone (90.5%). However, the
calcium sulfate and BMA group had only a 45.5% fusion rate
compared to the control side that received ICBG (90.9%
fusion).63 In a systematic review, Khashan et al. reported
several PLF studies comparing local bone grat to BMA with
various carriers (ceramics, DBM, or collagen). All of them
showed similar fusion rates between BMA and ICBG groups,
but the overall level of evidence was weak.147 At the same time,
multiple studies have conirmed that the ampliication of
osteoprogenitor cells that occurs ater the culture expansion
of MSCs results in greater bone formation than the use of
unfractionated bone marrow, which demonstrates a relative
paucity of osteogenic cells.148,149 he introduction of cultureexpanded MSCs has also been shown to be superior to bone
marrow for eliciting the repair of critical-sized skeletal defects
in an animal model.150 While MSCs can play an important role
in replacing the autogenous bone grat for spinal fusion, there
are signiicant limitations, such as in vitro expansion, potential
contamination, and revision surgery.
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carrier. Radiographic, biomechanical, and histologic indings
noted fusion in all of the animals that had been treated with
these transduced cells. Although gene therapy has been validated by preclinical studies as an efective technique for
enhancing bone formation and may be a viable bone grat
substitute for spinal fusion, signiicant concerns remain
regarding its safety in humans, especially the potential risks
related to the use of viruses. Although these viruses are unable
to replicate, it is still conceivable that they may regain the
ability to propagate and trigger an uncontrollable infection.
Some viruses insert randomly into the DNA of target cells,
raising the possibility of malignant transformation. In addition, the cost-efectiveness of gene transfer methods has not
been deinitively established. hese safety and economic issues
may ultimately determine whether gene therapy is viewed as
an acceptable alternative to autogenous bone grat for augmenting spinal fusion.

Conclusion
here is a wide array of bone substitutes for spinal fusion.
Despite the existing literature on each of those grat substitutes, a strong level of clinical evidence is still absent. Most
of the grating materials do not require FDA approvals and
thus lack preclinical research. At the same time, there are
ample clinical studies on local autograt, bone morphogenetic
proteins, and bone marrow aspirates. Unlike autogenous
bone, which remains the gold standard because it contributes
osteogenic cells, osteoinductive factors, and an osteoconductive matrix, none of the other individual bone substitutes
provides all three components required for bone regeneration. As such, optimal use of bone substitutes may combine
several techniques to construct a composite grat with an
even greater capacity to enhance spinal arthrodesis. Understanding the biology and speciicity of each bone substitute
is critical for achieving successful spinal fusion. Expanding
the number of clinical studies on each grating substitute is
warranted.

KEY POINTS
1. Bone substitutes can act as graft extenders (combined with
autologous bone in order to reduce the amount of needed
autograft), enhancers (combined with autograft to enhance
fusion), or substitutes.
2. Autogenous bone graft, usually harvested from the iliac crest, is
the only graft that possesses all components needed for bone
formation: osteoconductive matrix, osteoinductive proteins, and
osteogenic cells. The optimal bone substitute may be a
composite of materials to share some of these properties.
3. Autogenous bone graft may be limited in quantity, and its
harvest is associated with complications.
4. Potential forms of bone substitutes include allograft bone, DBM,
ceramics, osteoinductive proteins, autologous platelet
concentrate, mesenchymal stem cells, bone marrow aspirates,
and gene delivery systems.
5. Each bone graft carries risks and beneits; the right choice
strongly depends on the medical condition of the patient and
the type of surgery.
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Achieving a consistently successful fusion continues to be a
challenge in spinal surgery.1 Approximately 25% to 81% of
lumbar fusion procedures fail to solidly fuse2 and may require
further operative or nonoperative intervention. Numerous
factors afect fusion rates, including patient age, smoking
status, medical comorbidities, grat source, and levels of
fusion.3–5 Electrical stimulation is a limited-risk adjunctive
therapy that has been advocated to promote spinal fusion.
hree types of electrical stimulation are currently employed:
direct current (DC), capacitive coupling (CC), and inductive
coupling (IC). IC includes the mechanisms of pulsed electromagnetic ields (PEMFs) and combined magnetic ields
(CMFs).6–8 Clinical data have demonstrated an enhancement
in bone healing rates with electrical stimulation even before
the true mechanisms of action of these technologies were well
understood. Recent evidence provides support for the use of
electrical stimulation for decreasing pain and radiographic
nonunion rates.9 his chapter reviews the history of electrical
stimulation, the types of electrical stimulation and their
mechanism of action, and the quality of the evidence behind
the use of electrical stimulators for bone healing.

History of Electrical Stimulation
he role of bone electrical potential is increasingly being recognized as an important component in bone healing.10,11 he
earliest use of electrical currents was in 1841, when Hartshorne
reported its use on a patient with a tibial nonunion.12 In 1850,
Lente reported successful use of galvanic current in the treatment of patients with delayed union or nonunions.13 In 1957,
Fukada and Yasuda14 subsequently developed the concept of
piezoelectric ields on bone healing, suggesting that electrical
potentials of bone are altered in response to compression and
tension. he authors reported that the areas of bone under
compression were electronegative and those under tension
were electropositive. In 1974, Dwyer and Wickham advanced
this concept to spinal fusion, irst reporting the use of electrical stimulation as an adjunct to lumbar spinal fusion.15 he
mechanism of action of electrical stimulation therapy is

not clearly understood but is generally thought to work by
stimulating the calcium-calmodulin pathway secondary to
the upregulation of bone morphogenetic proteins (BMPs),
transforming growth factor-β, and other cytokines.16–21

Methods of Electrical Stimulation
hree types of electrical stimulation have received US Food
and Drug Administration approval for treating spinal fusions.
hese technologies include DC electrical stimulation, CC
stimulation, and IC stimulation, such as PEMFs and CMFs.
DC stimulation requires implantation of the device at the surgical site, whereas IC and CC methods are used noninvasively.

Direct Current Electrical Stimulation
DC stimulation involves the surgical implantation of electrodes connected to a battery. he cathodes are in direct
contact with the exposed fusion bed. he cathode’s efective
stimulation distance is 5 to 8 mm. he batteries deliver a
constant DC for a total of 6 to 9 months. he surgical implantation of the device obviates the need for patient compliance.
However, there are disadvantages to the placement of the
device because the manufacturer recommends removing the
battery in 6 to 9 months, which entails a second surgical
procedure. Also, there is a rare but reported risk of seeding
the battery from systemic infection.

Direct Current Stimulation: Mechanism of Action
DC stimulation enhances the production of a number of
osteoinductive factors that are normal regulators of bone
matrix formation. his mechanism of action was discovered
using Boden’s animal model of spinal fusion,17 which uses a
New Zealand White rabbit intertransverse process fusion
model for spinal fusion using autogenous bone grat. he
model involves a surgical procedure similar to that performed
in humans and has a similar nonunion rate to that of autograt.17 Morone and colleagues22 studied this model further
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and showed that within the developing fusion mass, there is a
distinct temporal and anatomic location for the production of
BMPs and other factors that are necessary to achieve a solid
fusion.
Fredericks and colleagues23 used this animal model to
study the efects of DC on the temporal expression of growth
factors in the developing fusion mass. hey demonstrated that
there was an upregulation in the production of BMP-2, BMP-6,
and BMP-7 relative to controls. In addition, the use of DC
stimulation avoided the potential complications seen with the
application of a single high dose of growth factor to achieve
fusion. Complications of ectopic bone formation, bone resorption, or antibody formation against the single growth factor
have been reported with the application of a single growth
factor.23
he use of DC stimulation creates an electrochemical reaction at the cathode. his creates a faradic reaction, lower
oxygen concentration, increased pH, and hydrogen peroxide
production. Decreased oxygen concentration has been shown
to increase the activity of osteoblasts. An increase in local pH
decreases the activity of osteoclasts and enhances the activity
of osteoblasts. Furthermore, the elevation in pH can stimulate
the release of vascular endothelial growth factor (VEGF) from
local macrophages. VEGF has been shown to be another
factor involved in enhancing vascular ingrowth and stimulating bone formation.

Direct Current Stimulation: Clinical Application
he clinical use of DC current stimulation began as early as
1974 by Dwyer, who demonstrated clinical success in 11 out
of 12 patients who received an implanted bone stimulator.15,24
Kane reported the results of a multicenter trial involving 84
patients who had an implantable DC current stimulator.25 his
group was compared with a historical control group of 159
patients. he experimental group using the DC current stimulator had a higher percentage of patients who had previous
surgery and nonunion. Despite this bias favoring the control
group, there was a signiicant increase in successful fusion in
the DC-stimulated group: 91% versus 83% in controls. In
1988, Kane published an additional study of “diicult” patients
undergoing posterior spinal fusion.25 hese patients were
deemed diicult because they (1) had one or more previous
failed spinal fusions; (2) had grade II or worse spondylolisthesis; (3) required extensive bone grating necessary for a multilevel fusion; or (4) had other risk factors, such as obesity. He
found that there was a statistically signiicant improvement in
fusion rate of 81% in the electrically stimulated group versus
54% in controls.
In 1994, Meril reported a 93% fusion rate in patients who
had undergone anterior lumbar or posterior lumbar interbody fusion with DC current stimulation compared with a
75% fusion rate in the control group.2 In 1996, Rogozinski
published a study that analyzed the use of DC stimulation
in patients undergoing posterior lumbar spinal fusion with
pedicle screw instrumentation and autograt.26 he electrical
stimulation group had a 96% successful fusion rate as compared with 85% in the control group. he higher rate of fusion

in the Rogozinski study as compared with that in the Kane
study may be related to the use of spinal instrumentation.
Kucharzyk27 reported the outcome of a controlled prospective study in a high-risk fusion population. he study involved
two groups, each with 65 patients with similar diagnoses. All
patients underwent posterolateral fusions with pedicle screw
instrumentation and the use of autologous bone grat. hey
were divided into two groups: those with or without the use
of DC electrical stimulation. he average follow-up was 3.8
years. hat study reported a 95% successful fusion in the
stimulated group versus 79% in the control group.27
In 1996, Tejano and colleagues28 evaluated a series of
patients undergoing posterolateral intertransverse process
fusion and facet fusions, either as a primary procedure or as
a pseudarthrosis repair. hey reported a 91.5% fusion rate in
the primary surgery group and an 80% fusion in the pseudarthrosis group.

Capacitive Coupling Electrical Stimulation
CC is a noninvasive electrical stimulation technology used to
enhance spinal fusions. his device consists of electrodes
placed directly on the skin, over the area of the spine undergoing fusion. he pair of external plates produce electric ields
when an electric current is applied by the alternating-current
signal generator. he device is worn continuously for 6 to 9
months. he success of this technology, however, depends
heavily on patient compliance. Brighton irst reported CC
electrical stimulation to treat recalcitrant nonunions in 1985.29

Capacitive Coupling Stimulation: Mechanism of Action
CC perturbs bone cell membrane potentials, which then
activate membrane proteins and afect healing. Osteopromotive factors are upregulated by CC electrical stimulation. Using
Boden’s rabbit model for posterolateral spinal fusions,17
Fredericks and colleagues23 found that the normal physiologic
expression of the following growth factors is upregulated by
CC stimulation: BMP-2, BMP-4, BMP-6, BMP-7, transforming growth factor-β, ibroblast growth factor 2, and VEGF.
Lorich and colleagues30 studied the response of bone cells
to CC. hey found that CC stimulation involves transmembrane calcium translocation using voltage-gated calcium
channels. his mechanism increased intracellular calcium
concentration and calmodulin activation, which has been
shown to enhance bone cell proliferation. Zhuang and colleagues31 further documented that this enhancement of
calcium and calmodulin also promotes the synthesis of
transforming growth factor-β. Brighton and colleagues32
studied the signal transduction in electrically stimulated bone
cells using CC. hese studies demonstrated a dose-response
efect, showing increased cell proliferation with longer treatment times.32

Capacitive Coupling Stimulation: Clinical Application
Goodwin and colleagues33 performed a multicenter, randomized double-blind study of CC stimulation. Patients underwent
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Inductive Coupling Electrical Stimulation
IC stimulation includes the mechanism of PEMF and CMF.
he PEMF device is a noninvasive technology consisting of
external current-carrying coils, driven by a signal generator.
he CMF device difers from that of the PEMF device in that
it involves a time-varying magnetic ield superimposed on a
static magnetic ield. Bone generates a biphasic electrical
potential when stress is applied. hese electrical potentials are
thought to be the signal for bone degradation and formation.
he biochemical pathway mediating the efects of CMF may
involve an increase in osteoblast responsiveness to insulin-like
growth factor II by modulating receptor availability.
he PEMF coils must be worn across the area of the spinal
fusion for approximately 6 to 8 hours daily for 3 to 6 months.
Many clinical trials have shown that PEMF devices may help
heal nonunions.34 As with CC stimulation, however, patient
compliance is essential.

Pulsed Electromagnetic Fields: Mechanism of Action
he mechanism of action of the PEMF is not well understood
and its efect on enhancement of spinal fusion is not as conclusive as with DC electrical stimulation. Several animal
studies show no signiicant diferences with PEMF-treated
groups and controls. In rabbits, there was an increase in stifness, area under the load displacement, and load to failure of
the fusion mass in the stimulated group versus controls. here
are no in vivo animal studies using CMF for spinal fusions.

Clinical Studies of Pulsed Electromagnetic Fields
In one study, 13 patients with documented pseudarthrosis following posterior lumbar interbody fusion procedures achieved
fusion ater being treated with PEMF. Lee reported a 67%
success rate for treatment of posterior pseudarthrosis with
PEMF.35 Mooney36 reported a randomized, sham-controlled
double-blind trial of 195 patients comparing PEMF versus
placebo using a brace containing PEMF to induce an electromagnetic ield in patients undergoing interbody fusion. hey
reported a 92% fusion with PEMF compared with 65% fusion
in controls.36

Electrical Stimulators: Quality of the Evidence
In 2013, Tian et al. conducted a meta-analysis looking at the
eicacy of various types of electrical stimulation on spinal
fusion.37 A total of 21 articles with 1381 patients were evaluated. he pooled fusion rate for all studies was found to be
85% (95% conidence interval [CI], 79–90%). No statistical
diference was found between the three electrical stimulation

methods. Further, subgroup analysis suggested that various
patient and surgical factors—such as age, sex, smoking status,
surgery type, fusion levels, implant use, and grat type—did
not signiicantly inluence the fusion rate.37 However, although
the authors compared DC, CC, and IC, the speciic question
of stimulation versus no stimulation was not addressed. Furthermore, there were several major limitations of that study,38
including combining randomized trials with observational
studies, no adjudication of the conidence in the efect estimates, no exploration of heterogeneity, no risk of bias assessment, and no presentation of results in a clinically applicable
format (number needed to treat or minimal clinically important diference). Park et al.39 performed the most recent systematic review of electrical stimulation following lumbar
spinal fusion procedures; a statistical meta-analysis, however,
was not performed by the authors.
A number of factors limit the quality of the evidence in
studies assessing adjuvants to bone healing. First, in keeping
with other orthopaedic studies of fracture healing, the
deinition of radiographic union has proved troublesome
and inconsistent.40–42 Static anteroposterior and lateral radiographs or computed tomography scans are generally the most
common method for assessing bony union. Although use of
standardized checklists can improve agreement,40,43 none of the
trials described used these checklists. Multiple, independent
blinded assessors would also increase the reliability of union
assessment. Second, most studies reported only surrogate
endpoints; similar to other studies on orthopaedic adjunct
devices, larger efects are typically reported for surrogates
compared with direct measures of function.44 In addition,
patient-reported outcomes are inconsistently utilized in
fusion studies. Finally, certain disadvantages of electrical
stimulation—such as cost, patient inconvenience, and selflimited local conditions (e.g., skin irritation or supericial
hematoma)—were rarely assessed.33,45 Given the potential
beneit in preventing nonunion, however, it is unlikely that
these disadvantages would be a signiicant deciding factor for
patients or clinicians. An economic evaluation by Wu et al.46
demonstrated that electrical stimulation for bone healing
is a more cost-efective fracture nonunion treatment when
compared to either ultrasound or no stimulation and that
patients receiving electrical stimulation had lower total health
care resource use and overall costs.
In order to address many of the methodological limitations
of previous studies, a rigorous meta-analysis of shamcontrolled randomized trials was recently reported.9 he study
involved 15 sham-controlled randomized clinical trials that
included 1247 patients total. he authors identiied all trials
randomizing patients to electrical or sham stimulation for
bone healing and included acute fractures, nonunion/delayed
unions, osteotomy, and spinal fusions. he assumption that
electrical stimulation has a similar efect on all bone healing
was hypothesized based on the consistency of the biologic
process across all bone healing47–50 his hypothesis was then
tested using the interaction test, which found no evidence to
support a diference in treatment efect due to treatment
indication. he authors found moderate-quality evidence
supporting that electrical stimulation decreased pain (P = .02)

S E C T I O N

either anterior interbody or posterolateral lumbar fusions.
Clinical and radiographic results were assessed, and CC stimulation had a higher success rate of 84.7% versus 64.9% for the
control group, although the surgeries varied in terms of use of
instrumentation and type of bone grat material.
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and radiographic nonunion rates by 35% (95% CI, 19–47%).
A subgroup analysis assessing only spinal fusions found an
even greater efect of electrical stimulation with a nonunion
risk reduction of 38% (95% CI, 45–84%).9

Conclusions and Future Direction
he clinical beneits of electrical stimulation in spinal fusion
surgery have been well recognized and evidence supporting
the use of electrical stimulators for spinal fusion continues to
grow. Numerous studies demonstrate a consistent enhancement of successful fusion with electrical stimulation. Recent
studies further show that electrical stimulation not only
decreases rates of nonunion, but also improves patientreported outcomes, such as pain.9
Future large, rigorously designed trials using an intentionto-treat analysis with clear reporting of methodologic quality
are warranted.51 Furthermore, future investigation into the
use of electrical stimulators in higher-risk populations—such
as smokers, those undergoing multilevel procedures, or
those with reoperations—may allow clinicians to determine
who may beneit most from this intervention. Additionally,
although union is a continuous process and there is no commonly accepted radiographic deinition, a consistent and valid
method for deining union should be considered in future
trials.52 Finally, high-quality randomized trials assessing
patient-important outcomes, such as function, are warranted.9

KEY POINTS
1. Three types of electrical stimulation are described for spinal
fusion: direct current, capacitive coupling, and inductive
coupling.
2. The mechanism of action of electrical stimulation therapy is not
clearly understood but is generally thought to work by
stimulating the calcium-calmodulin pathway secondary to the
upregulation of bone morphogenetic proteins, transforming
growth factor-β, and other cytokines.
3. The clinical beneits of electrical stimulation in spinal fusion
surgery have been well recognized and evidence supporting
the use of electrical stimulators for spinal fusion continues to
grow.
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Introduction and Overview
In the late 1890s, B.E. Hadra of Galveston, Texas, stabilized a
cervical fracture-dislocation in the irst modern report of
spine instrumentation.1 Hadra later used this technique in
Pott disease.2 For the next hundred years, cervical instrumentation remained limited to various posterior wiring schemes,
of which Rogers’ technique was the most frequently used.3 In
the 1980s, wiring patterns began to include corticocancellous
bone struts for added extension stifness.4 In the last 2 decades
rigid, segmental ixation, including lateral mass and pedicle
screws, has dominated.
Anterior instrumentation could not be considered until
Smith and Robinson popularized the anteromedial approach.5
Even then, the simple plating systems carried over from
appendicular stabilization were fraught with loosening, backout, and other devastating sot tissue consequences. Dedicated
anterior cervical plating systems were irst described in the
1970s. Bicortical purchase decreased screw back-out and
instrumentation failure rates but added canal penetration and
cord injury risk. In the 1980s, locking mechanisms enabled
safe unicortical purchase while preventing screw migration.6
Cervical instrumentation continues to evolve with new disc
replacement systems, dynamic and low-proile anterior plates,
cervical cages, and resorbable implants. While promising,
some of these newer technologies have been incorporated into
clinical practice without evidence of added beneit. Since the
last edition of this textbook, interest in resorbable implants
has waxed and waned.
Before recommending an implant system, American surgeons must consider its Food and Drug Administration (FDA)
status. Oten a device will be cleared for some, but not all, of
its common indications. he reasoning is usually obscure and
bureaucratic and does not always relect safety or eicacy.
Read the device’s package inserts and direct questions to the
manufacturer’s legal counsel or to the FDA (800-638-2041).
he FDA is not empowered to dictate patient care. Of-label
use of cervical instrumentation may occur in two settings,
each establishing diferent demands on the physician. he
practice of medicine includes use of FDA-cleared, marketed
devices for indications not listed on the FDA approved labeling. When the indication or intended patient population lies

outside the device’s labeling, surgeons may still legally use the
device per their best judgment but must be able to support the
decision with reliable scientiic evidence. It is prudent, though
not speciically required, to discuss the proposed implant’s
FDA status and rationale with the patient. No investigational
device exemption (IDE) or institutional review board (IRB)
review is needed in practice of medicine cases. he second
of-label implant setting involves experimental or investigational devices. If the FDA has not cleared the device for market
for any indication, clinical use requires an IDE. Even then, the
implant may be used only in accordance to the approved
protocol’s plan of investigation. A separate, formal informed
consent must be obtained from the patient. Physicians involved
in the study may not share the device with other physicians.
Since the last edition of this text, placement of screws in
the posterior elements of the cervical spine, including pedicle
and lateral mass screws, has received FDA labeling for most
common indications. hat said, several implants, such as some
expandable cages, remain of-label when used in the cervical
spine.7-9
Cervical spine implants are used in wide-ranging indications, including trauma, tumor, deformity, infection, and
degenerative disease. In each group, the goals are the same;
implants can reduce deformity, provide stability, and share
loads with host and grat tissues until healing occurs. Most of
these devices aim to support the fusion process. Some laminoplasty plates, for example, are approved as “bone grat
containment devices.” Newer devices seek to improve on their
predecessors by emphasizing previously ancillary goals: minimization of adjacent-segment degeneration, surgical morbidity, iatrogenic neurologic deicits, and unintended-level fusion.
For example, interest in motion-preserving devices is increasing. his chapter is written to assist spine surgeons in rational
selection of implants by discussing their evolution, biomechanics, indications, outcomes, and complications.

Relevant Anatomy for Spinal Instrumentation
For the purposes of reconstruction, the cervical spine is
divided into three regions: the cervicocranium, mid-cervical
spine, and cervicothoracic junction. Each region’s unique
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anatomic and biomechanical considerations inluence the
instrumentation chosen.
he cervicocranium includes the skull base, atlas, and axis.
he cervicocranial joints’ size, shape, and location allow more
motion than those in the subaxial spine and render arthrodesis
particularly challenging.10,11 he bony elements of the cervicocranium, beginning with the occiput, are unique. he clivus
ends in the basion, the anterior border of the foramen magnum.
he opisthion refers to its dorsal border. From the foramen
magnum, the occipital squama curves 90 degrees cranially
toward the inion (or external occipital protuberance [EOP]).
Embryologically, the C1 vertebral body is absorbed into the
dens. he absence of a C1 vertebral body means there is no
disc between the occiput and C1 or between C1 and C2. he
posterior C1 arch forms two-thirds of the ring. here is no
spinous process, but rather a posterior tubercle to which the
rectus minor and suboccipital membrane attaches. Critically,
the vertebral artery runs along a groove on the cranial surface
of the posterior ring. More than 1.5 cm from the midline, the
groove becomes very shallow. Exposure of the ring’s superior
aspect risks vertebral artery injury. C1 has a lateral mass on
each side, but no pedicle or laminae. While the arches are thin,
the lateral masses are heavy, thick structures, each with
concave superior articulating surface.
he occiput–C1 articulation includes convex occipital
condyles lateral to the foramen magnum articulating with the
concave C1 lateral masses. Normal occipitocervical extension
is limited to 21 degrees when the occiput abuts the C1 posterior arch.12,13 More than 8 degrees of rotation between the
occiput and C1 is pathologic. In children, the latter occiput–
C1 joints are less able to restrict motion, predisposing them
to injury.14
Atlantoaxial motion occurs through two sets of two joints.
First, the slightly convex inferior facets of the axis meet the
slightly convex superior facets of the atlas. hese joints are
oriented in the horizontal plane and have no interlocking bone
to prevent subluxation. hey allow 43 degrees of rotation,
nearly half of normal cervical rotation.15 he second set of
atlantoaxial joints arises from the cranial projection of the
odontoid projecting into axis ring. he dens acts as the focal
point of a network of ligaments providing resistance to translation, lexion, extension, and rotation. Dens resection leads
to vertical and atlantoaxial instability.16
he axis, the largest and heaviest cervical vertebra, bears a
large, biid spinous process. he bony isthmus between the
facets is oten called the pedicle. Technically, this represents
the C2 pars and is a large dense structure that projects medially at 30 degrees and superiorly at 20 degrees. he short, stout,
nearly horizontal C2 pedicle lies between the C1–C2 facet and
the vertebral body.
he lower cervicocranium (C2–C3) transitions into the
more homogeneous subaxial patterns.17,18 he C3–C6 vertebrae exhibit a uniform coniguration but increase gradually in
size. he vertebral bodies are roughly twice as wide as they are
deep. Each contains a body, paired pedicles and articular
masses, laminae, and a single, biid spinous process. he
transverse process projects laterally from the superolateral
aspect of the body and anterior surface of the articular mass

and contains the foramen transversarium. he transverse
process ends in anterior and posterior tubercles. At C6, the
prominent anterior (carotid) tubercle can be palpated for
intraoperative localization.
Morphometric data from 100 CT studies revealed mean
vertebral body widths of 24.6 and 23.0 mm wide in males and
females, respectively.19 he narrowest measured 17 and
14 mm, respectively. In the midsagittal plane, the average
anteroposterior (AP) diameter was 18 mm in males (smallest,
13 mm) and 16 mm in females (smallest, 10 mm). A morphometric analysis of critical cervical pedicle dimensions recorded
a wide range of values and only fair interobserver correlation.20
Transverse angulation was constant at 40 degrees. Relative to
the lateral mass axis, the C3 and C4 pedicles were oriented
superiorly, whereas C6 and C7 were oriented inferiorly. he
dorsal entry point of the pedicle on the lateral mass deined
by transverse and sagittal ofset had similar mean values with
wide ranges and variable topography. Suicient variation
exists to preclude safe instrumentation with topographic
landmarks alone. Ludwig and colleagues recommended laminoforaminotomy or image guidance to place these screws.20
Because bony element size varies considerably, preoperative planning with axial and sagittal images decreases the risk
of screw placement. For example, verify that the C2 isthmus
is large enough to accommodate a 3.5 mm screw. If bony
element size is questionable on magnetic resonance imaging
(MRI), a 2-mm computed tomographic (CT) slice limited to
the levels of surgical interest should be obtained. Request that
the CT gantry be reangled to parallel the endplate at each disc
level. Clear preoperative measurements of the bony elements
allow larger screws to be used. Otherwise, smaller screws with
lower pullout and fatigue strength characteristics are used.
Similarly, preoperative planning allows improved screw trajectory to incorporate better triangulation and subchondral bone
purchase. Upper cervical anterior plating may beneit from
coronal CT or MRI images above C3 because anatomic variation is considerable and makes this technique inadvisable in
up to 20% of cases.21
he uncinate process projects cephalad from the inferior
mid-cervical vertebral endplates. he immediately superior
vertebral endplate receives the uncinate via a contiguous
lateral indentation. Together, the process and indentation
form the synovial uncovertebral joint (of Luschka). Biomechanically, the uncovertebral joints regulate extension and
lateral bending. he posterior uncovertebral joint has a secondary role in torsional control.22,23
Posterior midline cervical approaches irst encounter the
spinous process. he biid process may be taller on one side
or the other. he surgeon must therefore pay critical attention
to the midline. Deep in the subperiosteal plane, no sharp
demarcation exists between the spinous process and the
lamina. Spinous process wiring techniques therefore require
great care to avoid inadvertent spinal canal entry. Working
laterally, an inferior notch at the junction between the lateral
mass and the lamina is typically encountered. At the medial
boundary of the lateral mass, this notch serves as an excellent
landmark both for lateral mass ixation and en bloc decompression procedures. he articular masses (or pillars) are
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course is mandatory.32 Although recommendations today
vary, the advent of endovascular repair has prompted many
spine surgeons to request an intraoperative vascular surgery
consultation. For many of these injuries, local bleeding is
controlled and the patient is taken to the vascular suite for
stent placement. Consider permanent occlusion or ligation
only if the contralateral vertebral artery provides adequate
collateral circulation.
Less frequently, a variable course of the posterior inferior
cerebellar artery could pass through the skull into the upper
cervical spine, where it is vulnerable to C1 lateral mass screw
placement.33
Another major anatomic factor limiting safe cervical spine
instrumentation is individual variation. In children, for
example, standard implant sizes may be too large. Because
their fusion potential is so high, onlay bone grats alone are a
good option in most children. However, in children with
neuromuscular disorders or greater degrees of instability, rigid
stabilization should be considered.34
In one study of 28 children with skeletal dysplasia, nonrigid
implants with postoperative halo immobilization were compared with rigid implants. Nonunion was seen in nine of 14
nonrigid cases and one of 14 rigid cases. hat said, two of the
children in whom rigid implant placement was attempted had
intraoperative vertebral artery injuries. No new neurologic
deicits were seen in either group, however.35
Recent anatomic studies have suggested that, in children
as young as 2 years, the occipital keel, C1 lateral mass, and
C2 lamina ofer adequate space for 3.5 mm screw placement in “almost all cases.”36 Transarticular screw placement
was not considered safe in the majority of these younger
patients. Successful use of C2 laminar screws in children was
recently reported.37 Caution is certainly advised for patients
younger than 6 years.38-40 Other implants modiied for use in
small children, including craniofacial miniplates, have been
described.40
Body habitus also afects instrumentation choices. For
example, obtaining a shallow trajectory for dens screw placement in barrel-chested patients is diicult. A preoperative CT

B

FIG. 69.1 Asymmetric course of right vertebral artery at (A) C2 and (B) C6. Risks of screw placement vary
signiicantly from right to left sides.
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dense, heavy, rhomboid structures formed by junction of the
superior and inferior articular processes. Average facet inclination is 35 degrees from vertical.
Successful cervical instrumentation requires a detailed
understanding of vascular anatomy. First, placement of occipital screws risks dural sinus injury. Venous sinus injury is
especially likely with screw placement within 1 cm of the
EOP.24 he internal carotid artery (ICA) runs a mean 2.9 mm
from the anterior C1 lateral mass and is therefore at risk with
Magerl and Harms screw constructs.25 ICA injury could lead
to life-threatening hemorrhage and stroke, but only one clinical report has, as yet, emerged.26 In this case, a 60-year-old
man presented with an 8-month history of recurrent cerebral
infarcts more than 3 years ater atlantoaxial stabilization with
transarticular screws. he screw tip impinged the ICA, leading
to both high-grade arterial stenosis and a pseudoaneurysm.
On the other hand, in a retrospective review of 50 random
contrast CTs of the head and neck, the artery’s course would
place it at risk during C1 lateral mass screw placement in
58% of cases.27 Medial screw angulation decreases risk.
Vertebral artery injury may occur with both anterior and
posterior cervical procedures. Although clinically evident
injuries are rare, catastrophic consequences include istula,
pseudoaneurysm, cerebral ischemia, and death.28,29 Because
the vertebral arteries are paired, injury to one rarely results in
signiicant neurologic deicit. If intraoperative vertebral artery
injury is suspected, do not attempt exposure or screw placement on the contralateral side. In anterior procedures, dissection lateral to the vertebral body puts the vertebral artery at
risk.29 On approach, carefully mark the midline. Previously,
with both anterior and posterior vertebral artery injury,
attempts were made to tie of the vessel. Posteriorly, the vertebral arteries are vulnerable to injury during insertion of
Magerl and C2 pars and pedicle screws because the drill bit
traverses the C2 body. Especially in rheumatoid patients, a
high rate of erratic and variable arterial courses has been
reported and may preclude safe screw placement in 20% of
sides (Fig. 69.1)28,30,31 hus, with any signiicant cervical reconstruction procedure, preoperative investigation of the artery’s
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topogram should be used to assess this option. Similarly,
transarticular screw placement is more challenging in patients
with marked thoracic kyphosis. If the topogram does not
include enough of the patient’s frame, check the screw’s inclination angle by holding a guide wire alongside the neck and
obtaining lateral luoroscopic images. Adjusting the patient’s
position oten allows the case to go forward. Failure to make
these changes before incision adds signiicantly to the time,
risk, and complexity of the procedure. Occasionally, coronal
images are useful. Structures at risk include the vertebral
artery and the hypoglossal nerve. Note the size and caudal
extent of the jawline, which may limit anterior upper cervical
instrumentation angulation options.
Signiicant interindividual variability also afects reconstruction options at the cervicothoracic junction. Typically,
the Southwick and Robinson anteromedial exposure is diicult
below T1–T2.41 Even in cases in which the disc space can be
safely reached, orthogonal screw placement is afected by the
manubrium.42 In Sharan’s study of 106 consecutive MRIs,
while T3 was oten cranial to the sternal notch, a straight
trajectory was limited to the T1–T2 disc space.43 Transmanubrial or transsternal approaches increase exposure to T3 but
are associated with signiicant morbidity.44 Below T4, a formal
thoracotomy is oten required. In one study, the size of the
thoracic outlet, as measured by the instrument manubrial
thoracic distance, served as a key guide to the optimal anterior
approach.45 Still, marked interindividual variability of the
cervicothoracic angle and the cranial extent (and cervical
level) of the superior manubrium (i.e., short- and long-necked
patients) greatly afects selection, ease, and safety of anterior
approaches.43,46
Although cervical instrumentation relies on standard
spinal approaches, a wider exposure than that for simple
decompression or uninstrumented fusion procedures is oten
needed. Small incisions with tight fascial constraints may force
suboptimal screw trajectories. Because rigid implants “lock
in” segmental alignment, careful attention to positioning is
mandatory.
Percutaneous placement of cervical instrumentation from
both anterior and posterior approaches is being reported with
increasing frequency in the literature.47 For example, to protect
the midline tension band, lateral mass screw constructs have
been implanted via tubular retractor systems.48 In posterior
cervical reconstruction, smaller, midline open approaches
may complement percutaneous screw delivery.
he luoroscope should be set up so that AP and lateral
images can be easily obtained. For technically challenging
cases such as dens or Magerl screw ixation, simultaneous AP
and lateral luoroscopy may be helpful. Prior to draping, check
the alignment luoroscopically. While certain pathologies
reduce better in lexion, others align with extension.

exposed for implant placement. Historically, intraoperative
luoroscopy has been used to conirm level localization, optimize spinal alignment, and assess screw trajectory. Fluoroscopy can be used in real time to guide entry point selection or
ater placement to conirm acceptable positioning. Some
techniques, such as cervical disc arthroplasty, require a realtime approach to ensure proper implant centering and alignment. Other indications for continuous or pulsed live imaging
include cervical vertebroplasty and debridement of distant
structures (Fig. 69.2).49,50
At the occipitocervical and cervicothoracic junctions,
overlying bony structures such as the jaw and shoulders frustrate luoroscopy.51 Other limitations of luoroscopy include
increased surgical time, possible sterile ield contamination,
and radiation exposure.52 Delineation of which cases intraoperative luoroscopy is “necessary” remains controversial.53-55
In one study of 419 cervical pedicle screws, 17 were malpositioned.53 Given the risks associated with malposition, the
authors concluded that pedicle axis/en face views improved
safety. Even with intraoperative imaging, malposition rates
from 2.7% to 34% are reported.54,56-58
In another series, the accuracy of intraoperative AP luoroscopy was compared with use of bony landmarks (the
uncovertebral joints) when centering a cervical disc prosthesis.59 Postoperative CT scan demonstrated acceptable accuracy
with anatomic alignment alone. A variety of intraoperative
guides to improve aim and placement have been devised but
have gained only limited popularity.60
Overlapping anatomic structures, diiculty imaging the
cervicothoracic junction, and the desire for intraoperative
axial images have fostered increased interest in “threedimensional” luoroscopy.51 he reconstructed axial images
are not real CT slices, but intraoperative CT simulation was
found to have 100% concordance with postoperative CT.61 he
bulk and radiation required limit the utility of these systems
in real-time imaging applications. Typically, they are used at
the end of the procedure to document appropriate implant

Fluoroscopy and Navigation for Cervical Spine
Instrumentation
Safe instrumentation of the cervical spine requires avoidance
of vascular and neurologic structures that are oten not

FIG. 69.2 Intraoperative image using O-Arm navigation (Medtronic) in a
complex cervical reconstruction.
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Selecting the Biomechanically Correct Implant
he most common preventable cause of instrumentation
failure arises from surgical judgment errors. Although modern
implants are overengineered for their designated function,
their success requires understanding of their biomechanical
function.73-75 Direct failure of the implant is most oten due to
improper selection or fatigue. he average spine cycles 3
million times per year.76,77 If bone healing fails to occur, the
implant will ultimately fail, either at its anchor points in the
bone or in the material itself. he novelty and technical challenge of safe implant placement should not divert the surgeon’s
attention from meticulous preparation of the fusion bed and
grating technique. Occasionally, misplaced implants fail.
However, careful surgical exposure and intraoperative radiographic conirmation reduces misplacement (Box 69.1). More
typically, failure occurs when the surgeon fails to fully understand one of four things: (1) the forces to which the spine will
be subjected, (2) the planes in which the spine is unstable, (3)
how the implants are meant to counteract these forces, and (4)
how instrumentation afects forces passing through structural
grats.
Unlike typical fracture healing, which passes through
Hunter’s stages of bone repair (inlammation, sot callus, hard
callus, and remodeling), most modern cervical implants seek
primary healing in which osteon cutting heads directly cross
segmental gaps.78,79 his approach requires near-anatomic

BOX 69.1

Important Factors in Selection of Cervical Implants

Pathoanatomy: mechanism of injury and direction of instability
Mode of failure (in trauma, direction and magnitude of injury vector)
Direction of instability
Degree of instability
Compromised stabilizing structures:
• Number of levels
• Number of spinal columns per level
• Bone vs. ligament (anticipated healing)
Host bone quality
Graft bone quality
Expected level of patient loading
Availability of postoperative immobilization
Surgeon familiarity with techniques
Availability of implants

alignment and rigid stabilization. Excessive strain or poor
bone-to-bone contact stimulates ibrous tissue deposition and,
ultimately, construct failure. he importance of restoration of
proper spinal alignment in reducing stresses on the construct
and grat has become increasingly clearer.80
No clear line divides the “stable” from the “unstable” spine.
In serial sectioning studies, White and Panjabi concluded that
more than 11 degrees of sagittal angulation and 3.5 mm of
sagittal plane translation represented instability.75 hese values
are most helpful in the acute trauma setting but are less
meaningful with chronic destruction, such as with infection.
In many cases cervical instrumentation is not meant to correct
any innate spinal instability, but rather to reverse the iatrogenic
instability associated with decompression. Because each
structure contributes to normal stability and kinematics,
minimizing disruption of intact structures during decompression is key.82 For example, a two-level cervical anterior
approach is less destabilizing than a one-level corpectomy.83
Another classic example of iatrogenic spinal destabilization is
postlaminectomy kyphosis.84 he diiculty in treating this
condition fostered interest in laminoplasty.
he surgeon must ask: what is unstable, which planes are
afected, and how badly? In trauma, for example, identifying
the primary plane or mode of failure is critical. For example,
a transverse atlantal ligament rupture leads to lexion instability, whereas posteriorly displaced dens fractures are unstable
in extension as well. Posterior C1–C2 wiring is mechanically
more rational for transverse acetabular ligament rupture than
for displaced dens fracture.
Account for patient-speciic factors when planning cervical
instrumentation. Children’s excellent healing potential may
require less rigid ixation.85 On the other hand, even with
excellent grat carpentry and implant placement, osteoporosis
increases segmental motion and decreases construct pullout
and fatigue strength.86 Other physiologic factors, such as the
challenged healing environments in diabetics and smokers
and ater chemotherapy and radiation, as well as in larger or
poorly compliant patients, may require a more aggressive,
rigid implant strategy.87
Increase the strength of any spinal construct with added
ixation points, triangulated placement, or the goal of aiming
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positioning or as part of a frameless stereotactic guidance
system.62 Although these systems continue to rapidly evolve,
signiicant controversy remains as to their accuracy in cervical
applications.63,64 Ludwig and others found computer guidance
more accurate than topographic landmarks or a laminoforaminotomy in accurate cervical pedicle screw placement.20
Beyond improving safety of screw insertion, computeraided spinal navigation has fostered enthusiasm for smaller
incisions and less sot tissue mobilization.65
Use of image guidance to place C2 pedicle screws in a
minimally invasive manner was compared with standard open
placement. Accuracy rates were similar but time and blood
loss were lower in the minimally invasive group.66 Another
recent study of eight children with failed wiring for atlantoaxial instability underwent successful, rigid stabilization using
CT navigation.67 Most conclude that navigation improves, but
does not eliminate, the risk of critical screw malpositioning.
Computer guidance systems may be particularly helpful in
patients with previous surgery, deformity, or destructive
processes that obliterate landmarks.68-70
Limitations of computer navigation include displacement
with drilling forces, cervical mobility requiring frequent
reregistration, small structure size at the limits of device
accuracy, and steep trajectories outside device pathways.71 he
surgeon must understand the principles of the tracking system
to prevent misinterpretation of computer-generated information.72 Navigation systems should only be used by experienced
surgeons who can, if necessary, continue the procedure with
conventional techniques.
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for the dense subchondral bone of the vertebral endplate.
Alternatively, extend postoperative immobilization.88 For
cervical bone screw placement, insertional torque, pullout
strength, and bone mineral density are highly correlated.89,90
Bone mineral density has a greater impact on pullout strength
than bicortical purchase,91 yet the relative merits of unicortical
versus bicortical screw purchase continue to be debated.92 In
both anterior and posterior applications, bicortical screws
exhibit signiicantly greater holding power in terms of both
immediate pullout strength and fatigue resistance.84,93-95 Yet
even in the trauma setting, unicortical ixation maintains
reduction and confers high fusion rates.96 he advantages of
bicortical purchase are magniied in osteoporosis, wide
decompression, multilevel procedures, and when the available
ixation points are limited.89,97-99
Adding polymethylmethacrylate (PMMA) to the screw
tract signiicantly increases the screw’s torque and pullout
strength.100,101 Bone loss may afect pedicle screws because
they engage cortical bone rather than the lateral mass’s cancellous bone, later and to a lesser degree.63 Other physiologic
factors, such as challenged healing environments ater chemotherapy and radiation, may mitigate for more rigid ixation.
Once the surgeon has delineated the “personality” of the
pathology, implant options should be considered. Ideally, the
surgeon should be facile with a wide array of implants and
techniques to tailor the treatment to the patient’s needs. hat
is, having decided which issues the implant is meant to address,
the surgeon should review the available options while noting
each implant’s limitations and risks. Implantation risks vary
and decrease with experience. Each institution may ofer a
variety of tools, such as luoroscopy, navigation systems, and
intraoperative monitoring, that may improve safety.
Early attempts at surgical ixation were complicated by
infection, devascularization, inadequate metallurgy, and metal
allergy. Better antisepsis, sot tissue handling, and materials
evolved. hen, a limited understanding of the bone biology
and mechanics resulted in poorly conceived implants and
techniques. Over time, biomechanical studies have improved
implant design. Unfortunately, these studies underestimate
the importance of sot tissue and muscular tension. Most
biomechanical research is limited by its ex vivo nature. Cadaveric, animal, or plastic spines are tested in laboratory settings
with various pure or complex loads, but these studies do not
take into account the importance of muscle forces, tissue
healing, or the possibility of gradual ligamentous relaxation
(creep).102,103
he surgeon should seek to optimize the healing environment by limiting unnecessary exposure, denervation, and
devascularization of the paraspinal muscles. Compromised
extensor musculature allows collapse into kyphosis above or
below the instrumentation.48 Increasingly, surgeons are
exploring midline sparing, less-invasive approaches to the
placement of cervical implants, even in anatomically challenging regions such as the C2 pedicle.104 Careful muscular repair
may protect the construct.105 In the posterior cervical spine, a
multilayered closure, including the suboccipital triangle and
ligamentum nuchae, improves balance and decreases eccentric
implant loading.48,106

Biomechanical Principles and Functional Modes
Most cervical spine implants are made of stainless steel, pure
titanium or, most commonly, titanium-aluminum-vanadium
alloy. Steel implants usually have cobalt chrome and molybdenum to enhance corrosion resistance and have a modulus
of elasticity 12 times that of normal bone. hat means that
steel is signiicantly stifer than bone. Titanium alloys tend to
have greater native biocompatibility and corrosion resistance.
Furthermore, titanium has a modulus only six times greater
than bone. Use of titanium alloys is increasing because of their
high strength/weight ratio, enhanced ductility, and increased
fatigue life.
he material’s ultimate tensile strength refers to the area
under its stress-strain curve up to the point where elastic
deformation becomes plastic deformation. hat is, ultimate
tensile strength is the maximum stress a material can sustain
without changing shape. his value is diferent for diferent
materials and ranges from 50 MPa for trabecular bone to
650 MPa for titanium.74 Ultimate tensile strength of a material may become altered during surgery. Compromise of the
implant’s integrity by repeatedly bending and unbending is
common. Titanium is especially sensitive to notching. he
implant’s material properties are also afected by manufacturing elements such as drill holes, structural imperfections,
and surface irregularities. Hardness is a surface characteristic
referring to the material’s ability to resist plastic deformation.
Hardness can be enhanced with surface coating, but improper
handling may destroy the surface coating and compromise
implant hardness.
During the 1950s, Danis and Müller reined the principles
of internal ixation.107 Stable internal ixation fulills the spine’s
local biomechanical demands without concomitant external
immobilization. Fixation strategies can be subdivided by
implant constraint. A constrained system’s locking mechanism
rigidly binds the individual components (e.g., the screw and
plate). he surgeon should achieve maximum rigidity by
segmental ixation of each vertebra to a constrained system.
A nonconstrained construct is ixed only at the ends of a multilevel construct or includes nonrigid connections between the
screws and longitudinal member.
Spinal implants function in one or more modes (Box 69.2).
he principal mode is deined by the device’s location on
either the spine’s lexion or extension side and by the principal
mechanism of loading. he degree to which a stabilization
mode is “needed” depends on the spine’s mechanical deicits.
For example, an anterior cervical plate’s role varies depending
on the quality of the interbody grating. When the spine

BOX 69.2

Functional Modes of Spinal Implants

Tension banding
Buttressing
Neutralization
Lag screw
Deformity correction
Modiied from Aebi M, Thalgott JS, Webb JK. AO ASIF Principles in Spine Surgery. Berlin:
Springer; 1998:243.
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Root area, the total surface of thread contact to bone, is primarily determined by the screw’s major (outside or thread)
diameter.
Cortical screws typically exhibit a smaller major diameter,
decreased pitch, and a shallower thread than cancellous
screws. Pretapping the hole prior to screw insertion reduces
thread-bone interface microfracture and improves holding
power, but requires an extra step. Self-tapping cortical screws
confer similar holding power and have become standard.101,116
However, the cutting lute at the screw’s tip limits thread
contact and may require 1-2 mm increased depth of penetration. Cancellous screws, on the other hand, provide more
surface area for bone purchase by increasing major diameter
and pitch. As insertion compacts trabecular bone, cancellous
screws are not tapped.
Torque applied through the screwdriver rotates the screw
clockwise, advancing it along its predrilled path. Screw
advancement creates an axial compression force against the
cortex or plate. On average, insertion applies 2500 to 3000 N.117
Over time, living bone remodels, slowly decreasing compressive force. External forces magnify this innate loss of holding
power.
Individual screws may also be placed in one of several
“modes.” Positional or neutralization screws hold the implant,
such as an anterior plate, to the spine via compressive forces.
For neutralization screws, use a centering guide to drill a pilot
hole of equal diameter to its root. Lag screws provide compression across two surfaces. Overdrill the proximal bone to the
screw’s outer diameter. he distal piece is drilled to the inner
diameter. he torque diferential pulls the distal bone to the
proximal. Cervical cages with predrilled screw paths utilize
this principle. Lag techniques ofer little protection against
axial loading and rotation. hus, in the spine, they are best
used with cages or plates.
In rigid, locking plates, the screw head is locked to the plate
through either secondary metal-on-metal threads, a Morse
taper, or an external blocking system. In that these screws
function mechanically more like a bolt than a screw implies
that the axial force generated during insertion is not critical.
he simplest of these designs act like internal external ixators.93,118 Longer screws improve ixation.119

Anterior Spinal Instrumentation
Unlike the posterior cervical spine, all anterior implants are
constrained by limited purchase sites, sagittal proile concerns,
and the limited extensibility of most surgical approaches.
Anterior ixation points are limited to the vertebral body and
endplates. Anterior cervical pedicle and occipital condyle
screws have been described, but are technically challenging
and infrequently performed.21 Bulky implants may cause swallowing diiculty or respiratory compromise. Currently, anterior reconstruction options can be divided into direct dens
fracture ixation, anterior load-bearing implants, and plates.
Load bearing implants, including disc replacements, bone
struts and cages, reconstruct defects created by discectomy
and corpectomy procedures.
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remains unable to sustain compressive forces, a strong, rigid,
bridging implant, applied to either the anterior or posterior
columns, serves as the weight-bearing column. he most
common cervical bridging implants are multilevel, segmental,
rigid posterior screw-rod systems compensating for multilevel
anterior metastatic disease or diicult-to-reach, anterior cervicothoracic or occipitocervical lesions.108 Posterior lateral
mass plates or rods are more typically used in neutralization
mode. To decrease strains across bone healing surfaces, the
neutralization implant shields lexion and axial loading forces
while minimizing torsional bending and shearing loads.
he buttress principle is designed to prevent axial deformity. In the appendicular skeleton, a buttress plate holds
impacted or depressed fragments once they have been elevated
back into anatomic position. Anterior cervical surgery oten
includes restoration of disc height with an interbody device.
Here, the plate, placed on the side of load application, “buttresses” the spine, minimizing compression, torque and shear
forces. he buttress efect requires close surface contact
between the implant and the bone surface. he implant and
bone surface should be carefully contoured before ixation.
Any osteophytes that cause the plate to “ride up” should be
resected. In buttress mode, the middle screws should be
inserted irst, moving away aterward in both directions.
A tension band is also applied to the extensor side but
requires competent load-bearing ability. A typical example is
posterior wiring used to encourage fusion in anterior cervical
discectomy and fusion (ACDF) with delayed union. his wire
resists tensile and bending forces only if the anterior spinal
column can bear weight. In the pseudarthrosis setting, this
limitation confers an advantage because it encourages fusion
by dynamically compressing the anterior weight-bearing
column. In most cases, additional posterior bone grat is not
required.
Only 36% of cervical axial loads are borne anteriorly
while 32% is borne by each of the posterior articular
pillars.109 Despite the relative importance of the articular
pillars, the mobility and heavy weight of the head relative to
the small size of the cervical bony elements underscores the
anterior column’s critical role in construct stability. When
comparing “loose” with “tight” grats, grat status predicted
overall construct stability and plate efectiveness.110 On the
other hand, excessive anterior distraction decreases posterior
column load transmission and thereby subjects the anterior
grat and vertebral bodies to excessive loads.111,112 In trauma
cases, for stability, cover at least 30% of the endplate area.113
Similarly, endplate preparation afects grat support and axial
loads.114,115
Cervical stabilization is achieved with bone screws used
independently or with plates, rods, or cages. Name screws
by describing their major diameters, intended bone type and
thread proportion (partially or fully threaded), thread pitch,
lead, and length. A screw’s minor (root or shat) diameter
determines its tensile strength and breakage resistance. he
distance between adjacent threads is a screw’s pitch. Increasing
pitch increases bone between threads but decreases number
of threads over the length of the screw. Pullout strength is
determined by its root area and the host bone’s composition.
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Anterior Screw Stabilization of the Upper
Cervical Spine
In the cervical spine, stand-alone screw ixation is used most
frequently to provide rigid internal ixation of unstable dens
fractures while preserving C1–C2 motion and avoiding
extensor muscle dissection and grat harvest morbidity. Dens
screw ixation is indicated mainly in widely displaced type II
fractures.120 Before C1 lateral mass ixation, dens screw ixation was speciically recommended in patients with concomitant C1 ring fractures to avoid posterior fusion to the occiput.
Direct anterior stabilization is associated with decreased
blood loss, postoperative pain, and morbidity relative to
posterior fusion operations.121 In patients with incomplete
reduction from traction, an attempt at direct, open anterior
reduction may be undertaken. hese maneuvers are performed with luoroscopic guidance from an entry point signiicantly caudal to the injury. his technical challenge sways
surgeons with only limited anterior open reduction internal
ixation (ORIF) experience to treat incompletely reduced
fractures posteriorly.
Contraindications to dens screw ixation include transverse
atlantal ligament (TAL) disruption and fractures more than 18
months old.120,122-124 Horizontal and posterior oblique fracture
lines are much more likely to heal in anatomic position than
anterior oblique.120 Some “high” type III fractures have enough
bone in the body inferiorly to maintain purchase of the base
of the screw. But, in “low” type III dens fractures, the screws
may break out of the inferior aspect of the C2 body.
he utility of stand-alone dens screw ixation in osteoporotic and elderly patients continues to be controversial.125
In one retrospective study, 102 of 110 achieved fracture
healing.126 he nonunion rate was 4% and 12% in those
under and over age 65, respectively. However, in a comparison
study of 29 odontoid fracture patients older than age 65, all
posteriorly fused patients healed uneventfully. Only 8 of the
11 dens screw patients healed. Interestingly, 7 of the 10 treated
nonoperatively healed and only ater long and complicated
courses. he authors concluded that, in the elderly, posterior
C1–C2 fusion was superior to both anterior ixation and
nonoperative treatment.88
Dens screws are placed using an anteromedial approach.
Before surgery, reduce the fracture with traction. he transverse incision is made just above the level of the cricoid cartilage. Split the platysma muscle longitudinally and the carotid
sheath is identiied. Blunt dissection extends the approach
cranially. he prevertebral fascia and anterior longitudinal
ligament (ALL) are split in the midline over the axis. Expose
the fracture site only if open reduction is needed.121 Once the
fracture is reduced, place two 2.0 mm K-wires into the anterior inferior C2 body with biplanar luoroscopy guidance.
Optimal access typically requires resection of the anterior
anulus of the C2-C3 disc space. One maintains rotational
stability as the other is tapped. A 3.5-mm cortical screw is
placed ater which the second wire is removed. Some surgeons
continue to recommend dual-screw placement. Recently,
percutaneous dens screw ixation has been reported using a
cannulated system.127

Dens screws average 40 mm in length. While single screw
ixation is suicient, the tip of the screw must penetrate the
apical cortex. Postoperative immobilization regimens vary
among surgeons from either sot collar to halo vest immobilization for 2 months. Direct osteosynthesis of acute dens
fractures is associated with an 88% union rate as soon as 6
weeks postoperatively.120,121 Remote fractures healed at a signiicantly lower rate of fusion (25%). Overall, hardware failure
occurs in 10%.
Other anterior screw ixation techniques into axis and
occiput have also been described. 21,128 Early, anatomic feasibility
studies of an endoscopic, endonasal approach to atlantoaxial
transarticular screw ixation have been reported.129 To date,
these techniques appear to be used rarely in clinical situations
in which posterior ixation techniques are not possible or have
already failed. Here, anterior screw ixation may add stability
to augment continued attempts at posterior arthrodesis.

Anterior Cervical Plating
In the early 1990s, as cervical plates became safer and easier to
implant, their use exploded in tandem with interbody allograt
over structural autograt.130,131 Beneits include decreased rates
of: pseudarthrosis, grat extrusion, and grat subsidence (Fig.
69.3).132 Plating allows the patient to avoid postoperative
bracing and begin early rehabilitation.113,133 While the beneits
of plating may justify application, this does not imply that a
plate is “needed” in most degenerative conditions. Good outcomes have been reported without instrumentation and there
is little proof that routine anterior cervical plating improves
surgical outcomes.5,134-137 With proper grat carpentry and
immobilization, even unplated corpectomies heal.138 Yet, one
series of 97 tricortical autogenous iliac crest ACDFs reported
pseudarthrosis rates of 11% and 28% in one- and two-level
cases, respectively, despite 2 months of collar immobilization.139 he reduction in pseudarthrosis and grat extrusion
rates associated with plating justiies multilevel anterior
procedures.6,133,135,140-142
he drawbacks of cervical plating include implant cost and
bulk and the possibility of late sot tissue injury. Previous
concerns over stress shielding of the plated bone and grat
appear to have minimal clinical relevance.143-145 Esophageal
erosion secondary to screw or plate loosening, while rare, may
be fatal.146 Additionally, if adjacent-segment surgery is indicated, the approach may require a more extensive dissection
to remove the old plate. “Extension” plates and all-in-one
screw-cage designs may allow previous implant retention
without signiicant biomechanical compromise.147,148
he least controversial indications for anterior cervical
plating include stabilization ater major anterior bone resections ater corpectomy for tumor or fracture. Anterior plates
are also used, with or without supplementary, posterior
instrumentation in:
• Multilevel discectomy
• Most cervical corpectomy procedures
• Irreducible locked facets with cervical disc herniation
• Anterior cervical pseudarthrosis
• Trauma with loss of anterior load-bearing ability
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FIG. 69.3 (A) Lateral radiograph of patient with painful C5–C6 pseudarthrosis after uninstrumented anterior
cervical discectomy and fusion. (B) After revision with a plate, the bone graft healed, as conirmed by sagittal
computed tomography. Note plate prominence proximally.

Ater posterior instrumentation, anterior plating does not
appear to confer additional mechanical beneits.149-151 hus, if
an immediate posterior approach with screw and rod placement is to be performed, anterior grating or cages are helpful,
but the plate is probably not needed.

Evolution and Mechanics of Anterior Cervical Plates
Most anterior cervical plates are placed in a buttress mode. As
such, they do not eliminate all motion. he more levels
included in the construct, the more motion, including plate
bending and screw-bone and screw-plate interface toggling is
expected.152 In many loading modes, anterior plating is inferior
to a rigid, posterior construct. As a stabilization method,
therefore, it ills a role somewhere between “too stable to need
an implant” and “too unstable to survive plating alone.”
Without a plate, spinal lexion loads the grat, and extension unloads it. With a rigid anterior plate, these forces reverse.
Flexion unloads the grat and extension loads the strut more
than similar degrees of lexion in the unplated state.153 Taller
grats magnify this efect by disc space distraction and diminished posterior column loading.111
Initially, small fragment appendicular plating was used.
he Caspar plate was among the irst speciically for the cervical spine. Its parallel screw slots allowed settling, making the
Caspar also the irst axially dynamic plate. At that time, settling was considered undesirable and plate was modiied by
replacing half of its slots with round holes. hese screws were
not locked to the plate. Ater cycling, all unlocked unicortical
constructs lose signiicant rigidity.93 Bicortical purchase was
required to decrease back-out.
Second-generation cervical plating systems, such as the
Cervical Spine Locking Plate (CSLP, Synthes, Inc.), added

rigidity and locking mechanisms. Many of these plates force
a medial screw convergence to resist pullout through the
triangulation efect. Advantages of locking the screw-plate
interface:
• allows unicortical ixation
• prevent screw back-out
• improve fatigue life (loss of rigidity ater cycling)
Typically, diferences in grating technique yield greater diferences in overall construct rigidity than plate choice.154 For
most degenerative indications, nonrigid plates are mechanically similar to locking plates.155 In multilevel and more
unstable constructs, however, failures, including plate and
screw fracture, construct pullout, and delayed or nonunions
were reported even with second-generation plates.133,135,140,142
Designers responded with thicker and stronger implants.
Even with highly rigid third-generation plates, pseudarthroses continued to occur. Benzel and others observed fracture of rigid plates in patients with solid arthrodesis and
hypothesized that plate failure allowed construct dynamization
similar to a sliding hip screw.156 Sliding hip-nail constructs
permit deformation along the femoral neck axis, subjecting
the fracture to optimal compression forces. Several cervical
plates seek to control subsidence and bone grat load sharing.
Today, cervical plates can be placed into three groups. Rigid
plates remain popular. Recent mechanical studies, oten in
destabilized cadaveric models, continue to support their use
over nonlocking and dynamic implants.157,158 Dynamic plates
could allow oversettling, resulting in kyphosis, foraminal narrowing, and lower fusion rates.159-161 Dynamic plate advocates
argue that late rigid plate nonunions are under-recognized.156,162
Intermediate designs allow variable screw angulation in an
otherwise rigid plate. Some plates ofer both ixed and variable
screw insertion methods. Interestingly, variable screw plates
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FIG. 69.4 Sagittal postoperative computed tomographic image showing
subsidence of a ibular strut after anterior cervical corpectomy. Note the
dynamization of plate with telescoping superiorly and the near absence of
the normal vertebral body trabecular pattern. The loss of horizontal
trabeculae should alert the surgeon to osteoporosis and a higher risk of
implant failure, especially with ixation in the anterior, mostly cancellous
spine.

have detractors from both the rigid and “fully” dynamic
camps. One mechanical study found that variable-angled
plates had more favorable pullout characteristics no matter
what angle for screw insertion was used.163
In general, locked cervical plates and dynamic plates are
similar in lexion-extension, lateral bending, and torsional
stifness. All plates efectively share load with a full-length
grat. As normal grat resorption occurs, a rigid anterior cervical plate may prevent grat load sharing by maintaining a gap
between the grat and the host bone.164 However, if grat
subsidence (or controlled impaction) occurs, dynamic plates
share load more efectively than locked plates (Fig. 69.4).165-168
he degree of load shielding engendered by rigid plating is
controversial.169,170 Another cadaveric study reported that
dynamic and static plates ofered similar overall stabilization,
but the dynamic plate performed better in extension and ater
endplate removal.171 Whether dynamic plates are appropriate
in trauma and other highly unstable situations continues to be
debated.157,171
Dynamic systems ofer signiicant design variability, but
typically incorporate implant telescoping features or movement along the spine itself. For example, the ABC slotted plate
design allows up to 10 mm each of cephalad and caudad plate
migration. While telescoping implants may be more elegant,
one study found them less stif than slotted designs.165 Some
allow grat preloading (Fig. 69.5).112,167

FIG. 69.5 Anterior cervical dynamic plate (Ant-Cer Plate) allowing
controlled collapse. (Courtesy Zimmer Biomet, Warsaw, IN.)

While several studies have been released over the last 15
years, no clear clinical evidence of the superiority of one plate
over another has been identiied. In a series of 34 DOC plate
system cases, 85% of plates subsided and 61% impacted more
than 3 mm but mean lordosis changed only 0.4 degree.142
Anterior cervical reconstruction employing dense cancellous
grats and dynamic plates reported a 1-year fusion rate of
96%.172 Average subsidence for single-level and two-level
fusions were 2.0 and 3.2 mm, respectively. In a prospective
analysis of 50 consecutive patients, either a rigid or a loadsharing plate (Orion and Premier, respectively) was placed.173
Ater 12 to 35 months, there was no diference in the fusion
rates. Interestingly, signiicant diferences in pain and functional impairment favored the load-sharing system. Other
studies have reported similar or lower fusion rates with
dynamic plates (16% vs. 5% with the static plate).160,174
At the time of the last edition of this text, anterior cervical
plates constructed from bioresorbable polymers had been
introduced.175,176 heir rationale was function as grat containment devices while reducing or eliminating complications
such as implant migration and failure, imaging degradation,
and stress shielding of the fusion mass. he implants theoretically dissolve ater their mechanical function has been fulilled
and before long-term problems occur. Ultimately, however,
the mixed quality of ixation ofered (with early, dramatic
failures), the variable speed to resorption, and the occurrence
of inlammatory reactions led to a marked decline in investigations in that direction.177,178
Similarly, while still available, the popularity of plates with
single screw ixation per level has waned. hese devices were
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Cervical Plating: Indications and Rationale
Ater multilevel reconstruction and high-energy trauma,
stand-alone anterior plating is controversial. Ater multilevel
strut grating, anterior plates signiicantly increased global
spinal stifness and decreased segmental motion.153 However,
while excellent radiographic outcomes are reported ater
single- or two-level plated constructs, with additional levels,
the risk of grat failure increases substantially, even with a
plate.134,180
However, ongoing screw-vertebral motion is seen ater
three-level corpectomy and 4 level discectomy cases.150 While
two motion segment constructs are acceptably immobilized,
lateral mass screw systems are signiicantly more rigid in
longer constructs.149,170,181,182 Ater cycling, range of motion at
the lower end of the construct increased 171% in lexion,
164% in extension, 153% in lateral bending, and 115% in
axial rotation. his fatigue failure explains caudal loosening of
long anterior plate constructs.150 In multilevel reconstructions,
consider longer and larger diameter screws, or supplementary,
posterior instrumentation.183
Rather than perform multilevel corpectomies, many surgeons prefer hybrid corpectomy/discectomy decompressions
to allow improved restoration of lordosis and additional,
mid-construct anchors. Whether the spared ligamentous
and bony interconnections justify the additional time and
fusion surfaces that must heal remains unclear.110,184-187 In a
cadaveric study segmental ixation aforded by three-level
discectomy and hybrid discectomy and corpectomy yielded
signiicantly more lexion-extension and lateral bending stifness than the two-level corpectomy.188 In two small studies
of four- and ive-level hybrid anterior reconstructions, all
patients ultimately fused.189,190 he authors concluded that
adjunctive, posterior stabilization was not needed when hybrid
techniques are used.
Historically, stabilization of the traumatized cervical spine
required either posterior stabilization or halo immobilization.191 More recently, in patients with a lexion-distraction
injury and disc herniations, anterior plate ixation was
reported to obviate a posterior approach.192 Some recommend
this approach only in patients with good bone quality, utilizing
wedged grats and external immobilization until radiographic
fusion is evident.193 In a mechanical study, anterior ixation
was “adequate” to stabilize the traumatized segment, but
lateral mass plating was even more efective.194
Failure rates increase with age and medical comorbidities.195 In that front-back surgeries are diicult to recommend
to older, sicker patients, halo bracing has been tried instead.
Unfortunately, halo-vests poorly immobilize the lower
cervical segments at most risk for construct failure. Halos
confer additional pulmonary and other medical morbidity.196
As such, formal anterior-posterior reconstructions must be
considered. Ater posterior instrumentation, anterior plating
does not confer additional mechanical beneits.149-151

Cervical Plating: Technique
Anterior plates are typically applied through a standard anteromedial approach. A transverse incision generally suices. In
some cases, a longitudinal incision along the anterior border of
the sternocleidomastoid is required. Optimal screw trajectories
may be limited by tension from the midline viscera, especially
in males with a large thyroid cartilage. In this setting, adequate
fascial release improves implant alignment and decreases
retractor pressure.146 Inadequate exposure risks aberrant screw
trajectories into the adjacent (usually superior) disc space. Some
authors recommend intraoperative luoroscopy or K-wire
placement into adjacent disc spaces to guide subsequent plate
and screw trajectory planning.197 On the other hand, unnecessary dissection or incorrect needle localization may increase
adjacent-segment degeneration (ASD) risk.198
Select a plate of appropriate size. Depending on the intended
screw angulation, the plate should extend no further than the
midportions of the superior and inferior vertebrae. Adjacentlevel ossiication disorder (ALOD), an early form of ASD,
increases with plate impingement on the cranial adjacent
segment. In one series of 330 ACDFs, Caspar pins, plate
impingement, and ALL stripping were all risk factors for
ALOD, which was seen in the 6 to 12 months ater surgery.199
With longer constructs holding pins maintain plate alignment while drilling the screw tracts. Otherwise, drilling may
dislodge or rotate the plate. In long constructs, malangulation
may translate into poor ixation at the opposite end of the
construct. On the other hand, in a series of 200 patients
undergoing one-, two-, and three-level ACDFs, frontal plane
angulation and lateral displacement were not signiicantly
associated with outcomes.200
Close plate contouring increases efective buttressing, may
decrease swallowing diiculties, and increases the number of
screw threads in the vertebral body.201 Overcontouring may
risk plate fracture.202 Prior to plate application, ensure proper
alignment, especially neck rotation and remove any externally
applied traction.
Many surgeons universally use 14 mm screws. Optimally,
base screw depth on the anterior-posterior depth of the adjacent intact vertebrae should be 12 to 20 mm. If measuring
from CT, conirm that the gantry angle simulates the ultimate
screw trajectory. Consider bicortical purchase in osteoporotic
bone or more unstable situations.89 Bicortical screws may
better “lever” the spine into lordosis, but may also decrease
grat-plate alignment prevent load sharing, and increase force
on the bone-implant interface.156,201 he biggest disadvantage
to bicortical screw ixation lies in the danger of cord or root
injury.118,170 If bicortical screws are to be placed, use a screwtap method under image intensiication control. Palpate the
posterior cortex with a thin, blunt K-wire or ball-tipped probe.
Some plates strictly ix the screw trajectory. Others allow a
“cone” of variable screw placement. Variable angle plates have
been recommended as a means of “dynamizing” the construct.158 Angulation may allow longer screws to be placed
with triangulation to enhance pullout strength. Most commonly, an “up and in” trajectory is recommended. Others
recommend the screws be angled into the dense, subchondral
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produced to reduce thickness and operating room time;
however, few appreciable beneits were realized and higher
pseudarthrosis rates encountered.179
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bone plate. More recently, a trajectory 90 degrees to the plate
has been recommended.163 Proper screw placement in anterior
cervical plating cases is oten suboptimal if done without
radiographic guidance.203 When possible, redirect screws that
enter adjacent disc spaces.
Typically, the plate supplements the more critical portions
of the procedure. Emphasize any necessary canal and foraminal decompression, sagittal alignment correction, and subsequent grating. Cervical plates will not compensate for poor
grating technique.74,77 Traditionally, patients undergoing
anterior cervical plating procedures were placed in rigid
braces postoperatively. More recently, a strong trend toward
sot collar or nonbracing has emerged. In a 257-patient randomized, multicenter trial, the nonbraced patients had a
higher, but not statistically diferent, fusion rate.204

Cervical Plating: Outcomes and Complications
Anterior cervical plate outcomes and complications vary most
by the underlying indication for placement. On the other
hand, a general sense of these risks and beneits assists the
surgeon when deciding what types of implants are rational in
a given clinical situation.
Given that plating is oten recommended to improve
fusion rates, our limited ability to identify a solid fusion,
“stable pseudarthrosis”, or symptomatic nonunion must be
clear. Plain ilms do not always reveal subtle clets or inducible
displacement on lexion and extension.205 Fine-cut CT scans
better deine bridging trabecular bone, but with signiicant
radiation exposure. Further, implants, particularly stainless
steel plates or “trabecular metal” cages cause scatter.
he advantage of anterior plates for single-level cervical
fusions continues to be debated.139,206,207 When comparing
reoperation rates before and ater they began routinely plating
ACDFs, Bose et al.207 reported 48 unplated cases, in which
three developed early grat extrusions and two had symptomatic pseudarthrosis. In comparison, one of the 35 plated
one-level ACDFs developed displacement and three exhibited
symptomatic pseudarthrosis.207 Others found little advantage
in outcomes or fusion rates ater plating one-level cases.140,208
Unplated patients more oten drited into kyphosis.208 Another
series of single-level discectomies reported pseudarthrosis
rates of 4.5% and 8.3% with and without plate ixation, respectively.134 Based on Odom’s criteria, good or excellent results
were reported in 91% and 88% of the plated and nonplated
patients, respectively. Single-level plating is associated with
few complications.6,132 Ater one-level ACDF, routine radiographic assessment may not be warranted in asymptomatic
patients.209 Only 2% of the asymptomatic patients had construct abnormalities compared with 25% of the symptomatic
patients.
Fusion rates decrease with increasing levels and the advantages of plating become more apparent. In a two-level ACDF
cohort, pseudarthrosis rates were 0% for plated patients and
25% for those with no plating.135 In three-level fusions, better
clinical outcomes and an 18% pseudarthrosis rate were
reported in the plated group versus a 37% pseudarthrosis rate
in the nonplated group.136

Ater ACDF and corpectomy, bone grat collapse or settling
into the adjacent endplates commonly results in a kyphotic
deformity. Plating is superior to nonplating in maintenance of
segmental lordosis, though the impact of that lordosis on
long-term clinical outcomes continues to be debated.210-213 In
Wang et al.’s series, the 0.75 mm of grat collapse in plated
patients compared with 1.5 mm for nonplated patients.134 In
93 patients undergoing cervical corpectomy without instrumentation, there was a mean loss of 10.4 degrees of lordosis.
Sagittal contour was not associated with neurologic decline or
functional outcome.211
he complications of instrumented procedures include all
of those associated with noninstrumented procedures, with
the addition of:
• Metal sensitivity
• Disruption of imaging
• Bulk of instrumentation/sot tissue impingement
• Elimination of space for bone grat
• Late hematogenous seeding of infection
• Increased morbidity of any revision surgeries
A number of authors have reported that cervical plating is
“permissive” and over the last 15 years, complications have
become similar to those for nonplated fusions.135,214,215 In large,
society-wide reports, cervical instrumentation complications
included a 2% to 3% neurologic injury rate, 3% to 45% reoperation rate for implant failure, and 5% to 10% infection
rate.216 Today, neurologic injuries and infections from plate
application are rare.215,217
Unfortunately, implant failures are reported more frequently (1-4%) and may result from osteoporosis, multiple
insertion attempts, inadequate postoperative immobilization,
or excessive postoperative loading.215,217 Oten, the implant
failure rate is proportional to the number of multilevel cases.
Plate rigidity and bicortical screw ixation also impact failure
rates.95,170
In osteoporotic patients, avoid Caspar pins (which may pull
through the bone and disrupt plate anchorage), consider
bicortical ixation, and, for those patients with signiicant
cervical deformities, plan a back-front-back approach to serially release and correct alignment.99 In one recent biomechanical investigation of 12 cadaveric spines, the addition of
posterior screws and rods always increased stifness and
resistance to cyclic loading from the anterior plate alone. An
especially large diference was noted for ixation of three or
more levels.218
Unicortical screws may break their plate retention mechanism and back out, or may take the plate with them. Bicortical
screws tend to fail in the middle from three-point bending
loads ater grat settling. When screws enter the neighboring
disc space, they may accelerate ASD. he impact of wellperformed ACDF on the incidence of degeneration at adjacent
levels remains controversial. One cadaveric study found no
diference in adjacent-segment motion or pressures between
a grated fusion with and without plate ixation.219
Screw displacement may cause esophageal injury.220,221
Vascular complications arise from over-retraction on carotid
sheath or direct injury to the vertebral artery.29 Retraction is
especially problematic in older patients with atherosclerosis
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Anterior Cervical Cages
Along with plating, cervical cages have evolved as increasingly
complex cervical reconstruction eforts were carried out
anteriorly. Structural grating historically required tricortical
iliac crest or autologous ibula harvest. In some countries,
allograt bone banks have obviated the morbid structural bone
harvest. In other parts of the world, allograt is not readily
available and axially stable implants were sought to eliminate
structural grat harvest.227

Mechanics and Rationale
Initially, mesh cages were developed for corpectomy indications. Over time, cage materials and geometries have rapidly
expanded. Now, there are interbody devices for ACDF procedures, struts to reconstruct corpectomy defects, expandable
cages, and cages with built-in plating or screw-in mechanisms.
Cage materials include machined allograt, titanium, polyetheretherketone (PEEK), carbon iber, and trabecular metal
(among others) (Fig. 69.6). he ideal cage provides the following beneits228:
• Immediate structural support to resist axial compression
and maintain anterior column distraction
• An adequate “footprint” to resist subsidence
• Small enough size to prevent stress shielding of the grat
material
• Decreased surgical morbidity by obviating structural autograt harvest
• Avoidance of structural allograt complications (interspecimen quality variability, microfracture, collapse, and the
possibility of viral transmission)
heoretical disadvantages of anterior cage placement include
the following 229:
• Variable modulus of elasticity mismatch with host bone
(depending on cage material)

• Increased cost
• Sharp edges causing sot tissue injury with displacement
(mainly titanium mesh)

• Diiculty with postoperative imaging and conirmation of
fusion (metallic implants)

• Limited true fusion (spot welding of small grat area inside
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and may lead to strokes. Vertebral artery injury is rare with
anterior procedures and is thought to occur with excessive
lateral dissection.
Dysphonia and dysphagia have received more attention in
the recent literature. While rates vary from 2% to 60% (which
may depend on whether and how the question is asked), both
are more common in women.222-224 Rates increase with revision and more cranial levels.222-224 he degree to which plate
placement and thickness afect dysphagia remains controversial.223,225,226 If there is a plating efect, it may arise from plate
thickness, texture, or merely the increased exposure necessary
to place one. One study compared inal construct height with
preoperative osteophyte height.224 No diferences in rates of
dysphagia were noted. When comparing 156 consecutive
patients undergoing ACDF with either the thinner, smoother
Zephir plate or the thicker and rougher Atlantis plate, dysphagia gradually decreased over 2 years to 0% and 14% in the
Zephir and Atlantis groups, respectively.225 Plate removal
improved dysphagia in 17 of 31 patients.226 In those improving
ater plate removal, adhesions were found between the plate
and surrounding fascial structures.
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the cage to host bone)

• Limitations in “sculpting” of material ater insertion
As with cervical plates, many design philosophies have evolved
that attempt to maximize cage advantages while minimizing
their limitations. As with other implants, no best cage has been
identiied. Some implants are better suited for some patients
or indications than others.
Cervical cages come in two main geometries: vertical and
horizontal. Typically, vertical implants ill corpectomy defects
and horizontal implants reconstruct postdiscectomy gaps. For
the latter group, the mechanical goal is of distractioncompression via restoration of annular tension.230,231 Implantation technique varies but is not signiicantly diferent than
bone grat placement. he metallic tines of vertical cages and
threads or texturing of horizontal cages allow better torsion
and displacement resistance than an equivalently sized,
smooth bone grat.
Cages are further subdivided by shape and material. Horizontal cage designs, for example, include screw-in, box, or
mesh. Screw-in cages are threaded cylinders (e.g., BAK/C;
Zimmer Biomet). he use of these implants has declined since
the last edition of this text due to the excessive endplate violation required for insertion. Box cages are rectangular with
textured bearing surfaces. he titanium implants developed
initially gave way to carbon iber and then PEEK designs (Fig.
69.7). One recent comparative study found no diference in
the mechanical properties or fusion potential of PEEK vs.
titanium ACDF spacers.232
Several mechanical studies have been undertaken to better
understand the relative merits of diferent cage materials and
geometries. In one, multiple cage types and autologous iliac
crest grats were tested in lexion, extension, axial rotation,
and lateral bending in 80 sheep spines. Compared with an
intact segment, cages increased lexion but decreased rotational
stifness. Mesh designs provided greater extension and bending
stifness than screw-in designs.233 When compared with standard
Smith-Robinson ACDF, single BAK/C ofered signiicantly lower
stifness and failure loads.234 Cage size and placement in the
disc space are more important than diferences in pore size
or materials.235 A fully open cylinder transferred loads more
efectively than a central pore in a box design.236
he mechanical beneits of cages over bone grat are small.
A cage does not supplant the additional stability aforded by
plating.90,228,237-239 A inite element model compared four
implantation methods and found that stand-alone cages
ofered the least stabilization. he cage with a locking plate
was very stif in all directions. Two dynamic plate conigurations reduced lexibility in all directions compared with intact
cage but let signiicant mobility.240
One disadvantage of cage implantation is diiculty assessing radiographic fusion status; radiolucent carbon iber and
PEEK interfere less.229 Even more important is the expense;
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FIG. 69.6 (A) Axial and (B) coronal computed tomographic (CT) scan of structural vertical mesh
cage with autogenous bone graft placed inside cage. The cage was placed too far to the right
(best seen in A), and the patient reported right-sided radicular symptoms. (C) Sagittal CT image of
patient in whom reconstruction of a three-level corpectomy for ossiication of the posterior
longitudinal ligament was attempted with an expandable cage. Despite the presence of fusion
with segmental instrumentation, cage subsidence into the T1 superior endplate led to anterior
displacement. This cage was ultimately replaced with a custom-cut mesh cage.

in most cases, cages are used with, rather than in lieu of,
plating.
As with traditional grating, subsidence has been seen with
cages, but less with wide endplate coverage.238,241 For example,
cylindrical implants subside signiicantly further than plate
and grat or rectangular cage constructs.228,242 Endplate preservation and grat pegging or limited endplate perforation for
vascular ingrowth decrease subsidence.114,243
Expandable cages, initially used in tumor reconstruction
cases, have recently received increased attention in reconstruction of the degenerative cervical spine. Proponents argue
that traditional cages require segmental overdistraction to
place the cage and achieve tight endplate contact.244 Distraction in situ allows the cage to be precisely adjusted to the
defect.
hus, these cages may also be easier to place in anatomically challenging regions such as the occipitocervical and
cervicothoracic junctions. Alternatively, more extensive jawsplitting or submandibular approaches may be used to place
mesh cages. Anterior occipitocervical implants continue to be
described, typically for post–tumor resection cases and usually
with posterior, rigid, adjunctive instrumentation. Recently, a
biomechanical study of anterior mesh cage placement with

screws into the clivus demonstrated stable ixation for reconstruction of extensive ventral upper cervical spine defects.245
In a retrospective review of 20 corpectomy patients reconstructed with a distractible cage with an attached plate, stability was achieved in all cases. One subsidence and 75% good
or excellent outcomes were reported.246 In anatomic regions
with limited anterior access (e.g., cervicothoracic and occipitocervical junctions), formal anterior plating may be diicult.
Custom cages decrease the need for perpendicular access to
the spine.247 Detractors argue that expandable cages limit bone
grat area, add signiicant cost, and generate high forces that
precipitate adjacent-segment fractures.248
Newer hybrid cage devices incorporate plates or screw
recesses.229,249 hese anchored spacers integrate screws to
provide immediate ixation while maintaining low implant
proile. his approach may decrease procedure time and allow
decreased morbidity of approach by limiting anterior sot
tissue disruption, particularly for surgery adjacent to a previous fusion, in that it may obviate the need for plate removal.
However, a stif fusion mass may overtax the holding power
of these devices. While one biomechanical comparison of an
anchored spacer to predicate cage-plate constructs found no
signiicant diferences, the same authors more recently found
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FIG. 69.7 (A–B) Anteroposterior and (C) lateral radiographs showing multilevel C3–C7 anterior-only
reconstruction with anterior cervical plate. Local autograft was used to ill polyetheretherketone cages, and full
healing was documented on computed tomography. The patient later reported painful subjacent degeneration
at C7–T1.

that separate plate and grat constructs were stifer than integrated devices in all testing modes.148,250 he diference
increased with the number of levels performed. On the other
hand, one recent cadaveric biomechanical study concluded
that the anchored spacer “showed stabilizing potential at the
operated level statistically similar to that of the standard revision with a two-level plate.”251
In a recent clinical study, 63 patients underwent either
stand-alone cage or more typical cage-plate reconstruction.252
At 1-year follow-up, similar overall clinical outcomes were
achieved, but the stand-alone device was associated with a
lower risk of dysphagia, procedure time, and estimated blood
loss. Other small series have also reported good clinical
results.253
As with anterior plating, interbody bioresorbable polymers
have been studied. Results have been mixed.76,177,254 At this
point, these devices cannot be recommended for implantation
outside of carefully controlled trials.

Implant Selection and Technique Notes
Cervical cages are used to reconstruct anterior spinal column
defects. As such, they may be used ater discectomy procedures
or to ill in corpectomy defects ater surgery for degenerative,
traumatic, or neoplastic indications. Use of nonbiologic materials in the face of active infection remains controversial.255
Allograt struts are just as susceptible to glycocalyx or bioilm
formation as metal or PEEK implants.

Ideally, structural autograt would be used in patients with
osteomyelitis. However, because the autograt harvest adds
morbidity in already frail patients, several authors have used
titanium and PEEK implants and have reported successful
reconstructions.255-257 At follow-up intervals of 20 to 54
months, these authors reported greater than 90% fusion
rates and no recurrent infections. However, “radical” anterior
debridement is recommended along with posterior screw-rod
stabilization and 8 to 12 weeks of intravenous antibiotics. As
an exception, one series reported two recurrences in a group
of 36 patients with vertebral bone destruction treated with
expandable cages caused by infections ranging from Staphylococcus aureus to tuberculosis.258
Restoration of stability may be more critical than avoiding
implants. Full debridement of cervical osteomyelitis oten
requires two-level corpectomy. Typically, surgical indications
include neurologic compromise, vertebral body destruction
with kyphosis, segmental instability, failure of medical treatment, and epidural or paravertebral abscess.
As with plating, anterior cage procedures are mechanically
most vulnerable when carried over multiple levels, risking
extrusion and subsidence. Cage subsidence is associated with
neck pain, plate failure, signiicantly lower Japanese Orthopedic Association score recovery, and late neurologic deterioration.227 As with plating, hybrid approaches and multilevel
discectomy are more stable than corpectomy.259
Stand-alone cages (e.g., without anterior plating or a posterior rod-screw construct) are also controversial. Typically,
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good clinical outcomes and fusion rates (93.3–100%) are
described despite high subsidence rates.260,261 Subsidence and
segmental kyphosis are worst at C6–C7.262 In a comparison
study, 44% of stand-alone cage segments lost more than 5
degrees of lordosis and subsided more than 3 mm, typically
by 3 months ater surgery.263 Outcomes do not appear to be
afected by these radiographic indings.263,264 However, small
series have reported successful use of stand-alone cages adjacent to previous ACDF constructs.265

Bone Graft Selection
Particularly in areas without allograt banks, cages provide
structural support, thereby avoiding the chronic donor site
pain seen in up to 31% of patients undergoing structural
autograt harvest.139,266-268
Several grat options can be used with structural cages.
Nonstructural (morcellized) iliac crest autograt, oten collected percutaneously with reamers, may be placed in or
around the cage.269 Others recommend local bone from the
decompression, which may be copious in disseminated idiopathic skeletal hyperostosis or spondylosis cases but limited
in sot disc herniation cases. Morcellized allograt, demineralized bone matrix patties, and recombinant human bone
morphogenetic protein 2 (BMP-2)–containing sponges have
also been used. A few series report excellent results ater
implanting “empty” cages.270–273
Machined allograt cages may not require additional
grating and have compared favorably to autograt in oneand two-level anterior procedures.274 A number of allograt
options are available. For discectomy procedures, tricortical iliac crest wedges and small ibular rings predominate.
Dense cancellous allograt (e.g., patellar wedge) has been
recommended for its open-matrix structure. his structure
imparts axial stability comparable to tricortical iliac crest
and more fully cortical ibular grats while maintaining a
porous structure that promotes vascularization and cellular
penetration.275 In one series of 98 patients, dense cancellous
allograt was used with one- and two-level dynamic plating.
At 12 months, the fusion rate was 96%. While there were
no allograt or hardware complications, mean subsidence was
2.0 and 3.2 mm for the single- and double-level constructs,
respectively.172
In a multilevel ACDF study in alpine goats, threaded
intervertebral fusion cages illed with BMP demonstrated a
much higher arthrodesis rate and accelerated bone formation compared with either autogenous bone-illed BAK/C or
autogenous bone grats.276 In humans, enthusiasm for anterior
cervical BMP placement has been tempered by postoperative
swallowing and breathing problems in nearly one-fourth of
patients implanted.277 BMPs may also stimulate the resorptive
phase of bone healing, leading to endplate resorption and
increased cage migration.278 Another series of 200 retrospectively reviewed one- to three-level ACDF patients found a
100% fusion rate using CT and dynamic radiographs.279 Sot
tissue problems included 14 (7%) with clinically signiicant
dysphagia and four (2%) who required repeated operation for
hematoma or seroma. Outside of very low doses implanted

for specialized circumstances, anterior cervical use of BMP is
not recommended.
For either structural autograt or allograt, avoid placing
screws into the grat itself as this increases the risk of grat
fracture.280,281 Some PEEK, carbon iber, and metallic cages
contain holes to allow ixation to an anterior cervical plate.
he mechanical beneits of this additional ixation have not
been convincingly demonstrated.
Cages constructed entirely of osteoconductive materials
such as tricalcium phosphate or trabecular metal have come
into use. he crystalline grats may be more brittle, but they
have better imaging characteristics than their metallic counterparts. Small studies using coralline interbody implants have
reported variable clinical outcomes, fusion rates around 45%,
and high rates of grat fragmentation and subsidence.282-284
Tantalum interbody implants are far less brittle but add considerable scatter even with CT evaluation. A recent study
randomized 61 patients to ACDF with a tantalum interbody
implant or autologous iliac bone grat and plating.285 Although
24-month radiologic and clinical outcomes were similar,
complications were considerably higher in the autologous
grat group. Some hybrid PEEK or metal cages incorporate
osteoconductive cores of tricalcium phosphate, coralline
hydroxyapatite, or similar materials.286 Use of these implant
types remains limited.

Technique
Wider endplate coverage allows the cage to better resist axial
compression forces. herefore, especially at lower cervical
levels, choose the widest cage that will it in the defect.235,262,287
For some multilevel procedures, diferent cages may be optimal
at diferent levels.262 Some recommend anterior osteophytes be
retained to increase load-bearing area.261 It is unclear whether
the axial load-bearing beneits of osteophyte retention exceed
detrimental efects on plate prominence or buttressing.
To decrease extrusion rates, achieve a tight interference it.
Excessive traction unloads the articular pillars posteriorly.112
Increasing cage height also increases segmental lordosis, but
this may decrease adjacent-segment motion.288 When selecting and implanting a cervical cage, observe the following:
• Maximize endplate coverage, especially at lower cervical
levels
• Avoid excessive traction before insertion
• Avoid excessive endplate violation
• Add a plate for discectomies of more than one level and all
corpectomies
• Consider supplementary posterior ixation for two or more
level corpectomies
In the absence of specialized indications, avoid radiopaque
and expensive, cylindrical, and poorly modulus-matched
implants.

Outcomes and Complications
Several studies examine the impact of cages ater anterior
cervical reconstruction. Most typically, outcomes vary far
more by the indications for surgery than by the implant
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Cervical Disc Arthroplasty
As of this writing, only three cervical implant strategies seek
to preserve segmental motion: direct screw osteosynthesis,
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selected. On the other hand, some studies have compared
various instrumentation types.
Initial favorable reports in 80 and 135 patients receiving
BAK/C cage implants reported high fusion rates.289,290 hese
initial reports were followed by prospective, randomized, FDA
trials comparing BAK/C cages with uninstrumented ACDF in
344 radiculopathy patients. Virtually all outcome measures
were similar in both groups and maintained over 2 years. he
authors concluded that threaded fusion cage outcome are the
same as those of a conventional uninstrumented ACDF with
iliac crest autograt.291 With longer, 4.8-year follow-up in 103
patents, 95% good-to-excellent outcomes were reported with
a 98.9% fusion rate.292 Lordosis was maintained in 93.8% and
increased in 6.2%.
Other, smaller studies have compared rectangular carbon
iber and titanium cages with iliac crest autograt. High fusion
rates and equivalent outcomes were reported in all groups.
Signiicant donor site pain was reported in 20% to 33% of the
structural autograt patients.269,293,294 An economic comparison
found that costs between mesh cages and autograt were not
signiicantly diferent because of the iliac crest harvest morbidity.267 Another prospective, randomized study of 42 cervical
interbody fusions found similar results with either an autologous tricortical grat or a cage and that tricortical grat was
cheaper.295
Fewer studies report cage outcomes ater corpectomy
surgery. Most are retrospective reports of 26 to 100 patients
reporting titanium mesh or PEEK packed with local autograt
or allograt chips.256,296,297 Successful use of stand-alone cages
in one-level corpectomies is reported, whereas three or more
corpectomy levels use adjunctive posterior stabilization.
Fusion rates from 97% to 100% are reported, but so too are
occasional cage extrusions, kyphotic collapse, and postoperative radiculopathy. Most authors concluded that titanium
cages provide immediate strong anterior column support with
minimal hardware complications and avoid bone grat site
morbidity.
Other prospective, randomized studies have been somewhat less enthusiastic about the cage outcomes. In three
studies with approximately 100 patients randomized to ACDF
with a carbon iber cage or a traditional Cloward procedures,
overall pain and disability were similar for both groups.298-301
Although donor site pain was signiicantly less in the cage
group, the fusion rate was signiicantly lower as well (85%,
86%, and 81% vs. 55%, 62%, and 74%, respectively). In both
studies, patients with pseudarthrosis reported more severe
neck pain than those solidly fused.
Anterior cervical reconstruction with cages conveys the
same risks as surgery without cages.238 Complications such as
displacement or subsidence with foraminal stenosis occur
more frequently in multilevel procedures (up to 33%) and in
osteopenic or spastic patients. In these settings, adjunctive
posterior stabilization should be considered. 302-304
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FIG. 69.8 Lateral radiograph of a patient who underwent cervical disc
replacement at C6–C7 below a previous C5–C6 anterior cervical discectomy
and fusion.

laminoplasty with plates, and cervical disc replacement.
Although there is longer clinical experience with lumbar disc
arthroplasty, cervical total disc replacement (TDR) is more
commonly ofered in most countries.305,306
Relative to the lumbar spine, diferences between fusion
and nonfusion stabilization methods are more pronounced in
cervical applications. he cervical lateral masses have a much
larger role in axial load bearing than the lumbar posterior
elements. he smaller cervical bony endplates challenge endplate ixation.307 he anterior airway and posterior cord
amplify the risks associated with cervical TDR relative to their
lumbar counterparts (Fig. 69.8).
A wide variety of materials have been incorporated into
TDR systems, including cobalt-chrome, titanium, and highmolecular-weight polyethylene; optimal biomaterials have not
been identiied.308,309 he cobalt-chrome devices afect postoperative MRI imaging to a much greater degree than the
titanium-based devices.309 he likelihood and efects of wear
debris do not appear to be signiicant concerns in early followup studies or in experimental models, but these particles
clearly migrate into the periprosthetic and epidural spaces.310
he long-term inlammatory potential of metal-on-metal
appendicular prosthesis debris has led to the removal of both
spinal and appendicular arthroplasty systems from the
market.311,312
Even within material groups (e.g., metal-on-polyethylene),
many design questions remain unanswered.307,313 Some systems
rely on a midline keel to achieve ixation; others use spikes or
endplate texturing. Keels may risk sagittal split fractures,
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especially in multilevel implantations.314 hese devices vary in
terms of the constraint they place on normal segmental
motion.313 Typically, more constrained implants require more
elaborate endplate ixation methods but may also ofer more
protection of the facets.315 No current device fully restores
normal segmental kinematics.307,316 Even suitable device kinematics require perfect midline positioning and rotation to
provide proper motion.
Unlike lumbar applications, cervical disc replacements
have been implanted in the treatment of spondylotic radiculopathy and myelopathy, not axial pain syndromes.317 Contraindications include active infection, osteoporosis, and
radiographic evidence of mechanical instability or absent
motion. he prevalence of contraindications in patients with
cervical degenerative disease is lower than in similar lumbar
cohorts.
Given the perception of traditional ACDF surgery as highly
successful, expectations for implementation of expensive new
technology such as disc arthroplasty have been very high.317
First, in most younger and active patients, preservation of
motion itself is a worthy goal and may be associated with
decreased postoperative axial pain and improved function.
More important, however, is the efort to decrease adjacentsegment degeneration.318
As of this writing, cervical arthroplasty continues to slowly
gather proponents. Certainly, patient selection for arthroplasty
is far more selective than for predicate anterior discectomy and
fusion procedures.317 Most randomized trials show outcomes
that favor TDR; an analysis of outcome predictors shows that
patient factors such as work status and pending litigation
have a far greater impact on outcomes than the disc spacer
utilized.319,320 Most recent reports detail FDA trials of newer
implants or two-level placement. For example, a recent report
detailed the 4-year outcomes of a two-level implantation of the
Mobi-C (Zimmer Biomet).321 he device maintained motion,
and no device failures were reported. In this study, and most
others, arthroplasty patients had better outcomes in terms
of Neck Disability Index and Short Form-12 scores while
having a lower rate of secondary surgeries compared with
ACDF. Favorable 10-year outcomes have been reported.322,323
Interestingly, strong evidence favoring arthroplasty in terms
of adjacent-segment degeneration has not yet emerged.324,325

Posterior Cervical Instrumentation
Posterior cervical instrumentation can be categorized by location into occipitocervical and subaxial implants. Functional
categorization includes rigid segmental systems versus nonrigid wiring systems. Posterior implants may be used in a
motion-sparing capacity when stabilizing a laminoplasty door.
Recently, spacers have also been introduced for placement in
the cervical facets.

Occipitocervical Instrumentation
As with other types of spinal instrumentation, nonrigid wire
constructs have given way to screw-based rigid constructs.

Still, the heterogeneous mix of pathologies and patient age
requiring occipitocervical stabilization ensure the older
methods remain relevant.

Nonrigid Occipitocervical Systems
Initially, occipitocervical stabilization involved onlay fusion
with morcellized grat followed by prolonged halo immobilization.34,326 Fusion rates from 75% to 89% were reported.
Subsequently, to allow early mobilization without a halo,
occipitocervical stabilization using sublaminar wires and
PMMA was reported.327 Although excellent clinical results
were reported, fusion rates were not and this technique has
been largely abandoned.
Wertheim and Bohlman reported good results using a
structural bone grating technique with sublaminar wires.328
To improve stifness, subsequent authors incorporated bent
Steinmann pins, Kirschner wires, curved rods, and malleable
loops and rods into sublaminar wire or cable constructs.329-334
hese constructs oten use cancellous rather than structural
autograt. While these rods confer additional stability over wired
structural bone, they are semirigid and typically require halo
immobilization.335-337 Fusion rates vary from 90% to 100%.328,337
Typically, semirigid constructs achieve occipital ixation
with burr holes. Segmental spinal ixation is obtained with
interspinous or sublaminar wires. Interspinous wires decrease
risk to neurovascular structures and ofer less-restrictive
placement options. Wire-grat and wire-loop constructs have
disadvantages, including limited utility in patients requiring
decompression, decreased fatigue life, and the need for postoperative immobilization. Rods wired to the bone may piston
through the wires, reducing vertical stability.338-341 In patients
with poor healing potential, the increased fatigue susceptibility of wired constructs favors rigid ixation.342 Similarly,
rigid stabilization should be considered when bulky external
bracing is contraindicated, as in spinal cord or pulmonaryinjured patients, or when compliance may be limited.331 Luque
rectangle and two rigid plating systems conferred similar
compression and lexion stifness in one study, but the plates
were far more stif against extension and torsion.341
Sublaminar and suboccipital wire passage can be technically challenging, especially in patients with axial collapse or
stenosis. hese diiculties stimulated interest in rigid systems,
which evolved from contoured appendicular trauma reconstruction plates. hese implants stabilize without canal incursion or postoperative halo immobilization.337,339 Whether
wiring or screws ofer better ixation in the osteoporotic cervicocranium remains controversial.329,330
Rigid systems are recommended in cases of deformity correction or with multiplanar, particularly vertical, instability.339
Speciically, screw-rod constructs are indicated in patients
undergoing decompressive laminectomy, dens resection, or
multiple-level ixation from the occiput to the lower cervical
spine.343 Ostensibly, rigid stabilization allows shorter constructs, saving fusion levels.337,339 Historically, occipitocervical
fusion was utilized in dens fracture malunion or nonunion.344
Today, C1 lateral mass screw ixation avoids extension to the
occiput in many cases.
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curette. Pass a looped, double-twisted, 24-gauge wire or
braided cables through the holes on both sides. If a C1 laminectomy has been performed, drill a small hole through the
remnant of the lamina on either side, if there is suicient
remaining bone, and pass a single 24-gauge wire through.
In the presence of neurologic compression, do not attempt
sublaminar wire passage. Instead, pass a wire through the C2
spinous process by drilling transversely approximately onethird of the length up the spinous process. On each side,
perforate the cortex with a 2-mm burr and connect those holes
with a towel clip. hen pass a 20-gauge wire through the hole,
loop it under the spinous process, and pass it a second time.
Occipitocervical fusion with a Luque or Ransford loop uses
similar wiring positions and requires a template and luoroscopy to ensure appropriate rod contouring. he rod proile
must exactly match the skull and cervical laminae to prevent
wire or cable cut-through. he wires are used to hold both the
rod and the bone grat, or the rod alone, with nonstructural
bone grat placed around the rod.

Rigid Occipitocervical Instrumentation
Rigid occipital ixation has been achieved with unicortical and
bicortical 3.5-mm screws, inside-out, and screw-nut
techniques.353-355 he original, rigid, longitudinal connectors
between the cervical spine and skull were dual pelvic reconstruction plates extending laterally from cervical spine lateral
masses to lateral positions on the occiput.356,357 Because the
occiput is thickest and pullout strength greatest at the EOP,
Y-plates, utilizing the stronger midline occipital keel, were
developed (Table 69.1).358 Histologically, this 9.7 to 15.1 mm
thick, dense bone is ideal for screw ixation but decreases
radially from the inion.359,360 he midline bone between the
inion and the foramen magnum remains thicker than laterally.
Newer modular systems with occiput-speciic plates optimize
skull ixation by placing screws in the thick, midline keel.361
In some children or when adequate bone anchorage is not
available in the midline keel, hooks may be placed in the
occipital squama.362 Alternatively, occipital screws may be
placed into the condyles instead. he clinical and mechanical
pros and cons of this technique have not yet been elucidated.363
he mobile locking mechanisms found in newer systems
require less meticulous rod contouring, but all are technically
demanding and require a thorough knowledge of occipitocervical anatomy.356 hese rod-plate hybrids allow more room for
bone grat and increased intraoperative lexibility with no
ixed hole-to-hole distances but are more expensive.364 Many
of these plates allow additional perimedian screw placement
to improve rotational control.365
he various occipital constructs can be combined with a
variety of cervical ixation methods. Most commonly, C1
lateral mass screws alone or with C2 pedicle screws, C2 pedicle
screws alone, or C1–C2 transarticular screws are described.108
When plated to six occipital screws, C1–C2 transarticular
screws are either the most rigid form of occipitocervical fusion
or are equivalent to C2 pedicle screws.330,366-368 Occiput–C1
transarticular screws have been described but are technically
demanding to place and require additional Magerl screw

S E C T I O N

here are no speciic contraindications to occipitocervical
fusion. In fact, for patients with clear occipitocervical instability, few alternatives exist. In some patients, medical issues
provide a relative contraindication. Unfortunately, external
stabilization is relatively inefective in patients with higher
degrees of instability. Typically, contraindications imply safety
of one technique over another. Aberrance in vertebral artery
anatomy, for example, increases risks of C2 pars ixation.
Autogenous iliac crest bone grating remains standard for
occipitocervical fusions. If possible, cable a strut down to
bridge the bleeding surfaces of the host bone.345 Allograt bone
has been less successful.346 BMP has been used and results
have varied, but they may approach autograt.347 Complications, including neurologic decline, have been reported.348
Occipitocervical fusion requires rigid head control with
either a Mayield head clamp or an open halo ring. he articulation’s large lexion and extension arc requires careful attention
to alignment. On lateral luoroscopy, assess the occipitocervical angle.349,350 In neutral, the intersection of McRae’s line
and a line through the superior endplate of C3 should be 44
degrees. Of three techniques used to measure occipitocervical alignment, McGregor’s line was more reproducible and
reliable than Chamberlain’s and McRae’s lines.351 Improper
alignment may increase subsequent subaxial degeneration.352
Shallow postoperative occiput–C2 angles, which decrease oropharynx cross-sectional area, predict postoperative dyspnea
and dysphagia.349,352
Until the 1990s, the semirigid Wertheim and Bohlman
technique was the most common form of occipitocervical
fusion.328 Expose the posterior elements from the EOP to C4.
Create a trough on both sides of the EOP 2 cm above the
foramen magnum with a high-speed burr. Use a towel clip to
create a hole in the ridge and pass an 18-gauge wire through
the hole. Twist the wire over the ridge. hen, pass a second,
sublaminar loop around the C1 arch. Pass a third loop through
and around the base of the C2 spinous process. Harvest a
thick, 3 × 5 cm corticocancellous grat from the posterior iliac
crest. Divide the grat longitudinally into two parts and drill
three evenly spaced holes into each grat. Decorticate the
occiput, C1 ring, and C2 laminae. hread the more lateral arm
of the wire at each level through the corresponding holes.
Maneuver the grat down the wires until it is apposed to the
decorticated bone. Bring the second arm of each wire medially
around the grat and tighten the wires sequentially. Pack
additional cancellous bone between the two grats. If ixation
is secure and bone quality is good, use a skull-occiput-mandibular immobilization or Minerva brace postoperatively. If
ixation is poor, maintain the patient in a halo vest for 6 to 12
weeks.
Alternatively, obtain safe bicortical wire passage by enlarging the foramen magnum and thinning the occiput with a burr
in a 5- to 7-mm semicircle. hen resect the remaining inner
table piecemeal with a 2-mm Kerrison rongeur to remove the
posterior lip of the foramen magnum. Create two to four
occipital holes with a 4-mm burr approximately 1 cm lateral
to the inion and approximately 7 mm cranial to the foramen
magnum. Elevate the dura of the inner table toward the burr
holes and from the foramen magnum with a 4-0 curved
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stabilization. hese screws may not be appropriate in patients
with distracting injuries.369
At surgery, place the distal anchoring screws irst. With
the cervical ixation in place, template the skull. Match both
contour and the cervical screws’ position. he need for coronal
and sagittal plane contouring has increased the popularity
of rod-plate hybrids. Occipital ixation should be as close to
midline as possible and close to, but not over, the EOP. Plating
over the inion causes painful occipital prominence. Caudally,
avoid the foramen magnum because the bone is thin and the
trajectory diicult. Screw lengths range from 6 to 14 mm,
average 10 mm, and become longer toward the EOP. Use a setdepth drill bit at 8 to 10 mm. Drill, palpate the inner cortex,
deepen the depth setting 1 to 2 mm, and redrill until the
cortex is breached. Because the occipital bone is hard, these
screws should be tapped. he smaller threads on self-tapping
screws may not be adequate in younger patients with good
bone stock. Constructs incorporating a bone strut with the
plate allow longer screws to be used but add construct bulk.
he weakness of the skull’s inner table and the proximity
of the venous sinuses argue for unicortical ixation.24,359,370
Bicortical screw pullout strength is 50% greater than unicortical screws, whose holding power is similar to wiring.360 Usually,
bicortical purchase is recommended because unicortical
screws strip on contact with the inner cortex. Vascular injury
and dural leak can be avoided with a careful drill-tapping
technique. In older patients, the dura may be adherent to the
skull’s inner surface. Stop the ensuing cerebrospinal luid leak
by placing the screw.330,356
Once the plate is in place, fashion a corticocancellous grat
to lie between the two plates. Notch the grat to straddle the
C2 spinous process and cover the posterior arch of C1 and the
occiput. Hold the grat in place using heavy suture or wire.
Alternatively, place a screw in the midline of the skull and
wrap wire or cable around the screw, then over the grat and
around the C2 spinous process. Denuding the C1–C2 facet
joint cartilage allows additional bone to be packed directly.
Immobilize rigidly stabilized patients in a collar for 4 to 12
weeks. Before discharge from care, verify union with lexionextension radiographs.

Outcomes and Complications
Occipitocervical fusion patients are oten acutely ill from
high-energy trauma, neoplasm, systemic infection, or
advanced rheumatoid arthritis. Modern anesthetic and perioperative management has reduced the mortality rate from
10% to 1.7%.326,371,372 Complication rates vary widely based
on underlying comorbidities. For example, perioperative
complications were historically common with occipitocervical fusion in rheumatoid patients.373,374 Complication rates
decrease when patients are treated earlier in the disease.375
Children have rarer but still signiicant complication rates.
Although some series describe “minimal” complications using
contoured plating systems, others report complication rates
up to 30%, including transient quadriplegia, pneumonia,
hydrocephalus, cerebrospinal luid leak, and traumatic fusion
fracture.326,333,356,376

Irrespective of the construct used, with autograt occipitocervical arthrodesis rates are high, at 85% to 100%.108,328,337,377,378
However, one study reported 100% failure of seven fusions
performed with cadaveric bone. Subsequent autogenous iliac
crest grat achieved fusion in all seven.346 In children, 100%
fusion rates have been reported without internal ixation.379
Even rheumatoid patients, perceived as poor healers, demonstrated 94% to 100% fusion rates with rigid occipitocervical
ixation.326,339,380,381
he construct failure rate, with loss of ixation and recurrence of deformity, is proportional to the fusion rate. he rate
and mode of failure depend on the surgical technique and
postoperative immobilization. Wiring constructs fail by cutthrough of the wire through the bone or by fatigue failure of
the wires themselves. Rigid systems fail by fracture through
the inferior lateral mass or pedicle.341 Construct failures
also increase in patients with osteoporosis and neuromuscular disorders. With constructs ranging from the Ransford
loop to modern, rigid systems, failure rates of 0% to 5% are
reported.337,357,372,382-386 In a recent study using CT assessment of
inal fusion, 27 occipitocervical fusion patients were assessed
at a mean 7.2 years.387 In this series, failures were seen at a
mean of 31.2 months. he authors emphasized the importance of “suicient bone grating, proper decortication of the
bone bed, use of thicker and high stifness rods, and ultra-high
molecular weight polyethylene tape” reinforcement to minimize
implant failure.
Of course, successful osteointegration does not guarantee
a favorable clinical outcome. Occipitocervical fusion limits
postoperative motion, an efect compounded by postoperative
halo. In one report, neck stifness caused half the patients to
make lifestyle changes.383 A series of cancer patients reported
75% excellent or good outcomes.377 Children exhibit far less
range-of-motion loss ater occipitocervical fusion and have
overall favorable outcomes.379,388
In children, the possibility of an occipitocervical “crankshat” phenomenon remains controversial.389 In children
younger than 6 years, postoperative increases in occipitocervical junction lordosis have been reported. Fixation in a neutral
or slight lexion may counteract this increase.382 Spontaneous
fusion extension occurs in adults but is more common, at
up to 38%, in younger patients.333,390 In a 17-year follow-up
study, 90% of children and adolescent patients had reported
excellent or good results with a low complication rate despite
an overall increase in osteoarthritis changes in unfused segments and a decrease in mobility.390 In another study, the
rate of adjacent-level degeneration at 5 years was 7%.326
Late subaxial subluxations can occur in any patient group
but are more common in patients with active rheumatoid
arthritis.384
he subcutaneous nature of the occiput also risks wound
infection and dehiscence, especially in rheumatoid, lessmobile, and older patients.384 In a heterogeneous patient population, a 5% wound infection rate was recorded.326 Older series
report pin site infections and skin breakdown under the halo
vest.333 Even patients immobilized by collars should be
observed closely for occipital ulcerations, especially those with
greater occipital nerve anesthesia.
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Atlantoaxial Instrumentation
Atlantoaxial instrumentation is indicated for segmental instability, oten from trauma (e.g., transverse atlantal ligament
rupture or dens fracture), rheumatoid arthritis, or congenital
or metabolic anomalies.397-399 Radiographically, abnormal
C1–C2 motion is expressed as an increase in the anterior
atlanto-dens interval (AADI). he AADI passes from the
midposterior margin of the anterior ring of C1 to the anterior

A

dens surface. In adults, the AADI is normally less than 3 mm;
in children, it should be less than 4 mm. Acute increases in
the interval usually signal instability. With chronic joint
destruction, greater motion may be well tolerated.

Gallie and Brooks Techniques
Historically, the Gallie technique has been used to stabilize
C1–C2.372,400,401 his technique ofers good resistance to lexion
and is indicated in lexion-unstable situations such as transverse atlantal ligament rupture or, occasionally, dens fracture
with anterior displacement. Gallie fusion requires C1 sublaminar wire passage and should be avoided in patients with arch
fracture or cord swelling. At C2, the wire is simply passed
around the spinous process. his wiring ofers little rotational
or extension stability and should therefore be avoided in
posteriorly displaced dens fractures, for example. Despite its
limitations, this technique or one of its many reported modiications is still routinely used because of ease and safety
(Fig. 69.9).
Upper cervical stabilization requires rigid ixation to the
operating frame. Immediately ater positioning, assess the
reduction and visibility of the upper cervical levels on openmouth views. Next, make a midline incision from occiput to
C3 and expose the tips of spinous processes. Carry a subperiosteal dissection along the C2 lamina, which preserves the
suboccipital triangle muscular insertions for subsequent
repair. Carry the subperiosteal dissection around the arch
superiorly and inferiorly to allow passage of a doubled,
U-shaped 18- to 20-gauge (1.2 mm) wire or equivalent titanium cable in a caudal to cranial direction. Harvest an
H-shaped bone block from the iliac crest bone block and

B
FIG. 69.9 Lateral radiographs of (A) Gallie and (B) Brooks posterior C1–C2 wiring constructs.
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While more rigid constructs have higher theoretical risk
of neurovascular injury, the reported rate of these injuries
has been low.356,376 In a series by Sasso and colleagues, a total
of 78 occipital screws were placed. No patient deteriorated
neurologically and no complications resulted from any of
these screws.381 Abumi and colleagues’ series included subaxial pedicle screws, and no neurovascular complications
were seen.391
In most series, the risk of postoperative neurologic deterioration and the prognosis for recovery are inversely proportional preoperative deicits.392 In a Ransford loop study by
Malcolm and colleagues, of seven patients who deteriorated
neurologically ater surgery, none had been neurologically
normal.383 In rheumatoid patients, more severe neurologic
involvement is associated with lower recovery rates.372,393 In
most series, surgical intervention reliably prevents further
neurologic decline.372,385,393-395 he literature demonstrates less
reliability in neurologic improvement.372,385,393 In Huckell and
colleagues’ series, for example, no patients experienced neurologic decline, and average neurologic improvement was one
Nurick grade.378 In a Dutch series, 35% improved dramatically—
one whole Nurick grade.396
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shape it to it the C1–C2 laminae and interlaminar space.
Notch the inferior part to it over the C2 spinous process.
Decorticate the posterior elements and pass the loop over the
bone block and around the C2 spinous process. Pack open
areas with cancellous grat.
One common Gallie modiication is the wedge compression, or Brooks, technique.402,403 With this method, bone
blocks are fashioned to it between the C1 arch and the C2
lamina, providing additional rotational and extension stability.
Sublaminar wiring is undertaken at both levels. his technique
cannot be used when the posterior elements have been compromised. Most authors recommend halo immobilization
ater Brooks fusion.
he indications for a Brooks fusion are like those for a
Gallie. Gallie fusion is adequate for most lexion injuries.
Consider Brooks technique for extension injuries and when
more rigid ixation is deemed necessary.137 A Brooks fusion is
performed much as a Gallie but requires additional exposure
of the inferior C2 lamina. Carefully preserve the atlantoaxial
membrane. Doubled cables are passed under the C1 arch, then
under the lamina of C2. Two rectangular iliac crest bone grats
approximately 1.25 × 3.5 cm are harvested and beveled to it
the interval between the C1 arch and the C2 lamina. he
posterior elements are decorticated and the wires or cables are
tightened to secure the grats in position.
Various modiications to the Brooks method include
passing the wires or cables through the grats themselves.
Avoid C2 sublaminar wire placement by passing two 18-gauge

A

stainless-steel wires beneath the posterior arch of the atlas and
around a threaded Steinmann pin, which is drilled through
the base of the axis spinous process.404

Magerl Transarticular Screws
In 1987, Magerl described a rigid C1–C2 transarticular screw
ixation technique. Intact posterior elements are required.405
hese screws ofer greater rigidity, especially in rotation, and
better maintenance of reduction than wired fusions.403 On the
other hand, screw placement is technically more challenging
and risks vertebral and internal carotid artery injury.27 Consider Magerl screws in acute or chronic atlantoaxial instability,
when revising C1–C2 pseudarthroses, as part of occipitocervical stabilization, or in patients who cannot tolerate halo immobilization. Irreducible fractures and aberrant vertebral artery
anatomy may contraindicate transarticular screws (Figs. 69.10
and 69.11).
To achieve the cranial trajectory required to place Magerl
screws, extend a standard upper cervical midline approach
more distally. Alternatively, augment a small C1–C2 incision
with more distal stabs for drill placement. he screws enter C2
at its inferior aspect and exit at the posterior aspect of the
upper articular process. On their way into the C1 lateral
masses, the screws pass through the C1–C2 facet, which is
considerably more anterior than C1–C2. Magerl recommends
direct exposure of the C1–C2 facet joint. He uses Kirschner
wires to retract the sot tissues containing the greater occipital

B

FIG. 69.10 Lateral postoperative images of two patients after occipitocervical fusion. (A) A young man
underwent skull–C2 ixation after ejection from a motor vehicle led to traumatic occipitocervical dissociation.
Magerl technique was used caudally. (B) A 72-year-old woman with long history of rheumatoid arthritis
experienced basilar invagination, multilevel stenosis, and subaxial subluxation at C7–T1. She underwent an
occiput–T2 decompression and fusion using a midline occipital keel plate, C2 pedicle ixation, C4–C6 lateral
mass screws, and pedicle screws in T1 and T2.
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FIG. 69.11 This patient underwent Magerl transarticular C1–C2 screw ixation for atlantoaxial instability. (A)
Anteroposterior and (B) lateral three-dimensional reconstructed images are presented.

nerve and its accompanying venous plexus.405 As with the
Harms technique described later, the plexus of thin-walled
vessels lying on the C1–C2 facet capsule is typically injured
with posterior exposure. he rich venous plexus can bleed
profusely, and serial attempts to reach the joint with interval
packing are oten needed. he risk of these injuries can be
reduced by bluntly dissecting the sot tissues in a caudal to
rostral direction along the C2 pedicle. he consequences of
plexus disruption are not signiicant.
Start the screw on the medial side of the inferior facet of
the axis, aiming for the exposed isthmus cranially. Proceed
toward the middle of the C1–C2 facet on the AP view and the
anterior C1 ring on the lateral. To avoid the vertebral artery,
direct the screws 25 degrees toward midline, and 25 degrees
cranial. Navigation assistance decreases breach rates, but
screw revisions were not required in unguided surgeries.406
Some advocate cannulated drills to reposition the guide wire
for optimal orientation. To stabilize the segment during the
irst screw’s passage, place both guide wires before drilling.
he hard subchondral bone at the joint level may delect the
guide wires. Tap past the facet joint to prevent screw delection. he screws should just reach the inferior edge of the
anterior C1 ring on the lateral view. Bicortical purchase is
typically recommended but may not be necessary in all cases.
In patients with satisfactory bone quality, no signiicant diferences in pullout strength were seen.407 Avoid overpenetration,
which risks structures running vertically along the anterior C1
lateral mass, including the hypoglossal nerve and the internal
carotid artery.27,408
With the C1–C2 facet exposed, decorticate the joint and
impact bone grat. he rich venous plexus and anterior positioning of the joint have prompted many spine surgeons to
skip this step, apparently without increased pseudarthrosis.
Others, to restore segmental height, aggressively expose
this area, sacriicing the greater occipital nerve and placing
allograt shims in the joint.409 Magerl augments the screws
with Gallie wiring and fusion. In addition, a looped sublaminar wire at C1 improves reduction and allows motion
segment stabilization during guide wires, drills, and screw

passage. Others have reported 100% fusion rates without
concomitant Gallie fusion.410 Overall, transarticular screw
ixation is associated fusion rates between 85% and 98%.381,411
In comparative studies, transarticular screw ixation was
associated with fewer complications and up to 21 times fewer
nonunions than atlantoaxial wiring and halo.412,413 Still, the
advantages of Magerl screws must be weighed against the
procedure’s potential morbidity, particularly for surgeons who
rarely perform C1–C2 posterior stabilization. If one vertebral
artery is injured, do not attempt to place the opposite screw.

C1 Lateral Mass Screws and the
Goel-Harms Technique
Beginning in 2000, screw ixation into the C1 lateral mass,
described initially by Goel, was popularized by Harms.414,415
Although Harms’ technique shares indications with Magerl,
over time it has become more frequently performed. his
technique tolerates imperfect C1–C2 reduction and aberrant
vertebral artery trajectories. hus, the Harms technique is
feasible in many cases that are inappropriate for Magerl screws.
Today, C1 lateral mass screws may be used as interval
anchors in long occipitocervical constructs or end anchors in
occiput–C1, C1–C2, or longer C1 to subaxial cervical constructs. Single-level implant placement without fusion to
achieve fracture healing without necessitating later implant
removal has long been described for C1 ring fractures using
C1 lateral mass screws and transverse plating.416
he atlantoaxial complex is exposed posteriorly. he
C2 dorsal primary ramus (greater occipital nerve) passes
inferolateral to the joint and can be pulled sideways out of
the C1 screw’s trajectory. As with C1–C2 facet exposure,
the rich venous plexus around the greater occipital nerve
may require successive attempts at dissection with interval
packing. Blood loss ranges widely from 50 to 1500 mL (mean,
540 mL).417 Postoperative greater occipital nerve dysfunction
is common.418 Some authors routinely sacriice this nerve to
improve visualization and hemostasis.409 he relative risks
and beneits of resection of the C2 root have been debated.

1166

SPINAL FUSION AND INSTRUMENTATION

FIG. 69.12 This patient shows healing of type II odontoid fracture after a
Goel-Harms construct including screw ixation into lateral mass of C1 and
pars of C2.

Resection of the root allows easier and more accurate placement of C1 screws. It also allows greater access to the C1–C2
facet for direct fusion or reconstruction of collapsed C1–C2
segments. One recent study found that preservation of the
C2 root was associated with higher rates of occipital neuralgia
(Fig. 69.12).419
Most begin just below the C1 posterior ring, “lushing” any
overhanging bone with a burr or Kerrison rongeur. he large
size of the atlanto-lateral mass makes screw placement forgiving.420 Mean C1 lateral mass is 11.6 ± 1.4 mm wide and 12.7
± 1.0 mm high.418 he large size of the lateral mass and the
variety of angulation options may allow this step to be skipped
in up to 50% of cases.421 If performed, be very careful laterally
because the vertebral artery passes directly over an increasingly thin C1 ring.
Placement through the C1 posterior ring avoids the plexus
around the C2 dorsal primary ramus but may risk injury to
the vertebral artery. In one recent series, a starting point on
the C1 arch was associated with fracture in one case, which
was addressed with sublaminar wiring.422 he authors concluded that the technique was justiied but that careful review
of the preoperative imaging was critical. A recent literature
review assessed the impact of starting point on C1 lateral mass
ixation. High success rates in terms of arthrodesis were
reported with each of the reported entry points.423
Select the midpoint of the lateral mass by palpation or luoroscopic control.424 From this central starting point, straightahead and 10 to 15 degrees of medialized trajectories have
been recommended. While medialization avoids the internal

carotid artery laterally, avoid more than 25 degrees.418,420,425
An anatomic study found that although optimal screw medialization was about 21 degrees, when there was variation in
C1 lateral mass anatomy customized surgical planning was
recommended.426
Craniocaudal angulation seeks to avoid the occiput–C1
and C1–C2 joints. Recommendations vary, but a safe zone
surrounds a 20-degree superior inclination or the 20% to 40%
point of the anterior C1 arch.418,427 Preoperative planning with
axial CT or MRI images helps select the safest angle. Look for
an arcuate foramen, an anomaly seen in 15.5% of patients.428
If present, the arcuate’s posterior aspect (ponticulus posticus)
is occasionally mistaken for the C1 screw entry point.
Use polyaxial screws with an average length within the
lateral mass of 22 mm.418,420 Most oten 3.5-mm diameter
screws have been reported, but 93% accommodate 4.0-mm
screws.421 To reach the posterior C1 ring, add a mean 11.4 mm
(range, 6.9–17 mm) to the screw length outside the bone.420
Partially unthreaded screw shanks may decrease greater
occipital nerve irritation.418 Even in children, less than 1% of
atlases are unable to accommodate a 3.5-mm screw.429 Screw
depth averaged 20.3 mm and arch overhang 6.3 mm (range,
2.1–12.4 mm).
he 1800-N pullout force of C1 lateral mass screws is signiicantly lower than occipital screws but similar to C2 pedicle
screws.418 Both unicortical and bicortical C1 lateral mass
screws are stronger than subaxial lateral mass screws.430
Although bicortical screws are signiicantly stronger than
unicortical, this additional holding power might not be
needed. he C1 lateral mass screws, once locked to their
inserting drivers, can be used to improve the reduction. When
compared with Magerl screws, the Harms technique provides
identical stabilization, except in extension.431 If signiicant
extension instability is encountered, consider an interspinous
grat. Most reports have included 28 to 102 patients and
concluded the Harms technique is safe and efective.409,417,432
Fusion rates from 98% to 100% have been reported. Although
screw protrusion into the vertebral artery canal is occasionally
seen, no clinically signiicant neurovascular compromise has
been reported.
A recent study of 26 patients reported 100% C1–C2 fusion
rate for the Goel-Harms technique, even including previous
nonunion of other treatment modalities. here were no neurovascular complications and the authors recommended that
this approach be considered irst.433
Elliott and others reported a meta-analysis comparing Magerl vs. Goel-Harms technique for C1–C2 rigid
stabilization.434,435 hey examined 69 class III studies incorporating 3146 patients. hey concluded the Goel-Harms
technique was associated with higher fusion rates and lower
vertebral artery injury rates.434 he same authors found that
the vertebral artery injury rate was higher with Magerl transarticular screws than with C2 pedicle screws.435

C2 Fixation Options
As an alternative to the Magerl technique, screws may be
placed into C2 alone. C2 ixation includes true pedicle, pars,
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FIG. 69.13 Axial computed tomographic cut showing crossed C2
translaminar screws. (From Wright NM. Posterior C2 ixation using bilateral,
crossing C2 laminar screws: case series and technical note. J Spinal Disord
Tech. 2004;17:158–162.)

and intralaminar screws. Most of what are commonly termed
C2 pedicle screws are, in fact, pars screws. Only screws passing
beyond the very anterior C1–C2 facet and into the small C2
vertebral body are true pedicle screws.
he relative vertebral artery and neurologic risks of C2
pedicle and Magerl screws continue to be debated.436,437 In a
retrospective analysis of 341 C2 pedicle screws placed in 181
patients, postoperative CT scans demonstrated a 17.3% breach
rate.437 Lateral breaches were more common than medial
breaches. No neurologic sequelae resulted.
In most studies, C2 pedicle screws are mechanically
equivalent to C1–C2 transarticular screws and are stronger
than intralaminar screws, which are stronger than pars
screws.368,438,439 Intralaminar screws are less efective at reducing lateral bending range of motion and thus may be suboptimal in dens fractures (Fig. 69.13).
Occasionally C2 screws are described for direct osteosynthesis of C2 pars fractures (hangman’s fracture). Most authors
agree that hangman’s fractures without signiicant angulation,
translation, or C2–C3 disc injury do not require operative
intervention. herefore, isolated use of C2 pedicle screws for
osteosynthesis is rare. On the other hand, temporary rigid
C1–C2 instrumentation without fusion is increasingly
common in Asia in patients with odontoid fractures not
amenable to dens screw ixation.440,441 he screws are removed
once the fracture has healed.
Pars screws are inserted in a manner like that described for
Magerl screws earlier. he same entry site is used. he screw
is angled less cranially, and mediolateral angulation mimics
the easily palpated pars angle. Typically, these screws are
angled 10 to 15 degrees medially and 35 degrees superiorly to
avoid injury to the vertebral artery. Start true C2 pedicle

In the 1980s, Halifax clamps enjoyed a period of favor because
canal intrusive instrumentation could be avoided.447 hese
devices were easy to use and more rigid than the available
alternatives. hese devices were among the irst titanium
implants in the cervical spine and therefore ofered less interference with postoperative MRI. Unfortunately, Halifax clamps
were prone to arch fracture, implant slippage, diiculties with
grat placement, and a nearly 25% pseudarthrosis rate.448,449
PMMA has been recommended for patients with rheumatoid
arthritis (due to the poor iliac crest bone quality) and for
immediate stabilization in patients with metastases.450 he
long-term results of PMMA used with wiring or alone have
been poor. More recently, some authors have recommended
midline PMMA for immediate stability and lateral bone grating for long-term stability.451

Posterior Subaxial Instrumentation
Mid-cervical posterior instrumentation ofers an array of
wiring and more rigid rod-screw techniques like that in the
upper cervical spine. he merits of each approach in terms of
ease of insertion, cost, and mechanics are analogous. he more
homogeneous mid-cervical anatomy simpliies level-to-level
ixation decisions.

Posterior Wiring
he oldest, and simplest, form of cervical instrumentation is
spinous process wiring. A variety of wiring strategies have
been reported. All function as a nonrigid tension band. As in
the upper cervical spine, wiring afords good lexion stability
but less stability in other planes of motion, especially extension and rotation. he degree to which wires stabilize the spine
varies by route of wire passage, quality of bone against which
the wires pull, and wire tension.
To resist lexion and extension, the wire must be tensioned to 22 N. At 50 N, rotation resistance begins. Unfortunately, augmented tension also increased the chance of
cut-through.452
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screws in a far lateral position on the C2 lateral mass, just
superior to the C2–C3 facet. his lateral starting point and the
40- to 45-degree medial direction required to pass all the way
into the body may require a percutaneous stab. Before placement, carefully assess preoperative axial images. About 20%
of the time, local anatomic conditions preclude true pedicle
screws.409
Crossed C2 laminar screws decrease vertebral artery injury
risk and allow segmental C2 ixation in patients with a narrow
isthmus.442 Technique modiications include a bony window
in the lateral lamina to ensure that the screws have not entered
the canal.443 Occasionally a deeply furrowed spinous process
or underdeveloped C2 midline posterior ring mandates
parallel, rather than crossing, screw placements.444 Good
clinical performance of this anchorage method continues to
be reported.445,446
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Previously, wiring techniques were used in the stabilization of facet dislocations, teardrop fractures, postlaminectomy
instabilities, and neoplastic collapse. Today, routine wiring
has given way to rigid, lateral mass ixation. Most frequently,
posterior cervical wiring is used to treat anterior interbody
fusion pseudarthroses. Still, wiring continues to ofer spine
surgeons a back-up to supplement or replace an inadequate
lateral mass construct. Wiring remains a low-proile, costefective solution in cases of limited lexion instability.453 Avoid
wiring in patients with movement disorders or torsional or
axial instability.454 Over time, bone grat, Steinmann pins,
or Luque rectangles have been added to increase extension
stability.455,456 Even these modiied wiring techniques remain
unstable to axial load.
As with all posterior spine procedures, prone positioning
requires careful attention to alignment and ocular pressure.
he skin and subcutaneous tissue are dissected down to the
midline fascia. Subperiosteal dissection is then completed to
expose the spinous processes, laminae, and facet joints at the
level of interest. To prevent inadvertent fusion extension, limit
dissection to the intended levels and protect adjacent facet
capsules. Drill a 3-mm burr hole in the base of the spinous
process on both sides. Aim the holes toward the proximal
aspect of the cephalic spinous process and distal aspect of the
caudal spine. Run a nerve hook along the inferior lamina
border to identify the canal; low holes may injure the dura or
posterior cord.
To create a tunnel for the wires, pass a towel clip gently
through the holes. Pass a single 18- or 20-gauge wire through
both spinous processes. In a single-level fusion, this wire can
be tensioned and tightened. When fusing more than one level,
incorporate intervening spinous processes with a igure-ofeight wiring pattern. To maintain tension, avoid wiring fractured posterior elements. A variation, the Dewar technique
improves the wire’s holding power by spooling it over
Kirschner wires inserted through the spinous process bases.457
For most uses, the Bohlman triple wiring has supplanted
the Rogers technique. his procedure begins with a simple
wiring but adds second and third wires through the cephalic
and caudal holes in the bases of the spinous processes, respectively. Carefully decorticate the laminae and facets with a burr.
Harvest two corticocancellous grats of appropriate length
from the outer table of the iliac crest. he grats are drilled for
wire passage, ensuring irm contact with the underlying
lamina. Place the grat’s posterior cortical edge just under the
spinous process to enhance stability and maximize gratlamina contact. Simultaneously tighten the wires on each side
of the spine (Fig. 69.14). Place additional cancellous chips on
the exposed lamina or facets. As a function of construct stability and patient compliance, a cervicothoracic orthosis or halo
vest may be used for 6 weeks. his technique has been shown
to be safe, efective, and biomechanically superior to many
other wired constructs.458,459
he smaller subaxial canal compounds risk associated
with sublaminar wiring below C2. More typically, interfacet
wiring and fusion are performed ater laminectomy or when
the spinous process is fractured.460 Additionally, adding an
oblique interfacet wire to a simple midline technique improves

FIG. 69.14 Schematic showing Bohlman’s triple-wire technique for
posterior ixation of the subaxial cervical spine.

rotational stability.461 To place an oblique wire, insert a Penield
No. 4 dissector into the facet joint. Direct a 2-mm drill inferiorly into the facet. For single-level fusion, pass a 20-gauge
wire through this hole and loop it around the inferior spinous
process. For multiple-level and postlaminectomy facet stabilization, extend facet wires to adjacent facets. Tie facet wires to
structural bone grats or metallic rods for additional stability.
Multistrand, braided cables are stronger, more lexible, and
more fatigue resistant than monoilament wire. Cable utilization increased ater reports of frequent fatigue failure, loosening, and bone cut-through with monoilament wires.452 On the
other hand, cables are more expensive than wires and cable
memory may lead to gradual loss of reduction or canal intrusion. If wires or cables break, the strands may penetrate the
dura, leading to cerebrospinal luid leak or direct neurologic
injury.462 Stainless steel, titanium, and polyethylene ofer
similar mechanical properties.452,463 Titanium and polyethylene cables are more imaging friendly than stainless steel wires.
Cable systems oten come with sophisticated tensioners. hese
constructs lack sagittal axis control, and overtensioning may
induce retrolisthesis. Recent outcome reports are limited but
favorable for both wires and cables.464,465

Rigid Posterior Mid-Cervical Instrumentation
Rigid subaxial instrumentation options include hooks and
lateral mass, pedicle, and transarticular screws. Rigid ixation
implies both a tight interface with the host bone and a rigid
locking mechanism between the anchor and the longitudinal
member (a plate or rod). hese systems more efectively
maintain sagittal alignment than wiring and remain efective
ater laminectomy or posterior element fracture.466,467
Initially, reconstruction plates were used. Today, plates
continue to be used because they are cheaper and lower proile
than rod systems. On the other hand, interfacet distances
vary widely among individuals (9–16 mm; mean, 13 mm),
and a plate’s hole spacing limits optimal screw placement.468,469
Oblong holes better accommodate variable interfacet distances at the cost of rigid axial control of the screw. Rods are
more easily contoured and allow greater freedom in lateral
mass screw placement. Newer rod constructs ofer rigid
locking and cross-linking.468 Screw-rod systems are more
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Cervical Hooks
Hooks, although not as rigid as screws, have relatively simple
placement. here are several types: Halifax clamps (discussed
earlier), laminar (canal intrusive) hooks, and the hybrid hookplate. Cervical hooks were initially used at the cranial end of
long deformity constructs. Other indications include tumors
and upper thoracic trauma. he need to extend thoracic
constructs into the low cervical spine has decreased with the
increased utilization of thoracic pedicle screws. Utilization for
cervical pathologies has decreased with improved lateral mass
systems and dedicated cervicothoracic junction constructs.
Hook-plates provide one-level stabilization in which the screw
is placed into the superior lateral mass and the hook captures
the inferior lamina. Hook-plate designs remain practical for
C6–C7 instabilities because they avoid screw placement in the
thin C7 lateral mass.472 More commonly, C7 pedicle screws are
placed.
Few outcome studies are available describing utilization of
cervical hooks. Most describe atlantoaxial placement.473 Particular risks of hooks include dural penetration, iatrogenic
neurologic injury, or late hook disengagement.474 Laminar
hooks must be avoided at levels with cord edema canal stenosis. Biomechanical testing reveals that hook constructs are
comparable to lateral mass screws in lexion and extension
loading but less rigid in lateral bend and rotation.475 All posterior systems resist lateral bending better than anterior plates.

Lateral Mass Screws
Most typically, rigid subaxial ixation relies on placement of
lateral mass screws into C3–C6. Lateral mass screw ixation is
indicated when more rigid ixation than wiring is necessary
(Figs. 69.15 and 69.16). Polytrauma patients typically beneit
from the earlier mobilization and decreased bracing engendered by rigid stabilization. More rigid ixation should be
considered in any patient in whom healing may be delayed,
compliance is suspect, or multilevel fusion is required.
Safe lateral mass screw placement requires familiarity with
the articular pillar anatomy. Expose to the lateral edge of the
pillar. Do not pass over the edge as bleeders in this region
retract anteriorly and are diicult to control. Remove the
osteophytes to better delineate the articular pillar’s margins.
Sagittal alignment of the neck varies with each case. Pass a
Penield No. 4 dissector into the facet to ascertain its angulation. Locate the center of the lateral mass by deining the notch
between the lamina and the lateral mass. Several trajectories
have been described. he Roy-Camille technique describes

screw insertion at the apex of convexity of the lateral mass.
Aim 10 degrees laterally to decrease the risk of nerve root
injury. To decrease facet violation, Magerl recommended an
entry point 2 to 3 mm medial and superior to the apex. He
described a 25-degree lateral drill angle and a superior trajectory parallel to the facet (typically 45 degrees). Anderson,472
An,466 and others469 have described variations of entry site and
angulation. An and colleagues137 suggested lateral mass entry
1 mm medial to its center. he drill is angled 30 degrees lateral
and 15 degrees cranially.
When these trajectories were assessed in cadavers, the RoyCamille technique frequently violated neurovascular structures below C3, especially, with more lateral screw angulation,
the nerve root.472 he Magerl technique was safe at the standard
25 degrees and modiied positions of 20 degrees and 30
degrees. he Anderson technique was safe at 20- and 30-degree
modiied positions. At C7, only the modiied Anderson technique (20–30 degrees of lateral angulation) was safe.
Bicortical penetration improves failure resistance by 20%
but increases root injury risk. Consider bicortical screws in
the presence of osteoporotic bone, few acceptable anchor
points, unstable spines and, particularly, in those with anterior
column collapse and decreased axial load-bearing capability.
To place a bicortical screw, gradually increase the drill’s set
depth. Palpate the opposite cortex. To avoid stripping the
threads, be sure to tap the full screw depth.
Lateral mass screw placement risks canal intrusion and
vertebral artery or nerve root injury.51,476 Typically, overly long
screws or poor drilling technique precipitated the complication. Occasionally, poor plate or rod contouring compresses
the root from foraminal stenosis engendered by a lag screw
efect when the screw pulls the lateral mass up to the plate or
rod. Adjacent facet joint violation may accelerate adjacentsegment degeneration.
Lateral mass screws have recently been reclassiied and are
now approved as adjuncts to cervical fusion. Despite their late
reclassiication, they remain among the safest implants in spine
surgery.477 In one series, despite coronal and sagittal plane
deformities and lateral mass abnormalities, 212 lateral mass
screws were safely implanted. here were no cord or vertebral
artery injuries, cerebrospinal luid leaks, screw malposition or
back-out, loss of alignment, or implant failure.469 Iatrogenic
radiculopathy (usually transient) risk is less than 1.8% per
screw, even in children as young as 6 years.478,479 Unlike wiring,
loss of ixation and reduction are rare, even when no formal
autogenous grating is performed.480-482 Failure in kyphosis is
occasionally seen in patients with incompetent anterior column
load bearing (e.g., C5 burst fracture).481 One study compared
anterior or posterior stabilization in 52 patients with unstable
cervical spine injuries and spinal cord injuries.483 Neurologic
improvement was seen in 70% and 57% of the anterior and
posterior groups, respectively. here were two nonunions in
the anterior group and none in the posterior. here were no
statistically signiicant diferences in fusion rates, alignment,
neurologic recovery, or long-term pain complaints. A recent
series of 2500 lateral mass screws placed in 430 patients found
that only three patients needed revision for implant-related
reasons.484
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easily extended to the occiput and across the cervicothoracic
junction. Finally, screw-rod systems permit the application
of compression, distraction, and reduction forces within
the construct.469 Both plating and rodding systems tend to
fail with superior screw loosening and pullout. In cadaveric
testing, plate failure occurred earlier and more likely fractured
the superior lateral mass.84 Posterior lateral mass constructs
are more rigid than either anterior plating or posterior wiring
systems.470,471
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FIG. 69.15 Various lateral mass screw placement options. (From Xu R, Haman S, Ebraheim N, et al. The
anatomic relation of lateral mass screws to the spinal nerves: a comparison of the Magerl, Anderson, and An
techniques. Spine [Phila Pa 1976]. 1999;24:2057.)

Ongoing concerns with lateral mass screw ixation
include the muscle dissection required for insertion and the
increased proile associated with polyaxial systems and rods.
A number of systems have been introduced with decreased
bulk and “favored angle” geometries to allow closer apposition to the bone.485 he degree of constraint at the screwrod interface varies between systems. Loose connections or
lexible rods may allow a drit into kyphosis. On the other
hand, overcorrection of kyphosis may increase postoperative nerve traction injury risk. One series reported that, in a
series of myelopathy patients undergoing decompression,
half of those instrumented with lateral mass screws and
rods (ive of 10) had a postoperative C5 palsy.486 In ive of
63 (8%) of the uninstrumented patients with C5 palsy, the
deltoid weakness was not as severe as in the instrumented
patients.
Increasingly, lateral mass screws are inserted through
tubular retractors or percutaneous cannulated routes. hese

approaches preserve muscle and ligament integrity, thereby
maintaining the posterior tension band. With most systems,
up to two levels can be treated.487 he real beneits of this
approach are not yet clear.
Salvage of failed lateral mass screws can include 4.0-mm
revision screws in the same trajectory, redirection to a
Roy-Camille technique, and conversion to pedicle screw
placement. In a cadaveric evaluation, no signiicant diferences were seen between a larger Magerl lateral mass screw
versus a Roy-Camille revision.488 Pedicle screw revision ofers
signiicantly greater pullout strength (566 N) compared with
either the Magerl (382 N) or Roy-Camille (351 N) revision.
At the cranial and caudal ends of a decompression and fusion
construct, or at intervening levels in nonlaminectomy cases,
laminar hooks and transarticular and translaminar screws
can also be considered.489 One clinical study concluded translaminar screws were technically simpler and ofered adequate
stability.
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FIG. 69.16 (A) A 56-year-old man who had undergone previous C5–C7 anterior cervical discectomy and fusion
(ACDF) presented with adjacen-segment (C4–C5) degeneration, kyphosis, stenosis, and increasing myelopathy.
The anterior plate was removed and ACDF performed at C3–C4 and C4–C5, and a posterior stabilization was
performed with lateral mass screws from C3 to C6 and pedicle screws at T1. Postoperative (B) lateral and (C)
anteroposterior views are also shown.

Mid and Lower Cervical Pedicle Screws
Pedicle screws ofer three-column ixation and have greater
pullout strength than lateral mass screws.22,117,490 A single C7
pedicle screw approximates the stability provided by lateral
mass screws at both C6 and C7.491 While single-screw pullout
and fatigue resistance are higher with pedicle ixation, wholeconstruct strength diferences may be minimal.475 he small
mid-cervical pedicles and the proximity of the cord, vertebral
arteries, and nerve roots limit enthusiasm for routine screw
ixation. Most frequently, C3–C6 pedicle screw placement is
recommended in posterior-only corrections of markedly
unstable three-column injury or maintenance of correction
ater cervical osteotomy or postlaminectomy kyphosis.
he standard pedicle screw placement method uses an entry
point 3 mm below the superior facet joint (Fig. 69.17).22 he
drill is angled 45 degrees medially and advanced in a vertical
line parallel to the endplate. Alternatively, a line parallel to the
contralateral lamina provides a 3-mm safe corridor for sagittal
plane angulation.492 Alternatively, Abumi recommends burr
removal of the lateral mass to provide a direct view of the
pedicle introitus.490 he pedicle is then probed and tapped and
a 3.5-mm cortical screw inserted. Mean pullout resistances
are similar. Unfortunately, standard angulations and entry
points may be dangerous because, between C4 and C6, pedicle
anatomy surface topography is highly variable.64 Avoidance
of pedicles smaller than 4.5 mm, a laminoforaminotomy

technique to directly palpate the pedicle, and navigation
assistance improve safety.20 Some have reported safe placement with patient-speciic, rapid-prototype drill guides.493,494
A number of studies report safe utilization of mid-cervical
pedicle screws and cite high fusion rates and excellent correction of cervical deformity with this technique.391,495 More
recent series reported a 20% malposition rate with an 8%
symptomatic breach rate and 3.4% vertebral artery injury
rate.496,497 Both groups concluded that mid-cervical pedicle
screws posed signiicant additional risks and should be
used by very experienced spine surgeons for destructive
lesions only.
he large C7 pedicle size and absence of the vertebral artery
in the foramen transversarium encourage more routine placement.498,499 C7 pedicle screws can be inserted with any of the
techniques described for mid-cervical screws. Close assessment of preoperative axial CT and MRI images is recommended to ensure that the foramen transversarium does not
contain the vertebral artery, to measure the patient’s medial
angulation and pedicle diameter, and to familiarize the surgeon
with the surface bone topography. Intraoperatively, a C6–C7
laminotomy allows direct palpation of the pedicle. Adequate
fascial release prevents undermedialization.
With any posterior cervical screw placement, intraoperative
electromyographic assessment may be helpful. To reduce
scatter, test the screws before placing the connecting rod.
Stimulation thresholds correlate with screw position, and
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FIG. 69.17 (A) Lateral radiograph demonstrating placement of subaxial cervical pedicle screws during
posterior cervical fusion. (B) Axial computed tomographic image of subaxial cervical pedicle screw within the
foramen transversarium at C4. (C) Angiogram demonstrating low through left vertebral artery with no low on
the right side. (From Abumi K, Shono Y, Ito M, et al. Complications of pedicle screw ixation in reconstructive
surgery of the cervical spine. Spine (Phila Pa 1976). 2000;25:962–969.)

values greater than 15 mA reliably predict acceptable screw
position.51

Lower Cervical Transarticular Screws
Subaxial transarticular screw ixation has been described both
alone and with rods.500 Unisegmental bone screws traverse
four cortices for excellent holding power; their lack of polyaxial heads or rods reduces implant costs and proile. At C7,
the limitations of ixation to the thin lateral mass and diiculty
of pedicle screws favor 8- to 10-mm screws placed perpendicular to the facet.501 Multilevel transfacet screw constructs
compare favorably to the more typical lateral mass screw and
rod technique.502,503 One recent inite element model found
that downward-angled, transarticular screws were stronger
than either pedicle or lateral mass screws in the treatment of
a three-column mid-cervical injury.504
In clinical studies, multilevel transfacet screw constructs
compare favorably to the more typical lateral mass screw and
rod technique.500,502,503 A recent study compared direct sagittal
placement with a 30-degree lateralized placement that would
theoretically convey less risk to the cervical roots.505 A total of
95 screws were placed in 18 consecutive patients. One complication, nerve root irritation due to screw malposition, was
reported. Lateralized positioning was reported to signiicantly
increase four-cortex placement and decrease loosening (29%
vs. 5% and 24% vs. 2%, respectively). Although the authors
supported the technique, they noted that “extensive cranial
exposure is required to align the instruments in the proper
sagittal trajectory.” In fact, the occiput can block screw placement, especially in the upper cervical spine.

rods, decreases fatigue life.506 Customized rods have been
developed for speciic indications, including prebent occipitocervical implants thickened at the bend to improve fatigue life.
Hinged rods were initially developed for cervical osteotomies
to allow controlled osteoclasis.507 Today, they also obviate
hyperangulated bends in occipitocervical ixation, especially
in patients with rheumatoid arthritis and occipitocervical
impaction.
A variety of specialized cervical cross-links are available.
With decompression procedures, the posterior cord drit may
lead to cross-link impingement. Precurved cross-links arch
over the canal. Cervical cross-links are indicated in the presence of coronal instability, to compensate for limited ixation
points, and to contain structural grats.98 Also consider crosslinks for increased torsional stability, to reconstruct axial
bursting injuries, in longer constructs, and in osteoporotic
bone.508

Facet Spacers
Spacers made of allograt bone, PEEK, and other materials,
typically around 2 mm thick, have been described to restore
alignment or improve foraminal volume. Many have a large
osteoconductive surface. When implanted, compression
across the implant may enhance the fusion process. One
recent biomechanical study found that these spacers alone did
not adequately reduce spinal motion, however, and adjunctive
screw and rod ixation had to be used.509 Another study found
that the devices were easy to implant and did not increase
kyphosis.510

Laminoplasty Implants
Posterior Cervical Rods and Cross-Links
A variety of “longitudinal members” are available for posterior
cervical spine surgery. Titanium rods from 3.0 to 4.0 mm are
the most frequently used. Stainless steel implants remain available and may be preferable when durability and deformity
correction are sought. Overbending, especially in titanium

Laminoplasty implants seek to contain hinge bone grats and
to prevent closure. A wide variety of implants support the
many described laminoplasty techniques. Most common are
sutures, spacers, precut bone grats and miniplates for the
Hirabayashi open-door technique. Because the facet capsules
are oten thinned or stripped during exposure, 2-mm metallic
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TABLE 69.1

Occipital Bone Thickness

EOP

Midline (mm)

1 cm of
Midline (mm)

2 cm of
Midline (mm)

10–15

9–11

7.5–9

1 cm below EOP

9–11

5–7

4.5–6

2 cm below EOP

8–9

4–6

3.5–4.5

3 cm below EOP

6–7

4–5

3.5–4.5

EOP, external occipital protuberance.

more clearly delineate how much surgery is “enough.” A clear
understanding of spinal biomechanics and reconstruction
options will allow the surgeon to decrease immediate costs
through pragmatic implant selection as well as long-term costs
through a reduction in surgical failure and revision. he
patient will beneit in several ways, not least of which is the
avoidance of the morbidity of excessive reconstruction. Anterior cervical implantation of BMP has proven to be an example
of this phenomenon.

KEY POINTS
suture anchors inserted along the standard lateral mass screw
trajectory augment the initially described suture.511,512 In two
series of 15 and 42 patients, respectively, low complication
rates, ease of use, and closure avoidance were reported.513,514
Over the last few years, laminoplasty miniplates have been
ofered to more rigidly stabilize the hinge and to allow more
aggressive decompression. hese devices are FDA approved
only as grat containment systems. Custom-shaped allograt
plugs further assist in “propping” the laminoplasty door and
ofer biologic healing over time. Late displacement leading to
tetraparesis has been reported.515 A recent study compared
laminoplasty plates with suture suspension ixation. he
authors concluded that “miniplate ixation preserved more
cervical range of motion and better cervical alignment, maintained cervical spine canal expansive stability, and efectively
avoided lamina reclosure” than suture ixation.516

Conclusions
Cervical instrumentation options are rapidly evolving. On one
hand, the explosion in the number and variety of implants
available ofers the spinal surgeon choices heretofore never
imagined. On the other, choosing the optimal approach for
the patient has become increasingly diicult.
As both more sophisticated stabilization and fusion devices
and motion-sparing techniques evolve, the surgeon will
require a clear understanding of cervical spine biomechanics.
Appropriate surgical strategies will arise from the patient’s
speciic anatomic and pathomechanical needs.
Today, the wealth of conlicting data points out limits of
our current mechanical models. Aside from the most common
procedures (e.g., ACDF), there are very few direct comparisons of available techniques. However, large database studies
may help us.
Since the last edition of this text, lateral mass screw placement in the posterior cervical spine has been approved for
most common indications. his labeling change, and increasing attention on sagittal spinal balance, has continued to push
rigid segmental instrumentation in the cervical spine. Cervical
disc replacement has become more commonplace, but utilization varies signiicantly and it is likely appropriate only in a
fraction of patients for whom anterior cervical fusion techniques can be considered.
he pressure for surgeons to consider the costs of implant
choices has only increased. New “bundling” models of reimbursement are on the horizon that will require surgeons to

1. Patient positioning:
• Intraoperative alignment is critical, especially in long fusions.
• Appropriate alignment allows safer placement of the
implants.
• If in doubt, check radiographs and examine rotation (midline
spinous processes).
2. Adequate exposure:
• Accurate placement requires clear delineation of the relevant
anatomy.
• In anterior procedures, release fascia, undercut platysma,
remove retractors regularly, and decrease endotracheal cuf
pressure to decrease soft tissue complications.
3. Closely inspect the preoperative imaging studies; individual
anatomy varies widely.
4. Preoperative planning: list the types and sizes of implants
required before scrubbing in.
5. Have a back-up plan; familiarity with multiple techniques is
useful if a screw backs out or proves diicult to place.
6. New products: carefully evaluate the data yourself; there is little
advantage to the patient for their surgeon to be the “irst on the
block.”
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This classic article details Bohlman’s modiication of cervical wiring.
In the occipitocervical and the subaxial applications, additional
wires were used to apply structural grafts to the spine. These
structural grafts increased extension stifness over previous simple
wiring. Although rigid ixation is currently more common, variable
bone quality and anatomy continue to make these approaches
relevant.
Ebraheim NA, Lu J, Biyani A, et al. An anatomic study of the
thickness of the occipital bone: implications for occipitocervical
instrumentation. Spine. 1996;21:1725-1729.
This is one of several key anatomic studies assessing occipital bone
thickness and the proximity of the cranial sinuses. These studies and
clinical experience led to a gradual migration away from of-midline
plates to modular designs that ix to the thick midline keel.
Harms J, Melcher RP. Posterior C1-C2 fusion with polyaxial screw
and rod ixation. Spine. 2001;26:2467-2471.
Use of upper cervical ixation techniques has changed markedly
since Harms’ popularization of C1 lateral mass screw placement.
With rigid C1 ixation, extension of cervical fusions to the occiput
has been limited to the rare, true occipitocervical instability only.
This procedure is technically simpler than Magerl’s transarticular
screw ixation and is not as limited by incomplete reductions and
anatomic abnormalities. As a result, more surgeons have chosen
to exploit this approach than either transarticular screws or wiring.
Increased use of C2 crossed laminar screws has furthered this trend.
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C H A P T E R

Eeric Truumees*

Introduction
he spinal column functions mechanically to support the load
of the body, allow controlled motion, and protect the neural
elements. Diseases of the spinal column afect its performance
and ability to function normally. A vertebral body tumor
disrupts the load-bearing capability, and aggressive decompression for stenosis can lead to instability and kyphotic
collapse.
In most cases, spinal implants are combined with segmental
fusion as part of a treatment strategy to restore the mechanical
functions disrupted by trauma, tumor, deformity, infection, or
degenerative disease or by the surgical management of these
disorders. In each etiologic subgroup, the particular indications for thoracolumbar instrumentation may be diferent, but
the goals remain the same: to increase or maintain stability,
prevent or reduce deformity, help bear the loads of the spine,
and encourage the healing of bone grat.
horacolumbar implant constructs are used to prevent
further collapse by neutralizing a deforming force or by
holding the spine in a mechanically more favorable position.
In some cases, deformity correction may be beneicial and
may decompress the canal. Either way, an understanding of
spinal pathomechanics is crucial. In addition, spine surgeons
must be aware of the available implants and how they can
be best used to optimize treatment, help ensure a good
surgical outcome, and minimize the risks associated with
surgery.

Overview and History
Internal ixation of the thoracolumbar spine has been used
for the past century.1 Many implants were developed to treat
speciic spinal conditions in speciic populations, with use
broadening later. For example, the “Hong Kong procedure”
gave rise to modern anterior thoracolumbar surgery in an efort
to treat the deformity associated with spinal tuberculosis.2
*he editors sincerely thank Dr. Truumees for his work on this chapter in the sixth
edition of this text, for which he was not credited.

In other cases, the concepts behind new spinal implants
were borrowed from other ields. Artiicial disc replacement
arose from low-friction total knee arthroplasty designs.
Kyphoplasty to treat painful osteoporotic fractures evolved
from angioplasty balloons.3,4
From their initial incarnations, each generation of implants
evolves to broaden applications, reduce the diiculty of application, or address unintended consequences of previous procedures. One of the most dramatic examples of this iterative
phenomenon is the development of segmental instrumentation in the correction of spinal deformity and its role in preventing the lat back deformity engendered by previous
hook-rod constructs.
When considering an implant, the spine surgeon needs to
understand its US Food and Drug Administration (FDA)
status. Although the FDA may not dictate or interfere with
medical care, they do place medical devices into one of three
categories (Box 70.1).
In early 2017, the FDA announced the results of a 2-year
review process of thoracolumbosacral pedicle screw systems.
Although individual companies still need to apply to downgrade their implant’s classiication, overall rigid pedicle screw
systems have been downgraded from class III to class II.
Of-label use of thoracolumbar instrumentation occurs in
two settings, each of which makes diferent demands on the
physician. First, the common practice of using a device for an
indication other than that for which it was assessed by the
FDA is termed “practice of medicine.” he second of-label use
involves experimental or investigational devices. On a practical level, these devices have been used widely for years.
However, the downgrade allows expanded, company-directed
education eforts and decreases the regulatory burden associated with system development.
For a commercially available and marketed device, the
physician is legally allowed to use the device in any manner,
according to his or her best knowledge and judgment. When
the treatment regimen is not included in labeling, however,
the physician should be able to document device eicacy
from the scientiic literature. Outside of individual hospital
rules, no investigational device exemption or institutional
review board review is needed.
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BOX 70.1 US Food and Drug Administration (FDA) Medical Device
Classiications
Class I: Neither Standard nor Premarket Approval Warranted
• Present little risk to public
• General controls suicient to ensure safety and eicacy
• Subject to minimal FDA regulation
Examples: cast materials, crutches, wheelchairs
Class II: Higher Risk, General Regulatory Controls Not Suicient
• Enough data exist to develop a performance standard
• May present some additional risk to public
• Individual performance standards developed by FDA
Examples: intramedullary nails, bone screws, plates, cemented total hip
arthroplasty
Class III: Highest Risk, Requires FDA Premarket Approval
• Not enough information exists to ensure safety and eicacy or to
establish a performance standard
• May present a substantial risk to the public
• Not enough information to establish performance standard
• Not cleared for marketing for a particular purpose by FDA

A device that has not received market approval for any
indication is deemed experimental. Experimental devices may
be used only in accordance with an approved protocol derived
from an investigational device exemption submission. It is
unreliable to depend on a textbook or sales representative for
this changing classiication. Instead, it is prudent to review the
product’s labeling on the FDA’s website (www.fda.gov).
he emphasis in this chapter is on currently available
thoracolumbar instrumentation systems used to maintain
alignment and to decrease motion while awaiting solid bony
fusion of the treated spinal segments. Implants used for direct
fracture repair are rarely used in thoracolumbar spine surgery.
One exception is for direct repair of spondylolysis without
segmental fusion.
Implants developed to improve segmental stability without
fusion, such as physeal staples, disc arthroplasty, and interspinous process devices, are briely discussed. Dynamic pedicle
screw systems are now included in an FDA subtype of semirigid systems, including polyetheretherketone (PEEK) rods.
hese systems were also downgraded to class II, but only as
an adjunct to fusion.

Relevant Anatomy
A irm grasp of thoracolumbar anatomy is required to understand the implications of disease on anatomy and allow safe
placement of implants.
he thoracolumbar spine can be divided into ive regions:
the cervicothoracic junction, the mid-thoracic spine, the
thoracolumbar junction, the mid-lumbar spine, and the lumbosacral junction. Each region has distinct anatomic and
biomechanical characteristics that must be considered when
planning reconstructive and instrumentation surgery. he
anatomy typically serves the biomechanics. For example, facet
orientation predicts motion segment direction and range of
motion. Facet orientation also “couples” motion so that lexion
necessitates translation.5

Surgical approaches and implant placement afect the local
spinal anatomy directly or indirectly. Direct anterior lumbar
interbody approaches require sacriice of the anterior longitudinal ligament. In disc replacement procedures, to achieve
more parallel distraction, the posterior longitudinal ligament
may need to be resected.
he thoracic spine’s articulation with the rib cage increases
its rigidity.6 Before proceeding with a transthoracic approach
and spinal reconstruction, the surgeon must be familiar with
the articulations between the rib and vertebral body. here are
two sets of demifacets: one at the disc level and the other at
the transverse process. Radiate ligaments stabilize the articulation further. he rib attaches to the transverse process and the
superior aspect of the same-number vertebra (at the level of
the pedicle). For example, to reach the T9–T10 disc, one can
follow the T10 rib to the superior aspect of the T10 body.
he rib–pedicle–transverse process junction is critical in
posterior approaches as well. Because the pedicles of the midthoracic spine are quite narrow, some authors have recommended an in-out-in approach for pedicle screw insertion.
With this technique, the pedicle screw trajectory begins dorsally, but as the pedicle narrows, the screw passes laterally into
the space between the rib and the pedicle. his space, containing only ligamentous tissues, does not jeopardize neurologic
structures or the lung parenchyma.7
he thoracolumbar junction represents a straight segment
and a mechanical transition zone between the lordosis of the
mobile, lumbar spine and the kyphosis of the more rigid,
thoracic spine. As such, it is vulnerable to injury and loss of
ixation with externally applied forces.
he lumbar spine permits signiicant lexion and extension
across all levels. here is a sharp increase in the amount of
lateral bending exhibited at L3–L4. here is less lateral bending
at L2–L3 and L4–L5. In the lumbar spine, axial rotation is
limited by the vertical orientation of the facets.
Successful spinal ixation requires a stable bone-implant
interface. he proximity of the neural elements limits the bone
surfaces available for spinal instrumentation. In addition, the
bone’s size and shape inluence which implants can be used.
For example, larger pedicles accommodate larger screws.
Larger screws increase the stability of ixation and increase
holding strength.
here is signiicant anatomic variation among patients.
Modern imaging systems allow preoperative measures of
optimal screw length and diameter.
he spinal cord typically ends at the L1–L2 disc space.
Below the conus, the nerve roots pass from the central thecal
sac through the neuroforamen into the pelvis. Several cadaveric and imaging studies have described the proximity of the
bony elements to nearby neural structures. One cadaveric
study measured the average distance from lumbar pedicle to
the dural sac medially. From cranial to caudal in the lumbar
canal, the range was 1.29 to 1.56 mm; clinically, this means
that a medical pedicle breach greater than 1.29 mm has a
signiicant chance of contacting or injuring the dura.8
It is important to understand the relationship of the pedicle
and the exiting nerve root. In the thoracolumbar spine, a given
root exits the central canal into the foramen just below the

Chapter 70 Thoracic and Lumbar Instrumentation: Anterior and Posterior

1189

S E C T I O N

IX

B

A

C

D

FIG. 70.1 Importance of good exposure. (A) Axial computed tomographic (CT) scan of a patient with marked
facet hypertrophy. In most cases, complete takedown of the soft tissue around the lateral pars and medial
transverse process provides enough anatomic clues for appropriate positioning of the pedicle probe. In cases
such as this, resection of the facet osteophytes signiicantly improves identiication of normal anatomic
landmarks, improving pedicle screw placement accuracy. (B) Anteriorly, soft tissues must be relected
posteriorly enough to palpate the posterior vertebral body margin. This gives the surgeon a markedly improved
three-dimensional sense of the position of the spine in space and can avoid inadvertent penetration of the
spinal canal with a screw, as shown here. Proper positioning of the patient is critical. If the patient is rotated, the
surgeon’s orientation to the spine may be confused. That may have contributed to the misplacement shown
here. (C) Adequate exposure also requires adequate soft tissue release. Particularly in patients with a narrow
pelvis, if the thoracodorsal fascia remains tight, the surgeon has to struggle to achieve proper medialization of
the screws. (D) Postoperative axial CT scan shows S1 screws. The left-sided screw is in acceptable position,
whereas the trajectory of the right-sided screw is not medialized enough. The screw penetrates the anterior
sacrum and impinges on the L5 root anteriorly.

pedicle of the same numbered vertebra. For example, at the
T11–T12 level, the T11 root exits beneath the 11th pedicle.
Ater the L5 nerve root exits the neuroforamen, it travels
anterior to the sacral ala. An S1 pedicle screw that is placed
too far lateral or is too long places the L5 nerve root at risk
for injury. he pedicle is farther from the superior nerve root
at 4.12 to 5.52 mm but closer to the inferior root, where distances ranged from 1.10 to 1.06 mm. he nerve roots and dura
are statistically further from the L5 pedicle than from other
pedicles, making the L5 pedicle safer than other lumbar
pedicles for screw insertion (Fig. 70.1).
Knowledge of the intimate relationship of the major vessels
to the spine is crucial to avoid life-threatening complications
during anterior and posterior thoracolumbar instrumentation.

he surgical goals, local anatomic realities, and implant size
and mechanical features must be considered together. For
example, when addressed anteriorly, a scoliotic curve is typically approached from its convexity to allow a more complete
release. However, in the upper thoracic spine, the approach is
typically from the right to avoid the arch of the aorta.
he lumbar spine is typically approached from the let for
several reasons. First, the liver is on the right and is more diicult
to mobilize. Second, a let-sided approach brings the surgeon
into contact with the aorta before the vena cava. he aorta is
more easily recognized and is more durable. his decreases the
risk of sudden, catastrophic blood loss (Fig. 70.2).
Placing anterior thoracolumbar implants requires preoperative evaluation of the vascular structures and detection of
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FIG. 70.2 Preoperative planning is crucial when selecting the implants or the angle of the approach to the
spine. In certain cases, one implant may suit a patient better than another. (A) Cross-sectional and (B)
parasagittal magnetic resonance images of L4–L5 disc space. Note the right iliac vessels are more lateral than
expected. This type of anatomy may preclude the use of a transpsoas approach.

potential vascular anomalies. Vascular calciications in an
older patient may limit retraction of the vessels and may be a
contraindication to anterior surgery. In addition, any patient
with previous abdominal or hernia surgery must be carefully
evaluated because scar tissue may be a contraindication to
abdominal surgery.
In posterior approaches, the heart-shaped thoracic vertebral bodies allow thoracic pedicle screws to breach the vertebral cortex and endanger the aorta. his distance can vary with
scoliosis but may be as little as 2 mm.9 Placement of interbody
devices from a posterior approach may also endanger the
anterior vascular structures.

Biomechanics of Thoracolumbar
Instrumentation
Understanding disease state pathomechanics and implant
biomechanics is crucial to successful construct design. Occasionally, implants fail because they are misplaced. More commonly, implants fail due to a judgment error (Box 70.2).
Typically, the surgeon fails to understand fully one or more of
the following factors:
1. Forces to which the spine is subjected
2. How the implants counteract those forces
3. Planes in which the spine is unstable
4. How instrumentation afects forces passing through structural grats
5. Destabilizing efects of the operative procedure itself
6. Nature and extent of postoperative muscular forces
7. Time course of bone and sot tissue healing
he third factor, that of instability, remains controversial and
diicult to predict. In trauma, understanding the mechanism
of injury and direction of instability allows the surgeon to
attempt to reverse that direction and those forces to afect a

BOX 70.2
Implants

Important Factors in the Selection of Thoracolumbar

Pathoanatomy: mechanism of injury and direction of instability
Mode of failure (e.g., in trauma, direction, and magnitude of injury
vector)
Direction of instability
Degree of instability
Compromised stabilizing structure
Number of levels
Number of spinal columns per level
Bone vs. ligament (anticipated healing)
Host bone quality
Graft bone quality
Expected level of patient loading
Availability of postoperative immobilization
Surgeon familiarity with techniques
Availability of implants

reduction and provide stability. Although not always clear in
trauma, these factors become more opaque with etiologies
such as inlammatory, neoplastic, and degenerative disease.
Overestimation of the degree of instability present may lead
to unnecessarily large surgeries or, in some cases, surgery
without an indication. On the other hand, failure to appreciate
clinically relevant instability may lead to inadequate treatment.
In general, the degree of anatomic disruption, as depicted
by magnetic resonance imaging (MRI) or by abnormal angulation or translation on plain radiographs, should direct the
surgeon toward the type of stabilization.
Implants are used to exert forces on the spine (e.g., to efect
a reduction or scoliosis correction) or to resist forces (e.g., to
prevent postoperative kyphosis). To select spinal implants
properly, the surgeon must understand the size and direction
of the forces to be applied. he surgeon must have an idea of
how well the bone and sot tissue elements of the spine would
respond to these forces (e.g., would the screws hold).
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Factors Used to Select Thoracolumbar Instrumentation

Internal Factors

External Factors

Compromised stabilizing structures
(e.g., an injured anterolateral
ligament may render the spine
less able to resist extension
forces)
Tissue type of the compromised
stabilizer (healing time will
vary)
Number of levels involved
Number of spinal columns involved
Biologic and biomechanical quality
of the host bone; consider
preoperative dual-energy x-ray
absorptiometry scan in at-risk
patients
Biologic and biomechanical quality
of the bone graft used. Because
allograft will have longer
incorporation times than
autograft, a construct with
greater fatigue resistance may
be required.

Anticipated stresses exerted by
the patient
Appropriateness and efectiveness
of postoperative
immobilization (e.g., external
bracing may do little to shield
the lumbosacral junction;
patients with spinal cord
injury may not be the best
candidates for postoperative
bracing)
Surgeon familiarity with relevant
technique
Availability of implants
Efect of the surgery on adjacent
levels
Morbidity of the approach

Finally, the change in these forces during healing, including
the efects of bone fusion, muscle healing, and implant fatigue,
should be considered to minimize the risk of late implant
failure. he more completely the surgeon understands these
factors, the better able he or she is to choose the appropriate
type of implant, appropriate implant material, optimal number
and position of anchor points, and duration of postoperative
immobilization.
Regardless of the etiology, delineating a few characteristics
of the disease state is always useful (Table 70.1).

Implant Materials and Fusion Characteristics
Most posterior thoracolumbar ixation systems are made of
stainless steel, pure titanium or, most commonly, titaniumaluminum-vanadium alloy. Metallic implants are also used in
anterior column surgery as both screw-plate/screw-rod
systems as well as rigid structural spacers to maintain or
restore anterior load-carrying capacity.
Surgical stainless steel is very strong, with yield strength
of 700 MPa. It is also stif, having a modulus of elasticity
12 times that of normal bone. Steel implants usually have
cobalt-chromium alloy and molybdenum to enhance corrosion resistance. Titanium alloys tend to have greater native
biocompatibility and corrosion resistance. Titanium has a
modulus of elasticity only six times greater than bone, which
makes it easier to bend and insert than steel. hese characteristics allow titanium-based devices to transfer load efectively
to the vertebral body, partly shielding the implant from some
stresses.
Two types of titanium are typically used. Pure titanium is
recommended only when very low strength is needed because
it has a low yield strength of only 170 to 485 MPa. More

typically, a titanium-aluminum-vanadium alloy, with yield
strength of 800 MPa, is used. Its greater strength does not
change the favorable modulus of pure titanium (110 GPa).10
Cobalt-chrome rods are oten used in deformity surgery,
where some reports suggest long fatigue life and better maintenance of coronal plane correction.11,12 However, one recent
series reported a signiicantly higher rod fracture rate when
cobalt-chrome rods were used to stabilize pedicle subtraction
osteotomies.13
A reduction in stress shielding allows bone grats to
respond to more load appropriately. Use of titanium alloys has
increased because of improved imaging characteristics, high
strength/weight ratio, enhanced ductility, and increased fatigue
life. Even with titanium, one of the disadvantages of metal
cage implantation lies in plain radiographic assessment of
fusion.14
Increasingly, nonmetallic implant materials have been
used in thoracolumbar implants. Common materials include
machined allograt bone, carbon iber, or PEEK. Typically,
these materials are used as cages, spacers, and grat containment systems rather than as ixation systems. Advantages of
radiolucent materials such as PEEK include easier radiographic
assessment of grat integration. For some nonmetallic implants,
the modulus of elasticity is closer to that of host bone, allowing
greater load sharing.15 Mechanical testing showed acceptable
mechanical and fatigue characteristics for PEEK as a loadbearing implant material.
Rods made of PEEK were briely used for similar loadsharing reasons. Cadaveric tests compared the impact of
PEEK versus titanium rods on adjacent-segment motion and
intradiscal pressure.16 No signiicant beneits of PEEK rod
placement were noted. Furthermore, high failure and implant
mobility rates have diminished their popularity.17,18
Although allograt bone spacers may be used alone, similar
to their metal counterparts, they are typically illed with bone
grat or bone morphogenetic protein. Radiographic assessment of bone healing may be improved when nonmetallic
biomaterials are used. Even with radiolucent cages, diferentiation of bone adherence versus through-growth (true fusion)
is diicult, however. Bridging bone anterior (sentinel sign) or
lateral to the cage is oten used to signal fusion.
In a biologic environment, fretting and corrosion can occur
between the modular components of a spine construct. Kirkpatrick and colleagues19 subjected 48 spinal implant constructs
to surface analysis stereomicroscopy. Titanium alloy implants
(n = 25) showed no signiicant corrosion, but three of the
constructs showed fatigue failure of the anchoring screws. he
cobalt alloy construct showed no evidence of corrosion.
Semirigid stainless steel implants had mild surface alteration,
whereas rigid constructs showed moderate to severe corrosion. Based on their indings, the authors recommended
avoiding rigid stainless steel implants or constructs with different surface inishes between rods and connectors.
he surgeon must use caution when combining implants
made of diferent metals.20 Mixing stainless steel with titanium
could lead to a galvanic response and early corrosion, although
titanium has been used with cobalt-chromium alloy without
signiicant corrosion or complications.
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In the early 2000s, there was quite of bit of interest in
resorbable spine implants. At that time, numerous absorbable
polymers, such as polylactic acid, were undergoing testing.
With resorbable cages, the grat is gradually loaded to a greater
and greater degree as the cage is enzymatically digested.21,22
Each interbody device had diferent mechanical characteristics, such as modulus of elasticity and diferent resorption
times. Implant failures and heterogeneity in implant performance in diferent patients have curbed enthusiasm, although
new materials may revitalize this area of research.
he material properties of implants are also afected by
manufacturing variables, such as drill holes, structural imperfections, and surface irregularities. Ultimate tensile strength—
the maximum stress a material can sustain without changing
shape—may be altered during surgery. Titanium rods are
particularly sensitive to notching. If a complex rod contour is
required, a template should be used to minimize the amount
of rod bending. In some patients with rigid dual-curve deformities, it may be more efective to use separate rods in the
thoracic and lumbar spine, employing rod-to-rod connectors
(“dominoes”) to complete the construct.
Implant fatigue is an important cause of failure. he average
spine cycles 3 million times per year.23-25 Current implants
are overengineered for their designated function; therefore
implant failure is more likely to occur from improper selection
than from mechanical properties.26 If bone healing is delayed
or incomplete, the implant or construct ultimately fails, so
meticulous attention to bone grating technique is imperative.
Although newer rod materials, such as Ti6Al-4V alloy,
allow better deformity correction with lower rod fracture
rates, notch sensitivity continues to be reported.27,28 Recently,
nitinol rods have shown improved wear resistance compared
with titanium and similar wear resistance to cobalt-chrome.29
Spinal implants are designed to provide segmental stability
to facilitate bone healing. However, the type of fusion also
afects the construct selected. For example, improved spinal
implants have fostered a trend away from autogenous bone
grat to allograt. Although allograt requires longer incorporation times, rigid instrumentation increases the rate of
maturation.
A number of factors may impact the rate of bone healing
and the chance of nonunion. For example, postoperative
wound infections may afect fusion rates, especially in areas
vulnerable to cyclic loading.30 Other factors include motion,
loading, muscle status, medical comorbidities, nutritional
status, and tobacco use.
For fusions expected to heal slowly, more robust forms
of instrumentation, possibly with additional anchor points,
should be used. For example, lower fusion rates in smokers
may justify instrumentation in settings in which in situ fusion
would otherwise be appropriate. When clinical or mechanical circumstances increase the risk of pseudarthrosis, use of
bone morphogenetic protein (BMP), on the other hand, may
accelerate healing and may permit use of less fatigue-resistant
constructs.13 Other steps, such as addition of L5–S1 interbody
fusion below a long posterolateral fusion, can be considered.31
Along the same lines, the anticipation of increased postoperative loading, poor patient compliance, or inadequate

postoperative immobilization may warrant more rigid forms
of operative stabilization. Examples include patients with
neurologic or motion disorders who are subject to increased
spinal loads and patients with spinal cord injury or a colostomy for whom brace immobilization is impractical.
he type of fusion achieved has implications on regional
spinal mechanics as well and the advisability of subsequent
implant removal. Historically, the most common fusion technique was the posterior fusion. he primary advantage of this
approach was easy surgical access to the midline posterior
elements (spinous processes and lamina). Disadvantages
included its limited utility in laminectomy patients. Also, the
grat material lies distant from the center of rotation and
experiences signiicant tensile forces with spine lexion. his
distance increases tensile stress and motion on the grat that
could lead to migration, excessive motion, or grat resorption
and ultimate nonunion.
Over time, direct posterior fusion was replaced by intertransverse fusion. For an intertransverse (posterolateral)
fusion, the facet joints, lateral pars, and transverse processes
are decorticated and grated, leaving the lamina accessible
for decompression. Intertransverse grat material is closer to
the center of vertebral rotation. he disadvantage is a poor
vascular bed and a decreased area for fusion.
Interbody fusion provides signiicant mechanical advantages in terms of grat compression and a large, well-vascularized
fusion surface. he anterior column fusion spans the neutral
zone and, when healed, represents the strongest mechanical
block to segmental motion.32,33 Even a solid intertransverse
fusion may fracture or elongate if excessive or repeated load
is placed across the motion segment.
he stability of this type of fusion has implications on
subsequent implant removal. A report of 75 patients who
underwent implant removal for late operative site pain, infection, or hardware failure, with a minimum of 2-year follow-up,
found that the average loss of curve correction was 23.1
degrees.34 Only 40% of those with operative site pain reported
postoperative relief, and indolent infections were found in
37%.
horacolumbar implants share applied loads with the spine
until a stable fusion occurs. If a construct bears most of the
load, stress shielding of the spine results and may lead to
device-related osteopenia.35,36 he clinical sequelae of this
shielding theoretically include grat resorption and possible
implant failure, although emphasis on this phenomenon has
declined over the last few years.
Temporary screw-and-rod ixation of spinal fractures to
allow near-anatomic healing without arthrodesis have increasingly been described.37 In a recent series, a cohort of 45 consecutive trauma patients who underwent implant removal
ater fracture healing were compared with 45 patients whose
implants were retained. In most cases, a long-segment instrumentation and short-segment fusion had been performed. At
2-year follow-up, the implant removal group was found to
have better visual analog pain scale and Oswestry Disability
Index (OSI) scores as well as better range of motion.38 A recent
retrospective study of 104 patients found that minimally
invasive surgery (MIS) with these principles was as efective
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Demand Matching, Improving Fixation, and
the Implications of Osteoporosis
he number of ixation points required of a spine construct
depends on the demand placed on the construct, the ixation
strength of the anchor, and the time required for bone healing.
he most common, and increasing, challenge to thoracolumbar ixation comes from osteoporosis. Osteoporosis is the
most common metabolic bone disorder and results from loss
of both the crystalline (inorganic) and collagenous (organic)
portions of bone.42 Similar diiculties may be encountered in
patients with spinal neoplasia or inlammatory arthritides.43
hroughout life, the body constantly remodels bone by
removing old bone and creating new bone. Osteoporosis
occurs when the rate of bone resorption exceeds the rate of
bone formation. Lower rates of bone formation result in a
decline in overall mineral density of bone. Unbalanced osteoclast activity results in disruption of the normal connectivity
between bony trabeculae. Osteoporotic bone is weakened in
the material and architectural sense.42
At least 40 million people are at risk for osteoporosis in
North America. With the aging of the population, this number
is likely to triple over the next 3 decades. Management of
spinal disorders in an osteoporotic spine will thus be an
increasing challenge. hese bone quality issues are also noteworthy when treating patients with metastatic disease or
inlammatory spinal arthritides.44
Implant failure in osteoporotic bone is common. Even if
healing occurs uneventfully, patients with osteoporosis are at
risk for compression fractures and spondylolisthesis adjacent
to rigid constructs.45
For many patients, the diagnosis of osteoporosis and initiation of appropriate management are delayed. Because the
consequences of the failure to recognize osteoporosis are so
high, the spine surgeon must screen at-risk patients. Because
at least 30% bone mass loss is needed to identify osteopenia
reliably on plain radiographs, dual-energy x-ray absorptiometry (DEXA) and serum vitamin D levels are better screening
tools.46,47
Results of DEXA scans are given in T and Z scores. he T
score compares the patient’s bone mineral density (BMD) with
mean values for healthy, same-gender young adults. For each
standard deviation below the norm, fracture risk increases
1.5- to 3-fold. A T score of –1 implies a 30% chance of fracture.

As the T score decreases from –1 to –2, the risk of instrumentation failure increases signiicantly. he Z score compares
BMD with age-matched controls. A Z score less than –1.5
warrants a more extensive workup for osteomalacia or neoplasm. DEXA values are falsely increased with scoliosis,
compression fractures, spondylosis, extraosseous calciication,
and vascular disease. In many spine patients, the T score at
the femoral neck hip may be more predictive of implant
holding power than the spine value.48
Depending on the patient’s activity level, the nature of the
intended surgery, and the severity of the osteoporosis, preoperative initiation of antiosteoporotic management and delay
of elective spine procedures may be warranted.42 Bisphosphonates dramatically suppress bone resorption and decrease hip
and spine fractures. hese agents inhibit osteoclast activity
and directly stabilize the bone crystal, making it more resistant
to osteoclastic bone resorption. Parathyroid hormone (Forteo)
is anabolic to bone and leads to early, dramatic increases in
bone mass. Preoperative Forteo programs, typically for 6
months, have been increasingly reported and may accelerate
spinal fusion as well.49
When planning a spinal reconstruction procedure in an
osteoporotic patient, it is important to recognize the difering
vulnerabilities of various spinal structures. Trabecular bone
represents 20% of the total bone mass and comprises the larger
part of the vertebral body. Because trabecular bone exhibits
eight times greater metabolic activity than cortical bone,
osteoporosis afects trabecular bone earlier and to a greater
degree than cortical bone.50 he threshold BMD for successful
anterior spinal instrumentation has been reported at 0.22 g/cm
(as measured by quantitative computed tomography [CT]).51
he cortical bone of the pedicle and laminae is preserved
longer in patients with early or moderate osteoporosis. As a
result, posterior ixation is typically recommended. Initially,
the relative holding power of pedicle screws versus infralaminar pedicle hooks was debated. While the pullout strength of
hooks appears to be less sensitive to osteoporosis than screws,
screws still ofer greater ixation strength.52
Because of the diiculty achieving a stable anterior column
reconstruction in an osteoporotic patient, combined anterior
and posterior surgeries are oten recommended to achieve
adequate ixation. Other strategies to improve ixation in this
patient population include augmentation of screw tracts with
polymethylmethacrylate (PMMA), use of laminar hooks to
protect inferior pedicle screws, expansion of screw designs,
triangulated screw placement, increased use of transverse
connectors, and bicortical vertebral body purchase.
BMD is linearly related to screw insertion torque and
pullout strength.53 he surgeon’s tactile sense of purchase
when placing the screw relates to construct strength. On the
other hand, a recent study measured screw placement force
and torque in 76 cadaveric pedicles.54 Proper cannulation axial
force was a mean 48 N. Medial and lateral breach required 129
and 86 N, respectively. he authors noted that “A large range
of cannulation and breach forces and torques were measured
due to variations in bone quality and geometry.”
PMMA may be added to screw tracts to increase pullout
strength (Fig. 70.3).
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as open surgery, while reducing procedure time and hospital
stay.39 Successful use in patients with ankylosing spondylitis
and disseminated idiopathic skeletal hyperostosis has also
been reported.40
In addition, temporary percutaneous stabilization of thoracolumbar trauma in patients with other major systemic
injuries has been reported. In this setting, the initial construct
is converted to formal fusion when the patient has stabilized
medically. Mechanically, this damage control approach was
evaluated in ive cadavers. At least two levels of ixation above
and below the level of injury were required to restore adequate
rotational stability for log-rolling and sitting up.41
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FIG. 70.3 (A) Preoperative and (B) postoperative lateral lumbar radiographs demonstrate the surgical strategy
used in an osteoporotic patient with long-standing spinal stenosis associated with an L4–L5 spondylolisthesis
as well as back pain from a nonhealing L5 superior endplate compression fracture. A facet-sparing laminectomy
was performed as well as a three-level fusion from L3–S1. To improve ixation in the osteoporotic bone, cement
augmentation (vertebroplasty) of the anterior cancellous bone was performed before screw insertion. At L5,
balloon-assisted augmentation was undertaken to improve anterior load-bearing capacity. Additional ixation
points, including L3 and L5, were also used.

Use of calcium sulfate and PMMA augmentation of the
vertebral body continues to be reported to restore anterior
column stability in combination with posterior transpedicular
screw placement in trauma, tumor, and other indications.
Typically, good outcomes with minimal cement leak rates and
without associated complications are reported.55,56 In addition
to kyphoplasty and vertebroplasty techniques, a vertebral
body stenting approach has also been described.57
Cannulated screws with ports for PMMA injection have
been reported with reasonable results. Other surgeons simply
place the PMMA before placing the screw, arguing that a
doughier PMMA can be placed if not requiring extrusion
through small holes in the screw.58 PMMA augmentation has
also been used in the reconstruction of pathologic fractures
from neoplastic disease, including those in which the pedicle
itself has been compromised.59
Although bicortical purchase increases the screw’s pullout
strength and resistance to cyclic loading, BMD has an overall
greater impact.60 Improved unicortical screw strength can be
achieved with triangulated and subchondral placement.61-63
If bilateral screws are placed in a triangulated pattern, use
of a transverse or cross connector further increases ixation
strength. Mechanically, stability is improved by the presence of bone between the screws rather than merely by the
bone within the threads of each screw individually. Avoid
parallelogram (four-bar linkage) constructs in which the
screws and longitudinal members form a perfect square or
rectangle. hese constructs resist lateral loads less well than a
triangulated pedicle screw placement.64 In anterior dual-rod

constructs, a trapezoidal short-short/long-long construct is
typically recommended.
Screw length is linearly related to pullout strength. Little
diference is seen between self-drilling or self-tapping designs;
if tapping is performed, undertapping by 1 mm leads to
greater pullout strength than undertapping by 0.5 mm.65,66 For
sacral screws, especially in long constructs, bicortical screws
improve holding power and sagittal plane correction. Some
authors have recommended aiming the screw upward into the
disc space or through the sacral promontory.67,68
Another option lies in transdiscal screw placement. Here,
lumbar pedicle screws are aimed cranially through the superior endplate, across the disc space, and into the vertebral
body above. Most typically, this approach has been used
in spondylolisthesis. Depending on pedicle size, this can
add holding power to screws across even sagittally aligned
segments.69
he implants themselves may also be modiied to address
a given patient’s clinical needs. For example, maximizing the
diameter of typical pedicle screws improves pullout strength
and decreases the risk of fatigue failure of the screw. Other,
newer approaches include hydroxyapatite (HA) screw coatings
to improve screw-bone integration. One recent study found
that the HA shank prevented triggered electromyographic
responses.70 Increasingly, surface roughness and nanostructural surfaces are being studied to improve osseointegration of
screws and other spine implants.71 Drug- and chemotherapyeluting implants have recently been devised for speciic
clinical situations. One recent study described successful use
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Posterior Thoracolumbar Instrumentation
Modern, posterior, rigid, segmental spine stabilization systems
arose in response to kyphoscoliosis deformity occurring in
patients surviving polio and tuberculosis.73 Internal stabilization began in the early 1900s by Lange, but it was not until the
1950s and 1960s that Harrington, Moe, and others developed
the irst generation of modern spinal instrumentation.74 In the
1980s, Cotrel and Dubousset irst popularized rigid, segmental
hook-based ixation.75
Currently, rigid, segmental, posterior transpedicular constructs represent the most common form of thoracolumbar
instrumentation. Despite the dominance and versatility of
transpedicular constructs, instrumentation failure is by no
means rare. he implants below are orgnanized by the bone
elements to which they anchor.
he midline posterior approach remains the most common
access route for placement of thoracolumbar instrumentation.
his extensile approach is applicable from the occiput to the
sacrum. Below L2–L3, the dural sac may be safely retracted to
aford enough exposure to the posterior disc space for performance of a posterior lumbar interbody fusion. In the upper
lumbar spine, the risk of neural injury with dural retraction
increases, and more oblique approaches to the disc space, such
as transforaminal lumbar interbody fusion (TLIF), are safer.
Practically, however, these oblique posterior approaches to
the thoracolumbar disc space have become more common at
every level.
In the thoracic spine, a midline posterior approach is considered dangerous for decompression of anterior compressive
pathology. he lateral extracavitary or costotransversectomy
approach allows access to thoracic vertebral bodies from a
posterior approach without violation of the pleura or takedown
of the diaphragm.76 While this approach allows a one-step
approach to decompression and long, rigid, posterior stabilization, anterior column visualization and access are inferior
to that aforded by a transthoracic approach. Signiicantly
more bone resection (including the rib, costotransverse joint,
facets, and pedicle) is required to achieve that visualization.
Costotransversectomy is associated with increased blood loss,
longer operative time, increased paraspinal muscle disruption,
and chest wall numbness from intercostal nerve resection.
Occasionally, anterolateral cord compression can be addressed
with a compromise approach between a standard laminectomy
and a formal costotransversectomy. hese transpedicular
decompressions are known by various names, such as pediculofacetectomy, and are particularly useful in patients with
tumors in whom the neoplasm has already destroyed most of
the pedicle.77,78 In this case, the decompression is mainly sot
tissue removal, and the anterior compressive elements can
be removed indirectly by pulling them away. Although this
approach confers limited visualization, even relative to costotransversectomy, it reduces operative time, blood loss, and
iatrogenic destabilization. An angled microscope or 70-degree

endoscope may improve visualization of the anatomy anterior
to the dura.79
Most thoracolumbar instrumentation requires a relatively
wide exposure beyond the facet and out into the transverse
process. he powerful retractor systems afording this wide
exposure create extremely high levels of intramuscular pressure.80 Over time, this pressure can cause muscle necrosis
similar to a compartment syndrome. For longer cases, the
retractors should be removed every 2 hours to allow muscle
recovery. his recovery time is particularly important because
preoperative muscle abnormalities may exist in some conditions, which can be accentuated by the trauma of extended
muscle retraction.
Over time, a variety of less invasive approaches to the
posterolateral lumbar spine have evolved. For example, the
Wiltse paramedian approach, although initially described for
resection of far-lateral disc herniations, has been used for
interbody and posterolateral fusions.81 A bilateral paramedian
trajectory in the intermuscular plane between the longissimus
and multiidus muscles is best when no midline decompression is needed. In addition, this approach could be considered
for posterolateral pseudarthrosis revision to avoid midline
scar. A variant of the Wiltse paramedian approach is used in
most MIS fusions using tubular retractors, microscopic dissection, and luoroscopic guidance. Iatrogenic muscle injury
can result from denervation of the primary motor branch of
the dorsal primary ramus when the muscle is stripped from
the midline beyond the facets.82

Interspinous Process Stabilization
A variety of interspinous process devices have been introduced
for varying indications. Most share a minimally invasive
concept in that they can be inserted with the patient under
local or limited anesthesia through small incisions. However,
some devices require formal, open exposure of the posterior
elements to attach or wrap “artiicial ligaments” or other
outriggers.
In North America, the most familiar of these interspinous
process devices is the X-STOP (Medtronic). Marketed as a
less-invasive alternative to laminectomy, the X-STOP is used
to distract the spinous processes in patients with symptomatic
spinal stenosis. Subtle segmental lexion or prevention of
extension is said to increase canal diameter and relieve neural
compression.
In 2005, a randomized, controlled, prospective, multicenter
trial of 191 patients with neurogenic claudication compared
outcomes of patients treated with X-STOP with outcomes of
patients receiving nonoperative care. At 2 years, the symptom
severity score of patients treated with X-STOP improved
by 45.4% over mean baseline. he control group had only
7.4% improvement. Physical function improved 44.3% in
the X-STOP group but declined in the controls. he authors
concluded that the X-STOP provided efective treatment for
patients with spinal stenosis (Fig. 70.4).83
Subsequently, studies have compared less-invasive decompression with X-STOP surgery. Similar clinical outcomes were
achieved, but the interspinous process device has a higher rate
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of pedicle screws with iodine surfaces to decrease concerns
about bacterial adherence and bioilm formation.72
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FIG. 70.4 As a less-invasive alternative to laminectomy, an interspinous spacer is used to distract the spinous
processes in patients with symptomatic spinal stenosis. Subtle segmental lexion or prevention of extension is
said to increase canal diameter and relieve neural compression. (A) Preoperative magnetic resonance image
showing multilevel stenosis. (B) Preoperative radiographs. (C) Postoperative radiographs showing placement of
interspinous spacers placed at L4–L5 and L3–L4.
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processes.94 In addition, spinous process erosion or fracture
can occur with either the motion-preserving or fusion devices.

Facet-Based Stabilization
Numerous methods of facet ixation have been proposed.
Historically, small screws were placed directly through the
facet joint. Although these screws were able to lock the facets,
their short length produced too small of a lever arm to counteract the forces to which the lumbar facet is exposed, and
many of these implants failed. Techniques at the present time
are exploring additional methods of bony purchase. he most
common of these is the Magerl technique, in which 4.5-mm,
fully threaded cortical screws, usually 50 to 60 mm in length,
are passed from the opposite side of the spinous process
through the ipsilateral lamina and across the facet.95 he
Boucher technique is similar but incorporates a greater degree
of pedicle penetration.96 In both of these techniques, the
screws are not placed in lag mode.
hese translaminar facet screws are indicated for one- or
two-level ixation when reduction is not needed. Most oten,
they have been used as posterior column stabilization ater
ALIF procedures. he advantages of these screws include
minimally invasive insertion via a 4-cm percutaneous approach. Translaminar facet screws are much less expensive
than transpedicular constructs and ofer less impingement on
surrounding musculature.
Using contemporary techniques, fusion rates are high and
cases of screw failure are rare. Recently, facet screws were
compared with pedicle screws in 62 patients undergoing circumferential single-level lumbar fusion.97 Facet screw utilization was associated with less blood loss, cost and, at long-term
follow-up, less back pain and adjacent-segment degeneration
than pedicle screw placement.
Disadvantages to translaminar facet ixation include
absence of the three-column purchase aforded by transpedicular instrumentation. Patients may therefore need postoperative immobilization. Contraindications to translaminar
facet screws include absence of adequate lamina or facet joints.
hese screws may be placed ater laminotomy procedures but
not typically ater full laminectomy.
Recently, focus on direct facet and translaminar facet screws
has declined due to increased use of spinous process ixation
and cortical screws. hat said, as a means of posterior tension
band reconstruction ater ALIF, though, they continue to have
a longer track record than the newer techniques mentioned.98
Over the last 10 years, a number of percutaneously placed
allograt dowels and other facet joint implants have been
marketed as adjuncts to fusion. Reports of clinical efectiveness remain sparse. A recent biomechanical study of six
cadaveric specimens compared two facet bone dowels.99 One
ofered little stability at any time point. he other did restrict
lexion-extension motion but lost ixation ater 5000 cycles.
he authors concluded that these devices were not mechanically efective and warned that “considerable magnitudes of
device migration were detected.”
When the previous edition of this text was published, study
of facet arthroplasty systems was underway. hese systems
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of secondary surgery and a much higher cost of care.84,85 Use
of this device appears to be declining, however, and reasonable
outcomes with newer study devices have been reported.86,87
Other interspinous process devices are used to stabilize the
segment rather than decompress the canal. Some of these are
meant to be used ater decompression and in lieu of or as a
means of achieving segmental fusion.88
One of the devices intended to treat mechanical low back
pain through either distraction or restriction of motion was
the Wallis implant (Zimmer Biomet), in which a semielastic
blocker dampens forces passing through the posterior elements while decreasing the neutral zone.89 he irst-generation
implant, with a titanium blocker and an artiicial ligament
made of Dacron, was developed in 1986. More than 300
patients were implanted from 1988 to 1993. Subsequently, a
PEEK version of the Wallis implant was developed. Without
permanent ixation into the vertebral bone, the “loating”
design of the Wallis and similar implants seeks to avoid the
risk of loosening encountered with pedicle screw–based and
facet replacement–based dynamic stabilization systems.
According to a more recent review of the Wallis implant,
signiicant improvements in back pain were seen “without
serious complications.” he Wallis system was recommended
for (1) discectomy when massive fragment leads to substantial
loss of disc material, (2) irst disc herniation recurrence, (3)
discectomy for herniation of a transitional disc with sacralization of L5, (4) degenerative disc disease at a level adjacent to
a previous fusion, and (5) isolated endplate lesions leading to
chronic low back pain.
A recent study reported 2-year outcomes of posterior
tension band placement ater laminectomy and in lieu of
fusion in patients with degenerative stenosis and spondylolisthesis. Good clinical outcomes, no progressive instability, and
only one reoperation were reported.90
Spinous process ixation may also be used during fusion
procedures as a posterior tension band. Because of the limited
stability aforded by the spinous process, these devices were
initially recommended to “back up” anterior lumbar interbody fusion (ALIF) procedures. Recently, a biomechanical
study was undertaken to compare the utility of such a device
with transpedicular instrumentation in stabilizing the spine
ater insertion of a lateral interbody cage in six cadavers.91
he authors found that posterior supplementary ixation
increased stability but that pedicle screws ofered additional
coronal plane stability. At this point, little long-term data or
biomechanical data under multiple load cycles are available.
In another biomechanical study, the interspinous process
device improved lexion-extension stability compared with
ALIF alone, but demonstrated little lateral bending or
rotational stability when compared with a bilateral pedicle
screw construct.92
One recent review concluded that although the wide variety
of designs and materials for interspinous process devices was
generally safe, the clinical beneits declined over the long
term.93 Spinous process–based devices have limited utility at
L5–S1 due to the small size of the S1 spinous process. A recent
study found that the sacral spines were highly variable in their
morphology but had a similar load to failure of lumbar spinous
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were not intended to treat facet-mediated axial low back pain,
but rather to restore stability ater laminectomy without necessitating spinal fusion. hey it into a narrow treatment window
between clearly unstable spines (e.g., spines with scoliosis or
a dynamic spondylolisthesis) that require concomitant fusion
and cases in which a narrow decompression can be performed
that would not jeopardize postoperative stability.
Creation of a functional facet replacement system is a
complex undertaking. Four main components, the superior
and inferior right and let facets, have to be sized to the individual. Diferent designs rely on varying forms of attachment,
but ixation through the pedicle is generally required. Various
outriggers, cross-links, or other devices hold the system
together and balance tension to maintain stability while
maintaining segmental motion. Although a 7-year follow-up
study of 10 patients treated internationally for spinal stenosis
and spondylosis revealed reasonable results, it appears that
clinical study of these devices in North America has been
abandoned.100

Laminar Wires, Ribbons, and Hooks
Posterior thoracolumbar instrumentation has traditionally
been divided into rigid and nonrigid implants. he earliest
constructs incorporated the spinous processes or other posterior elements alone or with slabs of structural iliac crest
autograt. Although simple wiring techniques are no longer
used in the thoracolumbar spine, many wire-rod techniques
continue to be routinely used. he most common technique—
Luque wiring—uses sublaminar wires as anchors. hese wires
are wrapped around rods to form a segmental, nonrigid spine
construct. Such techniques are nonrigid because they allow
“pistoning” of the spine in a craniocaudal direction. Luque’s
construct was the irst segmental system that used multiple
wire attachment points.73,101
In North America, Luque constructs are currently preferentially used in the thoracic spine. Common indications
include neuromuscular scoliosis, scoliosis with thoracic lordosis, and occasional cases of idiopathic scoliosis. Hybrid constructs using Luque wires with pedicle screws and other bone
anchors are more commonly used. Contraindications to sublaminar ixation include absence of laminae. In addition, there
is a danger of passing the wire through the spinal canal, particularly in patients with kyphosis or canal stenosis.102 Because
wiring techniques do not provide axial stability, they are a
poor choice for stabilization of pathologic processes with
anterior column insuiciency. For example, sublaminar wires
should not be used as primary ixation in patients with vertebral fractures or tumors.
In response to the risk of sublaminar wire passage, Drummond proposed a technique, commonly referred to as the
Wisconsin method, in which the rod is wired to the spinous
processes.103,104 his method has been used with Harrington
rods and other rod systems to provide additional stability by
segmental ixation.105 A button may be used to decrease wire
cut-through of the spinous process. Although this technique
is rarely used alone anymore, it may be useful in hybrid constructs, particularly when limitations of bony anatomy or

breakout of prior instrumentation renders the pedicles and
other posterior elements unusable.
he next evolutionary step ater wiring in thoracolumbar
instrumentation came with simple, hook-based distraction
devices intended to assist in the correction of scoliosis. Ater
Harrington’s initial ground-breaking design, several other
modiied designs were developed. Harrington rods were used
in thoracic curves and for thoracolumbar burst fractures.106 In
trauma cases, the Harrington system provided quick and easy
stabilization compared with the earlier devices. his construct
could be combined with a rod sleeve to provide a three-point
ixation and was particularly advantageous in polytrauma
patients. Because Harrington rods produced distraction, they
oten led to lat back deformities that resulted in persistent
pain and fatigue. When the importance of sagittal plane
balance was understood, and as newer, more powerful systems
became available, Harrington rods fell out of use.
Early hook-based segmental thoracolumbar spine constructs allowed lordosis to be contoured into the rod and held
with segmental bone anchorage. hese constructs were signiicantly more rigid than their predecessors. his increased
rigidity improved fusion rates and sometimes obviated the
need for postoperative bracing or cast immobilization. his
was particularly advantageous for children and adolescents
undergoing surgical correction of idiopathic scoliosis.
Disadvantages of this construct, as with rigid implants
elsewhere, included the efect of fusion on adjacent segments.
In contrast to pedicle screw constructs, which use the concept
of three-column spine ixation, hooks anchor to the posterior
elements alone and do not have the same power to reduce
scoliosis.107 Although misplaced pedicle screws can produce
catastrophic neurologic or vascular injury, hooks by their very
nature are canal intrusive. Volumetric studies suggest that
mildly misplaced screws produce less canal encroachment
than hooks.108
In a comparison of pullout strength, thoracic pedicle screws
were found to be signiicantly stronger than hooks and were
recommended for rigid curves.109 Another study, in children
with idiopathic scoliosis, found no diferences in operative
time or curve correction achieved with hook or screw
constructs.110
Various hooks with diferent characteristics are available.
Each of these is suited to a particular mode of placement
and loading. Pedicle hooks, resting on the lamina of the
instrumented vertebra and the superior articular process of
the next distal vertebra, are the strongest. hey are always
directed cephalad so that their U-shaped tip captures the
pedicle and provides maximal stability for rotation and translation maneuvers. Because of their coniguration and their
dependence on facet joint anatomy, these implants can be
placed from T1 to T10 or T11.111 here are subtle variations
in hook shape, including short-throated and long-throated
conigurations and straight or ofset collars. Contemporary
anatomic hook designs give better bony contact.
Laminar hooks are available in various designs. Variation
in blade width and style and the relationship of the blade to
the body of the hook allow for optimal hook-bone interface.
Between T3–T10 or T11, lamina hooks may also be placed on
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Superelastic cables have recently been tested under the theory
that they would provide constant stabilization during various
loading modes.120

Pedicle Screws
Pedicle screws continue to ofer the only three-column ixation available in the thoracolumbar spine. Because they are
inserted from the posterior elements into the vertebral body,
they allow the surgeon to apply distraction, compression,
lordosis, rotation, or translatory forces selectively.121
Pedicle screw systems have been studied in Europe since
the early 1980s. Modern attempts at pedicle ixation were
popularized in North America by Stefee. heir use temporarily declined ater a series of television exposés and high-proile
lawsuits. Subsequently, many of the available systems received
FDA class II status. his approval stopped many of the lawsuits
and led to a rapid escalation in the number of systems available and the extent of their use.122 Advantages of transpedicular
ixation spine include:
• Rigid segmental ixation
• Improved fusion rates
• Reduction of deformity and maintenance of correction
• Earlier rehabilitation
• Minimized use of postoperative bracing
Disadvantages and complications of pedicular screw ixation
include:
• Increased operative time and risk of infection
• Increased cost
• Risk of pedicle fracture
• Increased complication rates, particularly with regard to
implant sot tissue impingement and screw malposition
• Dural tear
• Nerve toot or spinal cord injury
• Anterior vascular injury
• Stress shielding and device-related osteopenia
• Risk of adjacent-level degeneration
Adjacent-segment degeneration issues continue to plague
lumbar fusion patients. Park and colleagues found that pedicle
screw placement, more than the actual number of levels fused,
was the strongest predictor of adjacent-segment degeneration.123 his review reported a 12.2% to 18.5% incidence of
symptomatic adjacent-segment degeneration during the
follow-up period compared with a 5.2% to 5.6% rate in patients
fused with other forms of instrumentation or no instrumentation. Damage to the adjacent unfused facet by the screw was
thought to be a potentially signiicant factor producing
adjacent-level degeneration. Unintended adjacent-level fusion
may also be encountered more frequently in patients undergoing transpedicular instrumentation. One prospective, randomized trial of 130 patients undergoing either instrumented
or uninstrumented fusion found that inadvertent fusion had
occurred in 19 cases (14%). here was a higher risk of unintended fusion with pedicle screw instrumentation, although
functional outcomes were not afected.124
he role of stress shielding in patient outcomes is controversial. he concept was introduced by McAfee and colleagues
in 1991.125 Subsequent studies have failed to show osteoporotic
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the superior surface of the transverse process. Here the transverse process hook is combined with a pedicle hook to yield
a pedicle-transverse grip or “claw.” Although such claws may
be constructed over one or two levels, two-level claws are
easier to insert and mechanically stronger.112 Claws are used
mainly at the ends of a construct. Above T3, the transverse
process becomes more horizontal, and transverse process
hooks do not align with the pedicle hook. he claws must be
pedicle–supralaminar hook combinations.
A supralaminar hook enters the spinal canal in a cranial to
caudal direction and, while providing the second strongest
anchorage, risks iatrogenic cord injury if the hook pistons in
and out of the canal during rod manipulation. hus, careful
selection of the hook shape is mandatory. Moreover, one
should consider avoiding periapical placement or utilization
of supralaminar hooks in the correction of hyperkyphosis.
Finally, infralaminar hooks are placed in a cephalad direction.
hese anchors are rarely necessary in the thoracic spine
because pedicle hooks provide proximally directed forces.
Usually, these implants are used inferiorly, along with pedicle
screws in hybrid constructs. Occasionally, they are added to
transpedicular constructs to protect the screws from pullout.113
In younger patients with painful pars defects and minimal
segmental degeneration, a screw-hook combination can be
used for direct osteosynthesis of the spondylolysis.114
While wired, semirigid constructs are no longer frequently
used as a stand-alone in lumbar spine surgery, these tools are
occasionally used in osteoporotic patients or in deformity or
trauma surgery to improve reduction or provide temporary or
adjunctive ixation before transpedicular implants are used.115
For some indications, sublaminar wires have given way to
polyester bands. he possible advantages of these bands
include their radiolucency and the wider surface area through
which to grip osteoporotic bone (which may mean less cutthrough compared with sublaminar wires).116 Sublaminar and
transverse process polyester band ixation has been reported
to successfully aid the reduction of scoliosis.117
A recent report of 115 neuromuscular scoliosis cases
included 29 patients treated with a hybrid pedicle screw,
polyester clamp and band technique.118 At a mean of 29
months’ follow-up, a 69% correction had been achieved and
sagittal balance was corrected to within 2 cm of the C7 plumb
line in 97% of the patients. he authors believed these results
compared favorably to sublaminar wire and all pedicle screw
cases. In particular, they wrote “Sublaminar bands utilized in
a hybrid construct appear to be safe, can achieve corrections
equivalent to all-pedicle screw constructs, and may decrease
the potential complications associated with every level transpedicular ixation in the patient with a highly dysmorphic and
osteoporotic spine.”
Unfortunately, sublaminar implant passage may still subject
the patient to iatrogenic neurologic injury. In one recent series
of 21 patients with neuromuscular scoliosis, two neurologic
injuries occurred.116 Although successful radiographic outcomes were achieved, the authors suggested tempered enthusiasm for this technique.
Although these bands are typically placed in a sublaminar
trajectory, subtransverse bands have also been reported.119
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collapse within a fusion construct. Transpedicular screw ixation does not afect the postoperative reduction of fusion
mass.126 he indications for and contraindications to pedicle
screw placement remain controversial. Pedicle screw constructs are widely indicated in cases with clearly deined
instability, particularly in the setting of trauma and tumor. In
particular, they provide stability where prior laminectomy has
been performed.
Pedicle screw systems may also be divided by the type of
longitudinal member or the connection between the anchor
and the longitudinal member. Plating systems are one such
system and are generally less expensive than modular, polyaxial screw-and-rod systems. Typically, plate-screw systems
require that the screws function as bolts that are rigidly aixed
to the plates with nuts and washers. Contemporary polyaxial
systems have a U-shaped saddle in the head of the screw into
which the rod can be secured. Polyaxial systems fare better
under static and cyclic compressive loads. Because higher rod
manipulation forces are possible, these connections serve to
increase stresses at the end levels of the construct. Although
theoretically their increased freedom of motion should make
polyaxial screw constructs less stif, this has not been borne
out in cadaveric testing.127 Rods are discussed in greater detail
below.
Clinical failure of transpedicular constructs occurs in one
of two ways: through loosening with ixation failure or through
failure to fuse. Loosening occurs as repetitive loading persists
beyond the tolerance of bone. his is usually the result of
delayed union or motion at a screw-bone interface, oten from
excessive activity. he screw is exposed to a combination of
cantilever bending and axial pullout loads (Fig. 70.5).
Subacute or acute bending failure and implant breakage
result from cantilever bending loads in excess of the yield
point of the screws. Even severely degenerated and collapsed
discs undergo cyclic axial displacement during axial loading.
hese cyclic displacements may lead to signiicant cantilever
loads and bending moments. hese are most pronounced
around the screw hub, inside the pedicle.
his efect is multiplied when the screw-rod construct
operates in a bridging mode and bears most or all of the

anterior column axial loads, as with burst fractures. If a deformity reduction maneuver is performed during surgery, this
subjects the screws to increased load. Typically, the end vertebrae are afected. Various techniques for correction, such as
derotation maneuvers, have been described. A strategy that
emphasizes correction in the middle segments of the construct
with decreased corrective force at the terminal levels is associated with good reduction, while limiting axial tensile forces at
the cranial end screw.128,129 Ater bony healing, fatigue failure
of the implants may still theoretically occur but should no
longer be of clinical concern.
A number of studies sought to retrospectively quantify
pedicle screw–related complications. Signiicant variability
was seen among studies, with overall complications of varying
severity reported up to 54%. Rates of deep infections, screw
misplacement, and screw breakage ranged from 5% to 10%
but appeared to be decreasing in more recent studies.130-133
Spondylolisthesis may be stabilized with or without an
attempt at slip reduction. Reduction maneuvers include rod
contouring with an additional cranial ixation point with
screws with an extended head into which the rod can be forcibly delivered, translating the slipped segment posteriorly.134,135
Some screw-rod systems have been designed solely for slip
reduction. With reduction of an L5–S1 spondylolisthesis,
there is increased risk of a postoperative L5 root palsy.136
Although slip reduction has not been shown to improve outcomes, more recent series also report very low rates of L5 root
injury.137,138 Pedicle screw constructs are also routinely used to
increase the likelihood of fusion in the surgical management
of junctional stenosis, degenerative spondylolisthesis or scoliosis, isthmic spondylolisthesis, prior pseudarthrosis, and more
than a three-level fusion (Fig. 70.6).
Typically, pedicle screw ixation is avoided in the presence
of overt infection, but it may be considered in cases of signiicant instability. Relative contraindications to pedicle screw
ixation include very small pedicles, marked osteoporosis, and
inadequate anterior column support.
he question of when to add pedicle screw ixation
remains unanswered. Although pedicle screw instrumentation enhances the rate of spinal fusion in degenerative

FIG. 70.5 When posterior thoracolumbar instrumentation fails, it is usually at the screw-bone interface. (A) If
fusion fails to occur, the screws may loosen, as demonstrated by the lucency around the pedicle screws. Various
techniques have been reported to improve screw pullout strength of the construct. (B) One technique uses
screw insertion into the endplate of the level above for additional purchase. (C–D) This elderly, osteoporotic
patient had had a previous long fusion to L5. Subsequently he developed an isthmic spondylolisthesis at L5–S1
with a progressive slip. He returned to the operating room for extension of fusion to the pelvis. The Bohlman
technique of posterior ibular strut placement from S1 to L5 was undertaken using a reamer over the guide
wire shown in the (C) lateral luoroscopic image. (D) Postoperative axial computed tomographic image shows
the ibular strut in good position. Short iliac screws were also placed. (E) In patients with poor bone quality,
polymethylmethacrylate may be used in the vertebral body to improve screw pullout strength. Another
concern is the appropriate number of ixation points; the more unstable the spine or the poorer the quality of
the patient’s bone, the more ixation points are required for a successful construct. (F) Failure of a long scoliosis
construct presumably because too much force was concentrated at the base, where all the inferior anchors
were crowded together.
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FIG. 70.6 A 65-year-old woman with L5–S1 isthmic spondylolisthesis who underwent anterior L5–S1 anterior
lumbar interbody fusion with instrumentation followed by posterior instrumentation and fusion. (A) Lateral
preoperative standing radiograph. Postoperative (B) anteroposterior and (C) lateral standing radiographs.

conditions of the lumbar spine, such fusion does not always
correlate with clinical outcomes. Conversely, patients may
report excellent symptomatic improvement even in the setting
of radiographic pseudarthrosis.139
One prospective, randomized, controlled trial of 130
patients evaluated supplementary pedicle screw ixation in
posterolateral lumbar spinal fusion and found that fusion rates
were not signiicantly diferent between instrumented and
uninstrumented groups. Although functional outcome, as
assessed by the Dallas Pain Questionnaire, improved signiicantly in uninstrumented and instrumented groups, there
were no signiicant diferences in outcome between the two
groups. A trend toward higher patient satisfaction was noted
in the instrumented group (82%) versus the uninstrumented
group (74%). he addition of pedicle screws signiicantly
increased operative time, blood loss, and early reoperation
rate. he two infections in that series occurred in the implant
group, and signiicant symptoms from screw misplacement
were seen in 4.8% of the instrumented patients. he authors
concluded that these results did not justify the general use of
pedicle screw ixation as a routine adjunct to posterolateral
lumbar fusion.140
A similar prospective, randomized, controlled trial with
5-year follow-up was performed in 129 patients with severe
chronic low back pain from either degenerative instability or
isthmic spondylolisthesis. In that series, the reoperation rate
was signiicantly higher in the instrumented group (25%) than
the uninstrumented group (14%). here was no diference in
work capacity between the two groups and no signiicant difference between the instrumented and uninstrumented groups
in regard to functional outcome, as measured by the Dallas
Pain Questionnaire and Low Back Pain Rating Scale. When the
subgroups of isthmic and degenerative spondylolisthesis were
analyzed separately, patients with isthmic spondylolisthesis had
a signiicantly better outcome ater posterolateral fusion without
supplemental instrumentation compared with instrumented
fusion (P < .03). Patients with primary degenerative spondylolisthesis had more signiicant improvement with instrumented
posterolateral fusion (P < .02).141
In a recent American Association of Neurological Surgeons
guideline, use of pedicle screws as an adjunct to lumbar fusion

in degenerative disease was recommended to be “reserved for
those patients in whom there is an increased risk of nonunion
when treated with only PLF.”142
Once a decision has been made to use transpedicular screw
ixation, the numbers of levels of ixation should also be
considered. Historically, internal spine ixators were applied to
the cranial and caudal fusion levels. his approach was associated, in the lumbar spine, with lat back deformity. hese
systems are also less rigid than segmental ixation, in which
one or more bone anchors are placed in every or most intervening levels of long fusions as well.
Classically, additional segmental ixation may beneit
patients undergoing deformity correction or trauma stabilization. In a recent inite element analysis of an adolescent
idiopathic scoliosis model (with data taken from 20 real
patients), ixation was simulated over a mean 8.9 segments
with a mean 45-degree Cobb angle correction.27 Using a
simultaneous double-rod rotation technique, a 160-N pullout
force was measured at the apical concave screw. Forces on the
convex side were lower at about 35 N. Push forces on the lower
and upper instrumented vertebrae were 305.1 N on the
concave side and 86.4 N on the convex side. he authors
concluded that these forces were within safe margins for a
segmental construct; however, to protect from implant failure
or pedicle fracture, appropriate sot tissue release and facetectomy were required.
Another recent study compared consecutive-level screw
ixation with interval ixation and found better corrections
in all three planes and better cosmetic results with higher
density screw placement.143 In another study, planned screw
dropout at the periapical convexity did not decrease curve
correction.144 One study found that full screw placement did
not aford better correction of the rib hump than interval or
hybrid constructs.145
In posterior-only treatment of Scheuermann kyphosis, the
correction and outcomes of a mean of 25 screws placed in 10
patients were compared with 16.8 screws placed in 11
patients.146 Similar corrections were achieved, but complications and costs were higher in the high screw density group
(19% vs. 9% and 32%, respectively) In one recent study, levels
fused had a greater impact on outcomes than pedicle screw
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to improve stability to the level of bilateral screw-rod placement.160 A similar group of authors did not ind any clinical
beneits of adding a contralateral transfacet screw in a comparative study of 58 patients.161

Cortical Screws
Laterally directed, cortical screws have been increasingly used
in the lumbar spine (Fig. 70.7). Potential advantages of these
screws are a near-midline placement, thereby decreasing the
muscle dissection required. One biomechanical study argued
that a cortical screw trajectory would be more efective in
osteoporotic patients, although mixed results with pullout and
toggle tests were noted.162 In one recent biomechanical study,
the stabilizing impact of cortical screws as rescue screws ater
pedicle screw placement was tested in 10 cadaveric spines.163
L3 pedicle screws were pulled out. Cortical screws were then
placed and exhibited 60% of the original pedicle screw pullout
strength. he construct’s stability in lexion-extension, lateral
bending, and axial rotation was similar to the original pedicle
screw.
Two small studies reported failure of cortical screws that
required revision for pseudarthrosis, pars fracture, and caudal
adjacent-segment failure. he authors recommended caution
when using this technique clinically, despite the favorable
biomechanical studies.164,165 Other retrospective studies have
ofered more favorable outcomes.166

Pelvic Fixation
Overall, the use of pelvic ixation has increased as authors have
recommended greater eforts at correcting or maintaining
sagittal balance. In many cases, though, the exact indications
for this extension are not always clear. For example, one 2014
study compared the outcomes and complications associated
with primary long fusion to the pelvis with revision procedures, including extension to the pelvis.167 Although the
revision procedures ofered the “same expectation of radiographic and clinical success,” the complication rate was similar
to that of the primary procedure, including pelvic ixation. It
is not clear how many of those procedures could avoid pelvic
ixation.
As with the thoracolumbar spine, the variety of bone
anchors used in the pelvis has gradually given way to increased
use of screws. For example, the use of intrasacral ixation, such
as Jackson intrasacral rods, has continued to decline due to
problems with loosening and the improved holding power of
segmental ixation to the pelvis.168
In addition, when comparing iliac screws to unit rods or
the Luque-Galveston technique, screw-based rigid ixation,
while costing more at $15,488 versus $3128 for the nonrigid
group, ofered signiicantly greater curve and pelvic obliquity
correction while decreasing pseudarthrosis and the need for
anterior release.169 A maximal-width sacropelvic ixation
technique allows greater correction of pelvic obliquity in
neuromuscular scoliosis.170,171
A variety of iliac screw placement techniques have been
described, but iliac screws placed either under or through the
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density, which was most closely correlated, as expected, with
costs.147
Posttraumatic spinal instability raises similar questions
about the number of levels to incorporate in a surgical construct. One recent biomechanical study found that, with the
exception of lateral bending, short-segment ixation with
fracture-level screws was equivalent to two-level above and
below constructs.148
A retrospective review of 32 patients with comminuted
burst fractures reported excellent clinical and radiographic
outcomes with short-segment ixation incorporating the
injured vertebra.149 In a 70-patient comparative study of shortsegment instrumentation for burst fracture with and without
fracture-level screw placement, additional screws were associated with better kyphosis and anterior vertebral height correction.150 he clinical signiicance of these radiographic indings
was not clear. he utility of this six-screw construct has been
conirmed in other recent reports.151
he ability of posterior implants to function in a bridging
mode to stabilize patients with major defects in anterior
column stability (such as a burst fracture or tumor) is diminished in osteoporosis. In this setting, formal anterior column
support through PMMA augmentation or corpectomy and
cage reconstruction may be preferred, even in medically frail
patients. One recent study recommended anterior column
support through a formal corpectomy approach followed by
posterior transpedicular instrumentation over screws and
kyphoplasty for anterior column support.152
Here, too, it is important to recognize the planes of instability. Although PMMA augmentation may improve axial stifness, it will do little to compensate for posterior tension band
disruption. In a recent biomechanical study, kyphoplasty alone
was not efective in stabilizing high-energy burst fractures.153
Just as modiications to increase implant hold are needed
in patients with poor bone quality, increased rigidity will be
needed in patients with additional stress on the construct,
such as those of a greater size or with movement disorders.154
Certainly, less-robust constructs are required in patients
with degenerative spinal conditions. Here, for one-level
fusions for degenerative indications, the potential beneits of
unilateral instrumentation include decreased surgical time,
blood loss, muscle trauma, and cost. In two recent metaanalyses, these conclusions were supported, as were equivalent
clinical and radiographic outcomes.155,156 Other recent studies
have supported this conclusion.157 On the other hand, in one
study of 80 patients undergoing single-level lumbar TLIF for
degenerative disease, the pseudarthrosis rate was signiicantly
higher in the unilateral ixation group (17.5%) compared with
the bilateral ixation group (2.5%).158 he authors concluded
that bilateral ixation was likely biomechanically superior. A
2014 meta-analysis incorporated ive prospective studies with
407 patients to compare the outcomes of unilateral and bilateral pedicle screw placement in lumbar degenerative disease.159
he authors concluded that there were no diferences in fusion
rates or outcomes, but that operative time and blood loss were
lower in the unilateral group.
In a biomechanical study, a translaminar facet screw
contralateral to unilateral pedicle screw placement was found
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FIG. 70.7 (A) Anteroposterior and (B) lateral views of an initial transpedicular stabilization at L4–L5 was revised
and extended to L3–L4 using cortical screws at the more cranial levels. Note the lateral positioning of the
interbody cages. (C) Axial computed tomographic view at the L4 pedicle level. These cortical screws were
found to be loose and re-re-revision with transpedicular grafting was performed.

posterior sacroiliac spine with transverse connectors to the
midline rods and S2 alar iliac ixation are the most common.172
S2 alar ixation has a number of potential advantages in terms
of decreased sot tissue dissection and in-line placement.
However, in one recent study, a higher rate of failure was
associated with this technique compared with more typical
iliac ixation with lateral connectors (25% vs. 12%).173 he
same authors noted a higher rate of failure in patients in whom
sagittal balance had not been restored and in patients in whom
S2 iliac screws were placed (over more traditional iliac bolts
with lateral connectors).173 In contrast, another study of 60
patients, 23 of whom had received S2 alar-iliac screws, found
a lower rate of wound-related complications and instrumentation failures compared with more typical iliac bolts.174
Here, too, the number of anchors should match the patient’s
individual characteristics. In neuromuscular scoliosis, for
example, a 30% rate of pelvic screw failure was noted when
bilateral L5 and S1 screws were not placed.175 In other settings,
S2 alar or buttress screws may be used in lieu of iliac ixation
to neutralize long thoracolumbar ixation to the sacrum.168
Placement of sacral screws and use of sacroiliac screws reduce
the stress on iliac screw ixation.176

Access and Guidance
As mentioned in other sections, the degree of sot tissue dissection required to place these implants has been decreasing
over time. However, screw placement continues to be challenged by malpositioning, which could result in neurologic

injury. A variety of imaging and guidance systems have been
developed to decrease this risk.
For example, although intraoperative luoroscopy remains
a standard technique to assess implant trajectories, pelvic ixation may beneit from luoroscopic views not typically
exploited by spine surgeons, such as the pelvic inlet view. One
recent series of 14 neuromuscular scoliosis patients had safe
placement of iliac screw ixation by identiication of the posterior sacroiliac spine and the inlet view.177 Another study
found that anteroposterior images were efective in patients
with rotational deformities.178
For the last 10 years, cone-beam imaging systems (O-Arm
[Medtronic] and Orbic [Siemens]), and now true intraoperative
CT scanners, have been available to assess implant placement
prior to leaving the operating room or to mate with navigation
systems to guide that placement. In one recent study, intraoperative true CT–based navigation guidance with a portable
32-slice scanner was reported in 85 cases.179 he authors found
that the imaging quality allowed a 99.13% accuracy rate in
placement of 571 screws regardless of the patient’s body
habitus or positioning at the time of surgery. Another study
reviewed 1148 screws placed in 203 patients utilizing intraoperative CT.180 Intraoperative CT increased the rate of
immediate screw revision but did not afect the rates of
reoperation for misplaced screws. he authors concluded that
intraoperative CT lowered the threshold for intraoperative
screw revision.
Robotic guidance has also become available for thoracolumbar implant placement, although data remain sparse at
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Rods and Cross-Links
In patients with complex deformity, correct rod bending may
be quite diicult. he rod should not be contoured in more
than one plane at a time. In children and patients with lexible
deformities, the rod can be contoured to it the screws and
rotated into proper sagittal balance. Alternatively, a series of force
vectors and direct rotational maneuvers may be undertaken.
In patients with rigid curves and most adults, accurate rod
contouring to it into the screws can be diicult. It is oten
helpful to use lateral connectors between the rod and screw
instead. Some surgeons, in an efort to maximize correction
power, use separate rods in the upper and lower portions of a
stif, dual-curve deformity and connect them with a domino on
one side and use a neutralization rod on the opposite side.189
When bending rods for hook-based constructs, slight deviation from perfect contour puts a moment on the hook. In the
thoracic spine, a kyphotic moment pulls the hook away from
the cord. In general, the aim is for a 30-degree thoracic kyphosis
with its apex at T7 or T8. he lumbar lordosis should be 45
degrees with an apex at the L2–L3 interspace. he rod should
change from kyphosis to lordosis at the T12–L1 interspace.
Ater placement of the hooks, the convex rod is placed irst.
he more mobile the hooks, the more easily the rod engages.
Hook mobility is a function of the amount of bone resection

during hook placement. he ease of rod insertion improves
with spine mobility, which is a function of facet resection.

Dynamic Rods
Numerous coils, springs, jointed rods, and semielastic cords
have been devised to replace rigid rods as pedicle screw connectors. Some of these devices are intended to be used as
less-rigid fusion devices. Others are meant to “top of ” the
most cranial level of a long fusion construct, theoretically to
decrease the risk of adjacent-segment degeneration because
less-rigid ixation is believed to be associated with reduced
adjacent-segment motion compared with rigid ixation.138
Biomechanical studies continue to assess various dynamic
systems. Most show decreased stress on the adjacent segments.190 In a recent clinical study of 36 patients undergoing
the Isobar semirigid dynamic posterior stabilization system,
disc degeneration continued despite the dynamic stabilization
at 24-month follow-up.191
Still other dynamic systems were used without attempt at
fusion as motion-preserving spinal stabilization. In this
setting, dynamic rod devices were intended to treat mechanical back pain associated with lumbar degenerative disease.
hese systems varied architecturally and materially. Ideally,
each design was logically constructed to “ix” a clearly delineated problem in the painful or degenerated spine. Each
system apparently relies on a diferent theory of pain generation and uses diferent mechanical means to address the pain.
In some cases, a clear hypothesis as to the source of the pain
is not evident.
For example, one of the irst dynamic posterior instrumentation systems was the Graf ligament, an inelastic cord wrapped
around two pedicle screws. he goal was to lock the motion
segment into full lordosis, restricting lexion and preventing
rotation.192 here was no experimental basis for this design
concept, but clinical results were acceptable. Limitations of the
Graf ligament included the increase in posterior anulus load
it engendered. his increase led to late failure with back pain
or earlier failure resulting from the marked lateral recess and
foraminal stenosis the system caused.193
he Dynesys implants (Zimmer Biomet) received FDA
approval as stabilization devices adjunctive to fusion. As a
result, this was the only system available in the United States,
but they were typically used in an of-label manner as a fusionless, dynamic construct. As with the Graf system, the Dynesys
system connects pedicle screws with a nonelastic ligament.
In this case, a plastic cylinder surrounds the ligament and
prevents hyperlordosis. At surgery, the ligament is threaded
through the cylinder and pulled with a set 300-N force. his
force approximates the two screw heads with the interposed
cylinder. Active extension opens the anulus anteriorly without
compressing it posteriorly. he Dynesys system limits full
lexion and extension. he developers of the system claim it
decreases pain by eliminating “parasitic” or “abnormal” movement. In addition to restricting the range of movement, it may
also unload the disc, however, if the patient achieves a position of lordosis, so that the plastic cylinder becomes weight
bearing.194,195 Limitations of the Dynesys system include the
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this point.181,182 Custom-printed screw guides and the built-in
gyroscopes in modern smart phones can be used to assist
screw placement.183
Use of percutaneous transpedicular constructs has been
increasing. hese systems may be used to stabilize an ALIF or
lateral lumbar interbody fusion (LLIF) or provide contralateralside stabilization ater a minimally invasive TLIF. Occasionally,
a limited facet fusion is included with this less-invasive
approach.184
Some systems use a rod-insertion device that links to the
screw extension sleeves and allows a precut contoured rod to
be placed through the screw saddles via a small stab wound
and a muscle-splitting technique. A remote engagement of the
screw-locking mechanism is then used. Long-term outcomes
for these techniques are sparse, but short-term success has
been reported in small numbers of patients. Proponents of this
technique believe that paraspinous tissue trauma is minimized
without compromising the quality of spinal ixation. Techniques reporting safe placement without guidewires have
recently been reported.185
Because MIS screw placement requires less local sot tissue
disruption, the idea that MIS placement of cranial screws in
adult deformity surgery would decrease proximal junctional
kyphosis was proposed, but it was not supported in a
propensity-matched cohort analysis of 136 patients.186
Intraoperative monitoring can also be used to assess the
safe placement of thoracolumbar implants. One recent study
used a unique four-pulse stimulus train within the pedicle
screw tract with a ball-tipped probe. Lower extremity electromyography correctly detected 100% of 32 medially breached
thoracic screws out of 802 total screws placed.187,188
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unpredictable degree to which it unloads the disc and the need
for strong extensor musculature to maintain lordosis. Lordosis
and load sharing by the plastic cylinder vary markedly with
implant placement.196
here are common contraindications to use of these nonrigid devices, including signiicant preoperative instability,
osteoporosis, and anterior column insuiciency.
Concerns about the possibility of long-term screw loosening led to modiications with HA-coated or plasma-sprayed
screws. Some systems required the screws to be cemented into
the pedicle. hat said, one recent study compared pedicle
screw–based dynamic stabilization systems with more tradition screw-rod fusion constructs in elderly patients with
degenerative scoliosis.197 Although the fusion patient achieved
better deformity corrections, operative time, blood loss, and
complication rates were lower in the dynamic stabilization
group. At a mean follow-up of 64 months, clinical outcomes
were similar. Still, among deformity specialists, the current,
countervailing trend incorporates larger surgical constructs to
efect greater correction of sagittal plane alignment, even in
patients undergoing surgery for degenerative disease.198
All dynamic systems require perfect screw placement
because a pedicle breach risks screw loosening and ultimate
dislodgment. A highly medialized trajectory is sought to avoid
facet violation and subsequent painful facet degeneration.
Unfortunately, the promise of these systems has not been
realized. Screw loosening and other implant failures were
common, and use of these systems has markedly declined in
North America. In recent reviews, although the idea remains
promising, no clear beneits of dynamic systems were uncovered.199,200 Dynamic systems were associated with a higher rate
of loss of lordotic correction.

Variable Stifness Rods
Several generations of low- or variable-stifness implants have
been developed to improve load sharing with the spine and,
perhaps, to decrease stress on the adjacent segments.201 With
partial annealing, a rod’s lexural stifness can be varied.202
Recently, rods with decreased end stifness have been assessed
biomechanically. In this setting, decreased stress on the
anchors and greater load sharing of the instrumentation with
the spine were noted.203 he real mechanical utility of these
systems has yet to be conclusively demonstrated.204
Larger, stifer 6.35-mm rods are oten recommended for
better maintenance of correction in long deformity and trauma
surgeries. In one series of 93 patients undergoing surgery for
adolescent idiopathic scoliosis, rod size did not afect radiographic outcomes at a minimum of 2 years.205 Of note, these
patients were Taiwanese children; diferent results could be
reported in larger adult patients.
In other cases, a more rigid longitudinal connector is
required. For example, in long adult deformity surgery, particularly in the case of pedicle subtraction osteotomy, rod
fractures are common. Use of two additional, “outrigger” rods
to span the high-risk area (the pedicle subtraction osteotomy
level or the thoracolumbar junction) signiicantly decreased
implant failure and symptomatic pseudarthrosis rates.206,207 In

very unstable cases, such as en bloc tumor resections, orthogonal anterior and posterior implants may more efectively
restore spinal stability.208

Growing Rods
A vertical expandable prosthetic titanium rib (VEPTR; DePuy
Synthes) provides an internal, nonrigid brace for spinal or
thoracic cage deformity to allow further thoracic cage
growth.209 A recent report described 10 children with arthrogryposis who underwent VEPTR placement at 5 years of
age.210 At a mean 4.2-year follow-up, the scoliosis decreased
from 67 to 43 degrees and kyphosis decreased from 65 to 48
degrees. During the treatment period, spinal growth from T1
to S1 increased 4.2 cm. Six complications were reported in
four patients: three infections, two rib failures, and one implant
failure. Proximal junctional kyphosis greater than 45 degrees
was reported in six patients.
More traditionally, “growing rods” have been used to
provide temporary, internal bracing of rapidly progressive
curves in young children and to allow additional axial growth
before a formal fusion is performed. In an efort to prevent
long-term pulmonary restriction, these modalities seek to
allow maximal chest cavity development.
he irst of these techniques, the Shilla growth guidance
technique, avoided repeat surgery by performing a shortsegment, periapical fusion with sliding pedicle screws cephalad
and caudad. In a report of 40 patients with a mean age just
below 7 years and 7-year follow-up, a mean 69- to 38.4-degree
correction was reported.211 Although a high 73% complication
rate was reported (with 24 of 40 having instrumentationrelated complications), it was believed to be acceptable compared with predicate procedures.
A recent porcine study attempted to refute the idea that
growing rods were kyphogenic by demonstrating distribution
of the distracting force across multiple levels of the spine.212
Other works have examined use of side-to-side connectors
used as gliding connections.213 As might be expected, dual
rods and additional apical and intermediate anchors are likely
to improve correction.214,215
Two small, early series of magnetically controlled growing
rods found that implant-related complications were not uncommon, including rod fracture and apical hook pullout, but “the
avoidance of multiple surgeries following implantation is
beneicial compared with traditional growing rod systems.”216,217

Cross-Links
he relative merits of cross-link placement in longer, posterior
thoracolumbar constructs continue to be debated. Traditionally, these implants were used to improve torsional stability of
anterior and posterior dual-rod constructs.218,219 Depending
on the number of motion segments instrumented, the degree
of instability of the spine, and the strength of the bone-implant
interface, placement of one to three cross-links has been recommended. Classically, if two cross-links are used, one should
be as proximal as possible and the other as distal as possible.
If the instrumentation exceeds 30 cm in length, a third
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Anterior Thoracolumbar Instrumentation
Modern forms of anterior thoracolumbar instrumentation
were initially developed for deformity surgery separately by
Zielke and Dwyer in the late 1960s to mid-1970s.73 heir
techniques of anterior release and ixation allowed better

A

deformity correction, necessitating fewer fused segments.
hese deformity techniques were adapted to traumatic conditions by Kaneda, Dunn, and others. Use of these early-generation devices began to wane due to reports of catastrophic
vascular erosions.
In the 1990s, next-generation, sot tissue–friendly anterior
plate-and-rod constructs became more common. As with
posterior ixation constructs, anterior systems are used to
provide stability, attain or maintain alignment, or improve or
accelerate fusion. Over the last 10 years, however, use of
anterior surgery has varied. Introduction of lateral lumbar
interbody approaches has stimulated interest in less-invasive
adult deformity corrections with anterior cages and posterior,
oten percutaneous, screw-rod constructs. In pediatric deformity, stronger posterior implants and improved correction
techniques have decreased the use of anterior release and
fusion procedures.225
Today, the least controversial indications for anterior thoracolumbar surgery include reconstruction of tumors or vertebral body fractures. hese indications include (Fig. 70.8):
• Corpectomy defects (ater burst fracture or tumor)
• Marked anterior canal compression
• Marked loss of the spine’s ability to support axial loading
• Discectomy defects
• Painful disc in low-grade isthmic spondylolisthesis or
degenerative disc disease
• Pseudarthrosis ater multilevel fusion
• Anterior support in long fusion constructs (particularly at
L5–S1)
• Anterior release procedures (in patients with coronal or
sagittal deformity and loss of spinal balance)
he indications for interbody fusion ater a posterior
decompression and stabilization remain unclear. In many

B

FIG. 70.8 Stand-alone anterior lumbar interbody fusion continues to be performed, albeit with more limited
indications, such as patients with markedly collapsed disc spaces. (A) Preoperative and (B) postoperative lateral
radiographs in a patient undergoing a tapered cage anterior lumbar interbody fusion with bone
morphogenetic protein within the cage.
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transverse connector should be considered in the middle. he
addition of a cross-link may mechanically compensate for a
missing pedicle screw in a polysegmental construct.
Various cadaveric biomechanical studies of transpedicular
ixation across the thoracolumbar junction found that rotational stifness increased signiicantly with the number of
cross-links placed; some found improved bending stifness as
well.220 Another study compared constructs using no, one, or
two cross-links. his study found that two cross-links were no
more efective than one in signiicantly increasing axial,
lexion, and lateral stifness, although additional cross-links
signiicantly improved the torsional stifness of the construct.219
When comparing diferent types of cross-links, larger crosssectional area and diagonal geometries are associated with
greater increases in stifness.221,222
hree recent studies concluded that cross-link placement
improved construct torsional rigidity and holding power.223,224
Earlier concerns over cross-link connector bulk afecting the
area available for bone grating and “excessive” stifness inhibiting fusion through stress shielding have not been borne out.
hat said, the real utility of cross-links continues to be debated
in various clinical contexts. While initially recommended in
long deformity and trauma surgery, some surgeons use crosslinks in tumor and degenerative cases with spinal rotational
stifness or when a screw site has been compromised.
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clinical scenarios such as degenerative or isthmic spondylolisthesis, better radiographic results in terms of slip and, possibly,
lordosis correction, are reported but no measurable improvement in clinical outcomes follows.226 he most controversial
indication for anterior surgery is for the treatment of discogenic pain.227
In some settings, however, one-stage circumferential
approaches from the back have supplanted separate anterior
surgery. In tumor and trauma surgery, wide posterior
approaches have allowed corpectomy with (oten expandable)
cage reconstruction without a separate anterior incision.
A number of recent studies have examined the role of
multilevel, rigid posterior implants in obviating separate
anterior release and instrumentation procedures. For example,
in 30 patients with Scheuermann kyphosis, posterior fusion
surgery ofered similar radiographic and clinical outcomes to
an anterior-posterior approach.228 In right thoracic adolescent
idiopathic scoliosis, a recent study compared 18 patients undergoing an anterior and 24 undergoing a posterior approach.229
Clinical and coronal plane results were similar between the
groups. Posterior surgery more efectively addressed sagittal
plane deformity.
In most cases, however, the procedural goals remain the
same. Anterior surgeries are indicated to release and stabilize
thoracolumbar deformity correction (scoliosis, spondylolisthesis,
kyphosis), remove anteriorly based tumors and infections,
decompress anterior canal compression, and restore the anterior
load-bearing column through strut grating (Fig. 70.9).230
Relative contraindications for anterior procedures include
osteoporosis. Anterior systems rely on soter cancellous vertebral body bone with thin cortices as opposed to posterior
pedicle screw systems that rely on cortical pedicle bone.
On the other hand, osteoporotic patients may be in greater
need of anterior column load sharing. Gurwitz and colleagues
assessed the stability of several constructs in a burst fracture
model.231 Axial stifness and torsional rigidity were measured
before and ater posterior instrumentation alone, posterior
instrumentation with anterior strut grating, and anterior
instrumentation with anterior strut grating. hey found that
posterior instrumentation alone was associated with 76% less
axial stifness. he addition of an anterior strut rendered the
construct as stif as the intact spine. Anterior struts with
anterior instrumentation were as strong as the intact spine in
axial loading. All these constructs were 30% less rigid in
torsion compared with the intact spine.
he less-expansile nature of anterior approaches decreases
their utility in patients with multisegmental pathologic processes
(e.g., multiple spine metastases) in which multilevel exposure is
required. Contraindications to abdominal or thoracic surgery
also limit the utility of these procedures in some patients. Patients
with multiple prior abdominal or retroperitoneal surgeries and
patients with severe pulmonary dysfunction might be better
treated with a posterior reconstruction.

Cages and Struts
Although most anterior column spacers are used to improve
the alignment and rate of spinal fusion, some are used without

attempted fusion. Traditionally, PMMA was one of the irst
and simplest constructs for reconstruction of corpectomy
defects. It is currently rarely used, but it may be considered
in patients with limited life expectancy and is best limited
to one-level or two-level corpectomies only. he stability of
this construct is improved by the use of Steinmann pins that
can be placed through the PMMA construct and embedded
into the vertebral endplates above and below the defect.232
C-clamps and other devices have been used to improve
endplate support. In an open total spondylectomy model,
PMMA can be packed into the anterior defect from a posterior
approach. As with all interbody procedures, endplate coverage
is important in avoiding subsequent subsidence. A mechanical assessment of this construct in cadaveric spines found
that only combined approaches with posterior screws and
anterior PMMA restored the spine to its previous state. With
the posterior elements removed, use of PMMA and anterior
instrumentation or anterior pins was unable to restore the
motion segment stability.233
Although morcellized grat material has been used alone, a
structural grat or morcellized grat material within an interbody cage is more typically selected. Options for interbody
grats include various types of structural autogenous grating
(e.g., rib or tricortical iliac crest) or allograt struts (e.g., rings
or dowels). No mechanical advantage of supplemental screw
placement into the grat or cage has been shown.
Regardless of which strut grat, spacer, or cage is placed, a
few rules governing endplate and fusion bed preparation must
be followed. First, as much disc material as possible should be
removed because residual disc material actively discourages
fusion. his is more easily and completely attained by a direct
anterior approach than a posterior approach via a posterior
lumbar interbody fusion or TLIF. Second, the endplate cartilage should be removed down to bleeding bone, but the subchondral bone endplate should be preserved. Some surgeons
advocate endplate perforation to facilitate bone ingrowth from
the vertebral body into the grat. Because loads and, consequently, the risk of implant subsidence are much higher in the
thoracolumbar spine than in the cervical spine, the endplate
must be carefully protected, particularly in osteoporotic and
obese patients.
In one recent series of 116 patients treated for thoracolumbar trauma, all received posterior instrumentation followed by
anterior grating.234 When assessed by CT, tricortical iliac crest
healed 66% of the time versus 90% of the time for rib grats
and 98% for cages illed with cancellous bone from the fractured vertebra. Another study described successful use of
autograt from the adjacent vertebral body to ill ALIF cages
in long fusions for adult deformity.235 he vertebral body was
then illed with allograt.
Anterior cages are broadly divided by purpose into interbody and corpectomy devices (Fig. 70.10). here are two main
cage varieties: vertical and horizontal. Vertical devices typically ill corpectomy defects, whereas horizontal (cylindric)
cages are used in discectomy procedures. For the latter, the
mechanical goal is interspace distraction and restoration of
annular tension.236 A wide variety of allograts are available
for use in either vertical or horizontal modes. hese may be
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• Adequate contact area with adjacent vertebrae to resist
subsidence without stress shielding of bone growing in
the cage
• Avoidance of structural autograt harvest
Nonallograt cages have the additional potential advantages
of avoidance of structural allograt complications (microfracture, collapse, and potential viral transmission).
he shape of horizontal interbody cage devices has evolved
over time to relect difering methods of insertion and

C

F

FIG. 70.9 Thoracolumbar corpectomy operations may be performed with or without anterior or posterior
instrumentation. When possible, additional posterior procedures should be avoided. In many burst fracture
models, anterior column instrumentation may be biomechanically adequate. There are many options, but the
most common are plate-and-rod systems. (A–B) Plating systems are said to be easier to implant and have a
lower proile. (C–D) Rod-based systems confer greater mechanical strength in that the longitudinal member (in
this case the rods) lies farther from the spine’s instant axis of rotation. This advantage is also a disadvantage,
however, in that it increases implant bulk and proile. (E) Most rigid anterior instrumentation systems allow
distraction of the interspace for safe canal decompression and subsequent compression to improve immediate
construct stability. (F) For virtually all of these systems, triangulated, bicortical placement of the screws
improves holding power in osteoporotic bone.
Continued
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“of-the-shelf ” sections of femur, tibia, humerus, or ibula,
which the surgeon cuts into the desired size and shape, or
one of myriad machined bone products. Commercial bone
implants are typically prefabricated to speciic sizes and may
have special surface textures to resist extrusion. he rationale
behind machined allograt and manufactured cages includes
the following:
• Immediate structural support to resist axial compression
and maintain distraction
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G
FIG. 70.9, cont’d (G) Use of an expandable cage to treat a chronic burst
fracture in a patient who had two previous failed posterior fusion attempts.
To reduce the focal kyphosis, the anterolateral ligament was resected and
bicortical screws were placed in the bone above and below the fracture.
The screws and interbody distraction were used sequentially to restore
height. The loose posterior instrumentation was revised with larger diameter
screws, polymethylmethacrylate augmentation, and short screws in the
fractured vertebrae. (E–F, Courtesy Stryker, Kalamazoo, MI.)

diferent mechanical goals. he earliest cages, applied from an
anterior approach, were simple femoral rings. hese devices
were almost always used in conjunction with posterior rigid
instrumentation. Occasionally, “anti-backout” screws with an
attached washer were used, though there is little literature
support for their efectiveness.
In the 1990s, threaded cylindrical cage designs evolved.
Screw-in cages are exempliied by threaded cylinders such as
the Bagby and Kuslich device. More recently, threaded designs
have given way to all-in-one devices that contain both a ring
and a locking screw design. heoretically, these screws hold
the cage to the vertebral body above and below, thereby
improving resistance to extension. In the thoracolumbar
spine, they are available in several forms, including those
optimized for ALIF and lateral placement. Interestingly, the
most common horizontal anterior cage has returned to a ring
coniguration.
Horizontal cages are typically used in anterior lumbar
fusion procedures and had been virtually exclusively used in
the lumbar spine. More recently, transforaminal approaches to
the disc space have been reported even in thoracic level procedures. A recent randomized, controlled study compared
transforaminal thoracic interbody fusion with anteriorposterior fusion in 57 patients with thoracolumbar trauma.237

Similar fusion, loss of correction, and clinical outcomes were
reported. Formal posterior-anterior surgery was associated
with greater blood loss and perioperative complications.
Transperitoneal approaches enjoyed a short burst of
popularity in the mid-1990s when endoscopic techniques
were used for threaded cage placement. his attempt at
less-invasive fusion surgery has given way to miniopen
retroperitoneal approaches, which ofer similar recovery and
morbidity rates with decreased operative time and retrograde
ejaculation.238
Currently, the transperitoneal approach is occasionally
used in markedly obese patients and when prior retroperitoneal exposure has been performed. In approaching the sacral
promontory, some surgeons recommend iniltration of the
tissue with a few milliliters of saline to facilitate the dissection
and aid in identiication of the presacral parasympathetic
ibers. More typically, the anterior aspect of the lumbar spine
is approached retroperitoneally. his approach improves
access to the upper lumbar spine. For limited exposures to the
low lumbar spine, a short transverse or paramedian incision
is made.
To replace the long lank incision, relatively less-invasive
transpsoas lateral approaches evolved in the 2000s and were
marketed as extreme lateral interbody fusion and direct lateral
fusion by their manufacturers. From the implant standpoint,
however, these approaches are similar and will be considered
together as lateral lumbar interbody fusion (LLIF). he lateral
retroperitoneal, transpsoas approach to the disc space allows
suicient access for a complete discectomy, distraction, and
interbody fusion without the need for an approach surgeon
(Fig. 70.11).
Complications associated with LLIF surgery include damage
to the lumbosacral plexus. he lumbosacral plexus lays within
the substance of the psoas muscle between the junction of the
transverse process and vertebral body. he nerves exit along
the medial edge of the psoas distally. he lumbosacral plexus
is most dorsally positioned at the posterior endplate of L1–L2.
here is a general trend of progressive ventral migration of
the plexus on the disc space from L2–L3 through L4–L5. he
safe corridor for performing LLIF procedures narrows when
moving caudally from L1–L2 to L4–L5. Average ratios were
calculated at each level (distance of the plexus from the dorsal
endplate divided by total disc length) and were 0 (L1–L2), 0.11
(L2–L3), 0.18 (L3–L4), and 0.28 (L4–L5).238a
his anatomic study suggested that positioning the dilator,
retractor, or both too posteriorly at the disc space may result
in nerve injury to the lumbosacral plexus, especially at the
L4–L5 level. One recent review concluded that there was
anatomic justiication for lateral cage placement from L1–L2
to L4–L5.239 Another review conirmed the utility of this
approach in improving coronal and sagittal balance in patients
with degenerative scoliosis.240
hese indings have led to newer approaches that access
the disc space anterior to the psoas muscle. For example, the
oblique lumbar interbody fusion is another variant of LLIF and
has been promoted as less likely to irritate the lumbar plexus
during cage insertion. A small 12-patient series of kyphoscoliosis patients undergoing anterior-posterior corrections
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FIG. 70.10 When an anterior corpectomy is performed, various materials are available to reconstruct the
defect. (A) Example of vertical mesh cage. These devices ofer end caps that engage the host bone, improving
rotational stability of the construct. Various allograft materials may be used as well. (B) Use of a single ibular
shaft. Graft geometry should match as much as possible that of the host endplate. Particularly in patients with
osteoporosis, small corpectomy struts penetrate the endplate, and all axial stability is lost. Disengagement of
the hooks posteriorly is noted here. (C) Postoperative axial computed tomographic myelogram in a case in
which a tibial shaft has been used. The graft ills most of the corpectomy. As with all other forms of
instrumentation, careful attention to positioning of the implant is crucial with corpectomy devices. (D) Grossly
malpositioned cage in a patient with postoperative radicular symptoms. (A, Courtesy Stryker, Kalamazoo, MI.)

was reported with a 90% fusion rate and no neurovascular
injuries.241
However, reasonable results have been reported for LLIF
procedures thus far. Stand-alone LLIF outcomes were reported
in 59 patients,242 with a fusion rate of 93%. A recent biomechanical study found that posterior implants improved stability ater LLIF.91 Pedicle screw constructs provided more
stability in lateral bending than interspinous process ixation,
but the authors concluded that interspinous process devices
were likely adequate. Another study found that a lateral plate
with an interspinous process device provided similar stifness
to LLIF with pedicle screw-rod constructs.243
A recent cohort controlled study concluded that LLIF
improved lumbar lordosis more than ALIF.244 In another
recent study of 145 levels in 90 patients, at a mean 12.6-month
follow-up 5.3-degree restoration of lordosis was noted but,
with subsidence, 2.9 degrees of inal correction were noted.245
A mix of stand-alone cages, lateral plates, and transpedicular
instrumentation was used. New postoperative thigh numbness

and weakness were noted in 4.4% and 2.2% of the patients,
respectively. Good clinical outcomes were also reported. On
the other hand, a recent systematic review was unable to
establish superiority of LLIF over TLIF in adults with lumbar
degenerative conditions.246
his MIS lateral transpsoas approach may also be used for
corpectomy and anterior release in burst fractures and
kyphotic deformity. In a study comparing this approach with
an all-posterior approach, similar rates of complications and
correction were noted.247
By providing disc space distraction, interbody devices and
procedures restore foraminal height. Interbody techniques
can also provide indirect reduction of central canal compression. One cadaveric CT study found that anteriorly or
laterally placed interbody devices can reduce anterior listhesis
and increase canal and foraminal volume in a degenerative
spondylolisthesis model.248 One clinical study followed a
series of 56 patients with back pain, neuroclaudication, or
both from degenerative spondylolisthesis and spinal stenosis

1212

SPINAL FUSION AND INSTRUMENTATION

A

B

C
FIG. 70.11 Extreme lateral interbody fusion (XLIF) device minimal access spinal approaches have certain
advantages over open procedures, including decreased postoperative pain and narcotic requirements, shorter
hospital stay, less blood loss, and smaller incisions. This patient underwent L2–L3, L3–L4, and L4–L5 XLIF
instrumentation followed by posterior stabilization. (A) Preoperative magnetic resonance image showing
multilevel stenosis and disc degeneration. (B) Preoperative radiographs showing multilevel disc degeneration,
spondylolisthesis, and lumbar scoliosis. (C) Postoperative radiographs.

who underwent ALIF for reduction and fusion. Outcomes
were comparable to the published outcomes of in situ fusion
ater formal laminectomy, avoiding the risk of epidural ibrosis
and “fusion disease” associated with posterior decompression
and fusion.249
Vertical cages are most frequently used in the context of
thoracolumbar corpectomy procedures. Historically, this

procedure was performed in the thoracic spine via a lateral,
transthoracic approach and in the lumbar spine via a retroperitoneal approach. he transthoracic approach is a modiication of the standard approach to aortic aneurysms and ofers
excellent exposure to the anterior and lateral aspects of the
thoracic and upper lumbar spine. Although double-lumen
intubation and postoperative chest tube placement are oten
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rigid, segmental screw-rod stabilization are also being
reported. Recent 34- and 46-patient series reported neurologic
improvement and excellent early radiographic outcomes with
“acceptable” complication rates.254,255 Use in multilevel corpectomies in metastatic disease has also been reported, albeit with
a high complication rate.256
In a biomechanical study, expandable cages were superior
to femoral strut allograts and more typical cage struts from
the ilium to the L5 vertebral body.257 MIS techniques have
increasingly been reported for placement of these cages as well.258
In a biomechanical study of expandable cages used in
lateral interbody fusions, the stability of the expandable and
static changes was similar, but the authors cautioned that
“there may be a greater chance of endplate collapse by overdistracting the disc space because of the minimal haptic
feedback from the expansion.”259
In fact, all strut grats, disc replacements, cages, and other
anterior spacers are subject to subsidence and extrusion.236,260
he rate and degree of this subsidence are related to cage
geometry and sizing, endplate coverage, and preparation.
Several studies have shown excellent early interspace distraction but gradual collapse with further follow-up. One
clinical study of dual rectangular cages found that 76% of
patients developed subsidence, more oten into the superior
than the inferior endplate, although it did not appear to afect
fusion rates or clinical outcomes.261 A number of studies have
shown that increasing cage footprint, either with multiple
cages, larger cages, or expandable cages, decreases the risk of
subsidence.240,243,245,246,255
Faizan et al.262 describe this subsidence as typically occurring by 4 months postoperatively. In that study, mean preoperative intervertebral disc height was 11.6 ± 3.1 mm, immediate
postoperative height was 16.9 ± 2.0 mm, and inal follow-up
disc height was 13.2 ± 2.4 mm.
he frequency of use of posterior cylindrical implants has
decreased due to their higher rates of nerve injury. Anterior
use has declined due to greater subsidence than plate-andgrat constructs and rectangular cages.263-265
Lateral positioning on the endplate is associated with
decreased rates of subsidence. Ultimately, cage size and
placement in the disc space are more important than implant
design.266,267 Placement of the cage anteriorly in the disc space
gives the construct a better moment arm and therefore better
segmental stabilization when compared with more posterior
placement.266 A recent biomechanical study found that cages
with rectangular endplates had a lower subsidence rate than
those with round endcaps.268 By their nature, LLIF procedures ofer the ability to place very wide cages that cover a
large portion of the vertebral endplate. While these cages
have a greater surface area than TLIF or PLIF cages, they
are still susceptible to subsidence, particularly in osteopenic
patients.46
For similar reasons, subsidence is a major concern for disc
replacement procedures. In contrast to fusion procedures,
there is no point at which the construct can be said to be
healed in position. Implant sizing is crucial. Because an overly
large implant is virtually impossible to insert into a degenerated and collapsed disc space, an undersized implant is more
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required, this approach provides a safe avenue for decompression of bony stenosis of the thoracic canal. Approaches to the
thoracolumbar junction oten require partial diaphragmatic
takedown. For patients with marked anterior column disruption and axial instability, the anterior approach allows the
most stable reconstruction.
he lateral approach used in the thoracolumbar approach
limits subsequent instrumentation placement options. A laterally placed plate is less able to prevent segmental spine extension than a plate on the anterior vertebral surface. When
approaching the lower lumbar spine anteriorly, the retroperitoneal approach is generally preferred.
In the lumbar spine, oblique lank incision may be used for
multilevel and corpectomy procedures. For single-level, low
lumbar approaches, a midline or a Pfannenstiel incision may
be used.
Numerous miniopen modiications of the standard retroperitoneal exposure have been described and have become
commonplace over the last 10 years. hese modiications rely
chiely on the experience of the access surgeon and powerful
retractor systems to minimize the incision length. In one
retrospective 2-year follow-up, 28 patients underwent ALIF
via a 6- to 10-cm let lower quadrant transverse skin incision.250 A paramedian anterior rectus fascial Z-plasty allowed
access to the retroperitoneal space for placement of various
implants. No vascular, visceral, or urinary tract injuries
occurred, but a mild ileus was noted in three cases. Another
report described similar use of a 5-cm let lank incision in 25
patients. No injury to the great vessels or neurologic deterioration was noted.251 his approach is safe, uses a small skin
incision, avoids cutting the abdominal wall musculature,
allows various interbody fusion techniques, and does not
require peritoneal violation or endoscopic instrumentation.
Other advantages include fewer radiographs with reduced
radiation exposure during surgery and a shortened learning
curve because the approach is similar to the anterior open
lumbar technique.
As with pedicle screws, vertical cages can be placed through
the vertebral body instead of on the endplates. he Bohlman
technique used a ibular strut between the sacrum and the L5
vertebral body in high-grade spondylolisthesis. Over time,
this approach has been modiied to use vertical mesh cages.
In high-grade slips, various modiications of the Bohlman
technique continue to be reported with high success and low
rates of L5 radiculopathy.252
he most recent change to these devices, both horizontal
and vertical, has been the addition of gears or threads that
allow vertical expansion in situ. For corpectomy defects reconstructed with expandable cages, adequate anterior column
restoration may be achieved through smaller anterior exposures or through wide posterior approaches. In one recent
series, 85 thoracolumbar fracture patients underwent anterior
corpectomy with expandable cage and bilateral pedicle screw
placement.253 Impaction into the endplates of the neighboring
levels was seen in 35%. he fusion rate was 100%. Reasonable
achievement and maintenance of alignment were reported.
Posterior extracavitary resections of tumors using expandable cages in a single-stage posterior approach with adjunctive,
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commonly inserted owing to diiculty in adequately distracting the collapsed disc space. Because small implants cover
very little of the vertebral endplate and ofer virtually no end
bearing, central positioning of the device risks endplate subsidence. Finally, if the patient subsequently develops osteoporosis, endplate support itself may decrease.

Anterior Plates and Screw-Rod Systems
Purported beneits of anterior ixation include decreased rates
of pseudarthrosis (particularly in smokers), grat extrusion,
postoperative kyphosis, and grat subsidence. Anterior plating
reduces the need for postoperative bracing and allows early
rehabilitation. Mechanically, anterior devices function in a
neutralization mode. he implant partly shields axial stress
and minimizes torsional bending and shearing and also provides resistance to vertebral extension.
Anterior thoracolumbar implants are chosen as part of a
complete reconstruction strategy. Depending on whether a
discectomy or corpectomy is performed, the decision of
whether to include anterior or posterior instrumentation is
made in conjunction with the decision about the type of
interbody device or grat.
Anterior ixation systems can be classiied as either unconstrained or constrained. he earliest attempts at anterior ixation used dynamic compression plates, originally designed for
the appendicular skeleton, across disc spaces. Most unconstrained constructs are single-rod systems used in the anterior
management of scoliosis.269,270
he advantage of an unconstrained system is its ease of
insertion. he disadvantage is its poor rotational stability.269
Most unconstrained systems provide no ixed angle between
the bone anchor (typically a screw) and the longitudinal
member, which increases the risk of screw backout, especially
if placed unicortically. Unconstrained anterior systems are
oten used in deformity surgery and are augmented with
bracing. In more unstable settings involving trauma or tumor,
their role is best limited to the mid-thoracic spine with an
intact rib cage and sternum.271 he greater stresses associated
with the thoracolumbar or lumbar spine limit the usefulness
of unconstrained systems there to cases in which supplemental
posterior instrumentation would be used.
Constrained systems include rigid ixation between the
anchor point and the longitudinal member, be it a plate or a
rod. Constrained systems can be divided into plate systems
and dual-rod systems. Plating systems are generally considered
easier to place and lower proile than dual-rod systems. Anterior plates are not quite as rigid as dual plating systems, particularly with regard to torsional stability.272
Advantages of constrained systems include the ability to
apply compression across the grat. he ixed angle between
the screw and the plate or rod allows maintenance of sagittal
balance. A ixed angle can also be a disadvantage because it
limits screw placement options, such as in hemicorpectomy,
in which screws may need to be placed close together. Other
potential disadvantages include implant bulk. Lateral, rather
than anterolateral, placement is key in avoiding the great
vessels and risk of vascular erosion.

Application of dual-rod systems involves placing screws
through spiked plates into the lateral vertebral body. he plates
decrease axial load through the screws by distributing axial
load across the vertebral body. Distribution of this load is
helpful because of the thinness of the lateral vertebral cortices.
Without the plates, the screws could tear through the lateral
vertebral body wall.273 In some systems, individual screw
plates are available. hese single-screw plates spread vertical
loads over a smaller area but have increased placement options.
Plates designed to stabilize the lower lumbar spine ater
ALIFs have been ofered by various manufacturers.274 hese
devices seek to provide extension stability to the fused segment
while obviating the need for a supplementary posterior construct. At this time, biomechanical or clinical support for these
devices remains limited, though they may have a role in
avoiding posterior surgery in certain degenerative conditions.275,276 hat said, there is renewed interest in anterior
plating when combined with LLIF surgery.
Some anterior thoracolumbar implants are placed more to
contain grat material than to control segmental motion.
Numerous resorbable implants have been developed for this
purpose.277 More common are screw-washer constructs or
various small plates that attach to one vertebral body and span
the intervertebral disc space. Such “anti-backout” systems
have little biomechanical support for their use.
Recently, there has been an increase in the number of allin-one devices available. hese implants integrate the cage
with a plate or locking screws. In one recent biomechanical
study, integrated lateral cage-plate devices ofered similar
restriction of motion to a separate plate and cage construct
and more restriction than the cage alone.278 his construct was
not as rigid as cage plus posterior pedicle screws or facet screw
placement.
In one recent biomechanical study in nine cadaveric spines,
an integrated ALIF spacer performed especially well in patients
with higher sacral slopes.279 he authors surmised that this
advantage arose from the angulation of the integrated plate
screws. hey suggested that increasing sacral slope reduced
the stifness of most typical reconstructions and that “more
aggressive ixation techniques” be used. Use of an integrated
cage-screw construct was reported in 65 patients for degenerative conditions at three spine centers.280 he fusion rate was
96.3% with a 2.0% subsidence rate.
he drawbacks of anterior thoracolumbar instrumentation
include cost, lack of familiarity with the approach, the occasional need for an access surgeon, and space available for the
implant. Hardware loosening may be the result of osteoporosis
with insuicient bone purchase or inadequate postoperative
immobilization. Potential complications, as with all types of
spinal ixation, include deep infection, implant failure, and
vascular and neurologic injury. Speciic risks include parenchymal injuries to the lungs and erosion into the vessels. he
exact risk of vascular erosion is unknown. here are no
reported cases of late vascular injury reported with contemporary systems, although some earlier anterior ixation
systems were discontinued because of this risk. Current recommendations are to keep metal components more than 1 cm
away from the great vessels.
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Disc-level anterior motion-preserving implants (disc and
nuclear replacement systems) are also available, although their
use has decreased markedly.
he historical precursor to total disc replacement and
nuclear replacement was the stainless steel Fernström ball.
his spherical endoprosthesis was developed and implanted
in the 1950s and 1960s as a spacer that allowed motion of the
adjacent vertebrae.281 he shape of the device concentrated the
loads on a small portion of the implant and vertebral endplate
surface. Normal load distribution could not be recovered;
because of concerns about device migration and subsidence,
the device was subsequently abandoned.282
Later eforts at nuclear replacement sought to use less-stif,
preferably viscoelastic materials. hese devices included preformed implants and injected polymers that cure in situ. he
ideal nuclear replacement restores disc mechanics with much
less normal tissue ablation than total disc arthroplasty. hese
devices sought to ofer shock absorption not seen with lumbar
disc arthroplasty designs.283
hese implants were intended for use as a primary treatment of early, painful lumbar disc degeneration or for placement at the time of discectomy in a patient with radicular
symptoms. In the latter case, the nuclear replacement was
intended to maintain or restore disc height and function. It
was hoped that in the short term this restoration of disc
mechanics would decrease postoperative back pain. Ideally,
nuclear replacement would prevent further motion-segment
degeneration, decreasing the likelihood of more invasive and
destructive surgeries such as fusion or disc arthroplasty.283,284
Contraindications for a nucleus prosthesis include disc
height less than 5 mm, anular incompetence (in the form of
major tears), grade II or greater spondylolisthesis, and Schmorl
nodes.285
he most studied device was Ray’s prosthetic disc nucleus
(PDN), consisting of a hydrogel core encased in a polyethylene
jacket and irst developed in 1988. he hydrogel absorbs water
and expands to ill the nuclear cavity. he jacket prevents the
hydrogel from overexpansion. Initially, two devices were
implanted at each operated level. Ater extrusion problems
were encountered, a larger, single PDN was designed. Although
the device was initially inserted solely through a large posterolateral annulotomy, the consequences of device extrusion into
the canal led to anterolateral insertions.285
Minimally invasive delivery of injectable materials can be
accomplished with small anular windows, decreasing the risk
of implant extrusion. Preformed implants may have the
advantage of improved mechanical strength and fatigue life,
but several designs have been associated with high extrusion
rates. In many of these devices, intense, inlammatory endplate
reactions were reported as were high rates of explantation and
conversion to fusion.286
Ater the Fernström ball, the evolution of total disc and
nuclear replacement diverged. Unlike cervical disc arthroplasty, which is typically indicated to restore stable and segmental height ater anterior decompression, lumbar disc

replacement is indicated for reduction of axial low back pain
and to avoid the morbidity associated with fusion. Disc
replacement seeks to remove the pain generator while preserving motion. In avoiding fusion, bone grat donor site morbidity is avoided, as is the possibility of pseudarthrosis. heoretical
beneits include decreased rates of adjacent-segment degeneration and improved sagittal balance.
In 1982, in what was then East Germany, Büttner-Janz
and Schellnack initiated development of their artiicial disc at
the Charité Hospital in Berlin.287 hey based their design on
the “low-friction” principle used in total knee and total hip
arthroplasty. In particular, they placed a polyethylene sliding
core between two highly polished metal endplates. his sliding
core was to mimic the movement of nucleus within its annular
containment. heir initial efort was frustrated by endplate
and device fractures as well as insuicient instrumentation for
implantation. he large European medical device manufacturer Helmut Link took over production in 1987 and funded
an FDA trial in the United States. Eventually, this device
was purchased by DePuy Johnson & Johnson (now DePuy
Synthes).
he next disc arthroplasty system was the Prodisc, two
titanium endplates with a ixed polyethylene core between
them. Motion occurs by articulation of only the upper plate
on the convex superior surface of the constrained core. his
device was designed and implanted into a group of patients,
ater which the designer, hierry Marnay, refrained from
further implantations for 8 years. Subsequently, Marnay
reported 8- to 10-year follow-up results on a group of 44
patients who received this prosthesis. He reported 78% good
to excellent results. Synthes brought this device to the North
American market and funded an FDA trial. Ater Depuy and
Synthes merged, the Charité was discontinued.288 Current
indications for lumbar disc replacement are as follows:
• One- or two-level (L5–S1 or L4–L5, or both) lumbar disc
degeneration (Fig. 70.12)
• Postdiscectomy mechanical back pain
• Degeneration of levels adjacent to a former lumbar fusion
Contraindications for disc arthroplasty are more controversial. Although subtle retrolisthesis related to disc collapse
is acceptable, disc replacement with greater degrees of translational instability or spinal deformity should be avoided. Disc
arthroplasty should not be performed in patients with marked
facet osteoarthritis.289 he ideal arthroplasty patient presents
with a single painful level with more than 4 mm of remaining
disc height at that level. his ideal patient has intact posterior
elements and no facet or adjacent-level degeneration. Certainly, the percentage of patients who might be candidates for
total disc arthroplasty is much smaller than those who could
be considered for fusion surgery.
Over the previous decade, many difering lumbar disc
arthroplasty designs have been under study. Proponents of
constrained versus semiconstrained implants and difering
bearing surfaces, such as metal-on-metal versus metal-onpolyethylene, debated at meetings and in the literature.290-292
Proponents of metal-on-metal designs cite the increased rate at
which polyethylene wears. Polyethylene particles could lead to
osteolytic reactions and loss of bone stock. hin polyethylene
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FIG. 70.12 Anterior lumbar disc replacement. All disc replacement systems seek to decrease pain while
maintaining motion, eliminating some of the morbidity of fusion such as adjacent-segment disease or graft
harvest pain. (A–B) Flexion-extension radiographs obtained 1 year postoperatively in a pain-free patient.

is subject to creep and cracking. However, initial polyethylene
wear rate studies suggest excellent prospects for long-term
viability.20
Metal-on-metal, although more durable, is approached
suspiciously by some spine surgeons because of concerns
about metal ions leaching into the bloodstream. Currently
available data are inadequate to compare these risks. Given the
concerns around metal-on-metal hip prostheses, those designs
have largely disappeared from the market.293,294
he issue of device constraint remains unresolved as well.
Proponents of unconstrained devices state that these are
most capable of restoring the normal, coupled motion of the
lower lumbar spine. Supporters of semiconstrained designs
cite occasional polyethylene liner extrusions as evidence that
more constraint is needed. he concept of “semiconstrained”
is elusive: How much is enough? How much is too much?
In particular, do these values hold over various levels of
the lumbar spine? he instantaneous axis of rotation of the
lumbar spine is not constant, and changes depend on the joint
position.295,296
If disc replacement systems restore motion, critics worry
that improper motion may be worse than no motion. Disc
degeneration rarely occurs in isolation. More typically, at least
some facet degeneration coexists. One concern is that maintenance of motion would precipitate further facet degeneration. Given that the facets guide segmental motion, further
facet degeneration may further disrupt normal kinematics.297
In a prospective, clinical study of 64 patients, low-grade facet
arthrosis did not inluence outcomes ater implantation of a
semiconstrained metal-on-metal total disc replacement.297a At

2-year follow-up, the preoperative ODI score of 43.8 had
improved to 23.1. Visual analog scale back pain score had
decreased from 7.6 to 3.2.
More constrained implants require more elaborate ixation
methods to the host vertebral body.298 Several of the semiconstrained implants in the irst generation of devices include
keels. Although it is unclear if the keel ofers a net advantage
to the patient in terms of long-term stability, it would complicate any attempt to remove the implant. Two deep keels at
adjacent levels of disc arthroplasty may subject the vertebral
body to sagittal split fracture. For all but the tallest degenerated discs, current lumbar disc arthroplasty designs require
marked disc space distraction. Too much distraction seems to
decrease motion at the adjacent segment. Too little distraction
risks implant extravasation.
Finally, critics of the current total disc arthroplasty systems
have cited the suboptimal outcomes reported in the published
articles. In particular, the actual amount of motion preserved
may be very low, and rates of adjacent-segment degeneration
have not been deinitively afected by arthroplasty over fusion
procedures.299,300
he inal category of anterior implants are staples used for
fusion or epiphysiodesis in pediatric scoliosis surgery. Physeal
staples, which may be inserted thoracoscopically, are being
used to halt growth selectively on the convex side of the
deformity.301 Some seek to cross the disc space, others just
cross the epiphysis to compress the growth plate, allowing
further growth on the convex side.
A recent computer simulation reported for such a device
suggested that properly placed in time (relative to the patient’s
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Summary
he use of instrumentation in the thoracolumbar spine greatly
increases the surgeon’s ability to provide stability to the spine.
Enhanced posture and healing of the spine oten result. Improved
functional outcome for degenerative conditions is more diicult
to assess, however. Functional outcome is frequently related more
to patient selection, decompression, and patient comorbidities.
At this writing, attempts to restore stability without fusion
remain under study, but are limited.
Successful use of thoracolumbar instrumentation requires
a detailed knowledge of spinal anatomy and the biomechanics.
he intended patient’s biologic and pathomechanical factors
must also be considered in relationship to the implant’s ability
to address the identiied deicits.
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Introduction
Spondylolisthesis is the ventral (or anterior) displacement of
one vertebra relative to the subjacent vertebra. Spondylolysis
is a defect in the pars interarticularis due to congenital, traumatic, dysplastic, or neoplastic etiologies. It is generally considered to occur prior to appearance of spondylolisthesis, as
the anterior column of the vertebra is no longer in continuity
with the posterior column. Over time, the vertebral body then
displaces ventrally once the disc and supporting sot tissues
are no longer able to maintain the structural integrity and
anatomic alignment of the vertebrae.

Classiication
Spondylolisthesis can be classiied by the severity of slippage
as described by Meyerding.1 It is measured as a percentage
using the length of slip of the cranial vertebra compared to the
length of superior endplate of the caudal vertebra (Fig. 71.1).
he classiication is based on slip percentage: grade 1, less than
25%; grade 2, 26% to 50%; grade 3, 51% to 75%, grade 4, 76%
to 100%, grade 5, greater than 100% or spondyloptosis. An
etiologic classiication system was described by Wiltse,2 which
includes dysplastic, isthmic, degenerative, traumatic, and
neoplastic types. Isthmic spondylolisthesis is the subject of
this chapter.

Natural History/Incidence
Fredrickson et al.3 reported a prospective, population-based
study of 500 schoolchildren from northern Pennsylvania in
the 1950s. hey reported an incidence of lumbar spondylolysis
of 4.4% and spondylolisthesis of 2.6% in children younger
than 6 years. At adulthood, the incidence of lumbar spondylolysis was found to be 5.4% and spondylolisthesis was 4%.
Furthermore, they reported that pars defects did not typically
heal, and slippage occurred throughout the follow-up period.

Fredrickson also reported that two-thirds of the spondylolysis
cases were found in males, and greater than 90% occurred at
L5–S1. Spondylolisthesis was found in 74% of patients with
bilateral pars defects at L5–S1, but not in patients with unilateral defects or pars defects at other levels. Females had a lower
incidence of defects but a higher rate of slip progression.3
A more recent study by Urrutia et al.4 found a similar
incidence of isthmic spondylolisthesis in a non-US adult
population of 3.8% (range, 1.7–6.8%). he incidence appeared
not to change into adulthood, and the authors concluded
spondylolysis is more likely an acquired disorder. A 45-year
follow-up study on Fredrickson’s initial sample population was
conducted by Beutler et al.5 hey reported that low back pain
(LBP) in patients with pars defects follows a clinical course
like that of the general population. Patients with unilateral
spondylolysis never experienced slippage throughout the
study and half of the patients with bilateral defects did not go
on to have any spondylolisthesis. he half who did slip had a
mean slippage of 24%.
Kalichman et al.6 studied spondylolysis on abdominal
computed tomography (CT) scans obtained to assess aortic
calciication in patients enrolled in the Framingham Heart
Study. hey reported the incidence of spondylolysis in their
sample to be 11.5% and did not ind an association with LBP
within the previous 12 months of the study. It is notable that
this is more than double the incidence reported by radiographically based studies, as CT has been recognized as the
most accurate imaging modality for isthmic spondylolisthesis.7
his suggests that isthmic spondylolisthesis may be more
prevalent than initially reported but also that it may be a
largely indolent condition with a benign natural history in
many, if not most, individuals.

Pathophysiology
he primary pathologic entity in isthmic spondylolisthesis is
a defect in the pars interarticularis, a critical structural component of the posterior element of the vertebra. he pars is the
intersection of the lamina, inferior and superior articular
1229
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FIG. 71.1 The Meyerding classiication measures severity of spondylolisthesis by using a ratio of the amount of
anterior listhesis compared to the length of the superior end plate of the S1 vertebra measured in quartiles.
Grade 1 = 0–25%; grade 2 = 26–50%; grade 3 = 51–75%; grade 4 = 75–100%; grade 5 = >100% or
spondyloptosis. (A) Schematic showing how the measurements for the Meyerding classiication are made. This
example shows a grade 2 slip, 25–50%. (B) Lateral radiograph showing where the measurement on the S1 end
plate is made for Meyerding slip severity.

FIG. 71.2 Axial computed tomographic image showing spondylolysis
(open triangles). Note the undulating course of lucency, making it distinct
from a facet joint.

processes, and pedicle. A spondylolysis essentially divides the
neural arch (Fig. 71.2). Wiltse divided these defects into three
subtypes: A, B, and C. Type A refers to the classic stress
fracture of the pars. Type B refers to an intact, but elongated,
isthmus due to repeated cycles of trauma and repair. Type C
is an acute fracture of the pars interarticularis due to trauma.8
Etiologies for spondylolysis are numerous but many believe
that the vast majority are due to stress fractures of the pars
interarticularis. Biomechanical studies have shown this region
is exposed to the highest extension forces in the lumbar spine.9

It has also been suggested that this region of bone is the
weakest structural component of the posterior neural arch.10
Repetitive lumbar extension loading appears to result in a
localized stress reaction in the vulnerable bone of the pars
region, and if the stress is sustained or excessive and if the
bone is unable to heal, then a spondylolysis develops. Rosenberg et al.11 support this hypothesis, reporting their observation that spondylolysis does not occur in nonambulatory
individuals. Additional support for the relationship between
extension stress and spondylolysis is the observation that a
high incidence of pars defects are observed in athletes such as
wrestlers, football linemen, and gymnasts—who frequently
undergo repetitive hyperextension loads.12–14
he most common level for spondylolysis is L5, and isthmic
spondylolisthesis at L5–S1 accounts for 90% of those who
present with the condition.15,16 Don and Robertson evaluated
facet joint orientation in individuals with and without isthmic
spondylolisthesis. Due to previous data suggesting that sagittally oriented facet joints predispose individuals to degenerative spondylolisthesis, they analyzed facet joint orientation in
an isthmic spondylolisthesis group. he group with isthmic
spondylolisthesis had signiicantly more coronal orientation
of the facets of L3–L4 and L4–L5, that is, above the afected
level. hey concluded that facet joints with more coronal—less
sagittal—orientation allow for less dorsal-ventral translation
of cranial motion segments, which leads to greater extension
stresses on the L5 pars and results in spondylolysis.17 Ward
and Latimer18 evaluated the intrafacet distances of lumbar
vertebrae in individuals with and without spondylolysis and
found an increase in cranial-to-caudal intrafacet distance in
nonafected individuals, which they concluded allowed for
overlap of lamina during lordosis. Individuals in whom spondylolysis was found showed relatively lower intrafacet distances, potentially resulting in impingement of the L4 inferior
articular process on the pars of L5 (Fig. 71.3).18
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FIG. 71.3 Ward and Latimer’s measurement of intrafacet distances. They found that individuals with
spondylolysis had a statistically smaller increase in this distance. (From Ward CV, Latimer B. Human evolution
and the development of spondylolysis. Spine. 2005;30(16):1809.)

Biomechanics
he biomechanical environment at the lumbosacral junction
is a complex one that normally functions as a harmonious
linkage between the trunk and pelvis. During radiographic
assessment of patients, lumbar lordosis (LL), pelvic incidence
(PI), sacral slope (SS), and pelvic tilt (PT) are most commonly measured (Fig. 71.4). PI is considered a ixed anatomic
measurement and does not change for any given individual
through adulthood. LL, SS, and PT are measurements of the
relative position of the lumbosacral spine in space. Sagittal
spinopelvic parameters have been found to correlate signiicantly with spondyloptosis19 as well as the severity of isthmic
spondylolisthesis.20 Labelle et al.21 show in a sample of 214
young adults (ages 10–40 years) that PI is signiicantly greater
in individuals with isthmic spondylolisthesis and correlates
linearly with higher (Meyerding) slip severities. hey also
showed that PI strongly correlates with the other parameters: LL, SS, and PT. hey concluded that individuals with
isthmic spondylolisthesis stand with increased SS, PT, and
LL. Moreover, these increased values—in particular, LL—are
an important factor in the amount of shear stress on the L5
lamina and pars.

Diagnosis
History
Most individuals with spondylolysis are asymptomatic. While
it is the most common cause of LBP in children, the same
does not hold true in the adult population.22–24 Andrade et al.25
recently reported a review of observational studies on the
association of spondylolysis and isthmic spondylolisthesis
with LBP. hey reported that only 1 of 15 eligible studies
found an association and 11 did not. In fact, they found that
LBP was signiicantly more prevalent in individuals without
spondylolysis/isthmic spondylolisthesis.
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FIG. 71.4 Commonly measured pelvic parameters are altered in individuals
with isthmic spondylolisthesis. HRL, horizontal reference line; PI, pelvic
incidence; PT, pelvic tilt; SS, sacral slope; VRL, vertical reference line.
(From O’Brien MF, Kuklo TR, Blanke KM, et al, eds. Spinal Deformity Study
Group Radiographic Measurement Manual. Medtronic Sofamor Danek, 2004.)
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FIG. 71.5 Lateral radiograph showing step-of of the L4 spinous process
from the L5 spinous process (arrow). Spondylolysis is outlined by the open
triangles.

Moller and Hedlund26 reported on 201 patients with
isthmic spondylolysis and found that their patients presented
with back pain only in 27%, back pain and sciatica in 65%,
and sciatica only in 8% of individuals. Back pain may be
positional and may be worsened with standing and/or lumbar
extension maneuvers, while it may be relieved with forward
lexion or sitting. Lower extremity pain can be radicular in
nature, as it is oten caused by impingement of the exiting L5
nerve root due to frequent occurrence of associated foraminal
stenosis at L5–S1. Pain in lower extremities can oten be
positional, similar to typical LBP complaints.

Physical Examination
here are no pathognomonic physical examination indings
for isthmic spondylolisthesis. Lumbar extension will oten
elicit LBP, lower extremity radicular complaints, or both.
here can be a palpable or visible step-of in cases of highgrade slips. he step-of occurs between the L4 and L5 spinous
processes as the posterior elements of L5 remain dorsal and
in line with the S1 spinous process (Fig. 71.5). Hamstring
tightness is oten described but diicult to assess objectively.
A positive straight-leg raise test will be present in approximately 50% of patients.27 Sensory or motor abnormalities can
be found due to associated foraminal stenosis and exiting root
compression.

Imaging
Routine radiographic images can detect spondylolysis, especially
if spondylolisthesis is present, and slip severity can be measured
on lateral images. Additionally, standing images that include
lexion and extension positioning should be evaluated. If

FIG. 71.6 Radiographs of 45-degree oblique image showing the “Scotty
dog.” Open arrow shows a lucency at pars of L5 commonly referred to as a
“break in the neck of the Scotty dog.” Solid arrow shows normal pars of L4.

spondylolysis is suspected but not visualized, oblique radiographic images 45 degrees to the sagittal plane can be obtained
that can detect up to 96% of pars defects.28 Abnormalities in
the “neck of the Scotty dog” is the hallmark radiographic
inding (Fig. 71.6); complete defects are most common, but
pars dysplasia and hypoplasia can also be observed.
Computed tomography (CT) scans are the best imaging
modality to clearly visualize and deine a spondylolysis. On
axial images, spondylolysis appears as discontinuity of the
posterior neural arch and can be diferentiated from the
adjacent facet joints. Sagittal reformatted images best show
the pars defect as being distinct from facet joints (Fig. 71.7)
and are the deinitive inding in spondylolysis. One limitation
of CT is the lower sensitivity for sot tissue densities, especially
the internal anatomy of the neural foramen and the extent of
any associated nerve root compression (see Fig. 71.7).
Magnetic resonance imaging (MRI) is increasingly used as
the primary imaging modality in patients with LBP with or
without radiculopathy. However, compared to CT scans,
routine MRI sequences used for lumbar imaging may be less
accurate for detecting spondylolysis, especially if no spondylolisthesis is present.29–31 Sagittal T1-weighted images provide
the greatest level of contrast between hyperintense bone
marrow and the signal void of bony cortex at the pars defect32
(Fig. 71.8).
Single-photon emission computed tomography can be
used in the evaluation of suspected acute or impending spondylolysis. However, single-photon emission computed tomography has been reported to have notable false-positive and
false-negative results in spondylolysis and thus should be used
with caution, although it may be of particular value in cases
in which MRI is contraindicated.33

Chapter 71 Adult Isthmic Spondylolisthesis

1233

Treatment
Nonoperative Treatment

FIG. 71.7 Sagittal reformatted computed tomographic image of L5–S1
foramen. The open triangle shows the L4–L5 facet joint and the arrow
highlights the pars defect. Note the diference in orientation. The asterisk
shows the usual location of L5 nerve root but no further details of soft
tissues within the neuroforamen.

Initial treatment for patients presenting with acute LBP
should be nonoperative. he mainstays are patient education,
activity modiication, and medications such as nonsteroidal
antiinlammatory drugs. he addition of physical therapy
and exercise can be considered when early treatments fail
and LBP becomes more long-standing. Other alternative
pain management modalities—such as chiropractic care,
acupuncture, and massage—have been widely utilized, with
reported improvements in pain and function. he short-term
use of narcotic analgesics should be considered with caution.
A minor neurologic deicit, such as radicular numbness or
paresthesias, but excluding severe motor weakness, can also be
managed nonoperatively but may beneit from corticosteroid
injection via injection therapies, such as luoroscopically
guided selective nerve root blocks.34

Operative Treatment
Indications
Severe, persistent back and/or lower extremity pain that is
associated with functional limitations or that signiicantly
impacts quality of life—with or without lexion–extension
instability on radiographs, progressive motor weakness, or
cauda equina syndrome—are all generally accepted indications for operative intervention. Patients should complete a
rigorous course of nonoperative treatment prior to considering surgery unless a signiicant neurologic deicit exists.

Contraindications

FIG. 71.8 T1-weighted sagittal magnetic resonance image showing subtle
sign of pars defect (open arrow). Note the diference in orientation from the
L4–L5 facet joint just cranial to it.

Contraindications for surgery outside of absolute surgical
ones—such as active infection, life-threatening medical conditions, and a broad range of relative contraindications related
to an increased potential for perioperative complications or
poor outcomes—include morbid obesity, cigarette smoking,
worker’s compensation, and active litigation.

Surgery
Diferential Diagnosis
he diferential diagnoses for isthmic spondylolisthesis are
those of its clinical presentations: LBP and sciatica. First,
spinal trauma, tumors, and infections should be ruled
out. Next, degenerative disc disease, spondylosis, spinal stenosis, or disc herniation should be considered. Other causes
include systemic diagnoses, such as rheumatoid arthritis and
spondyloarthropathies, and other nonspinal, musculoskeletal

he goals of operative intervention in isthmic spondylolisthesis are to decompress neural elements and stabilize the afected
motion segment. Uncommonly, decompression alone can be
performed in certain circumstances when fusion is not necessary. More typically, surgery involves stabilization traditionally
performed with posterior in situ fusion techniques with or
without pedicle screw instrumentation and sometimes without
decompression. Supplemental anterior column support using
interbody fusion techniques approached posteriorly (posterior
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etiologies, such as sacroiliac joint arthrosis, hip arthritis,
and more. Finally, abdominal/visceral considerations would
include renal, gastrointestinal, and vascular disorders.
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lumbar interbody fusion [PLIF]) or anteriorly (anterior
lumbar interbody fusion) has been recently popularized and
may currently represent the most popular form of surgical
treatment in the United States.

Decompression
Decompression without fusion can be performed on individuals who have only radicular symptoms and stable spondylolisthesis on dynamic radiographs or a bony fusion seen on
CT scans. Low-demand individuals or those with signiicant
medical comorbidities may be reasonable candidates. Gill
laminectomy entails removal of the entire posterior arch and
the hypertrophied ibrocartilaginous tissue at the pars, as well
as partial facetectomies to decompress the nerve root.35,36
Long-term results of laminectomy alone have not been favorable, leading most experts to believe that addition of fusion is
required in most cases to obtain good clinical outcomes.

Direct Pars Repair
Direct pars repair is a potential option in younger patients
with no evidence of disc degeneration or spondylolisthesis
and in whom pain is believed to arise mainly from the pars
defect. Because of the high rate of clinical success with nonoperative treatment in this setting, patients should have failed
a rigorous course of nonoperative treatment. he key operative
principles are debridement of the defect, bone grating, and
providing adequate compression and stability of the defect for
osteosynthesis. In small retrospective studies, this technique
has been shown to yield good clinical outcomes in greater than
80% of patients.37,38 Supplemental ixation is most oten used;
methods include translaminar screws, translaminar wires, and
pedicle screw/sublaminar hook constructs.

Fusion
he primary operative intervention in isthmic spondylolisthesis is segmental fusion. While there are no deinitive studies
proving superior results of fusion over nonoperative care,
spinal fusion at the level of the isthmic spondylolisthesis is a
widely accepted treatment option. Several questions remain,
however.
Is fusion better than nonoperative treatment? High-level
evidence that surgery performs better than nonoperative treatments for isthmic spondylolisthesis has not been established.
However, in general practice, most spinal surgeons believe that
lumbar fusion is the treatment of choice for an individual with
isthmic spondylolisthesis who has severe back or radicular
pain, functional disability, and failed nonoperative treatments.
Moller and Hedlund26 evaluated 111 patients randomized to
operative versus exercise treatment arms. hey found that,
at 2 years, patients who underwent posterolateral fusion had
signiicantly better pain and functional outcomes compared to
the exercise group. Laminectomy was performed in only those
individuals who also complained of sciatica.26
Using the same cohort in a long-term study, Ekman et al.39
reported results ater a mean follow-up period of 9 years (range,

5–10 years). hey used similar outcome measurements with
the addition of the Oswestry Disability Index (ODI) and the
Short-Form-36 to capture more disease-speciic and qualityof-life data. hey found no signiicant diferences in pain and
disability scores when comparing operative to nonoperative
groups. However, global outcome score was signiicantly
better in the operative group. he authors concluded that
posterior lumbar fusion provided superior clinical improvement at 2 years, but at 9 years some of the measured clinical
diferences were lost. hey did make note that no radiographic
studies were done and therefore adjacent-level conditions
could not be accounted for. Because global patient-reported
outcomes were signiicantly better, spinal fusion appears to
have long-lasting, positive efects in a patient with isthmic
spondylolisthesis. In 2012, Turunen et al.40 reported on a longterm, retrospective study of patients who had instrumented
spinal fusion performed for degenerative spondylolisthesis,
isthmic spondylolisthesis, and failed back surgery. he group
with isthmic spondylolisthesis showed statistically signiicant
improvements in pain and ODI scores as well as satisfaction
scores of 70% at an average of 11 years ater surgery.40
Surgical treatment, speciically spinal fusion, for the management of painful isthmic spondylolisthesis provides longterm beneits for pain, disability, and global quality-of-life
measures. While this has not been demonstrated using a
randomized, controlled clinical trial, the use of fusion has
been widely supported in the literature and general practice
patterns of spinal surgeons in the United States.
Indeed, fusion without decompression has been reported
to yield good if not better outcomes compared to fusion with
laminectomy.41 here are two likely explanations for this
inding. First, Gill laminectomy reduces the bone available to
participate in the biologic fusion process. he remaining L5
transverse process and sacral ala can be small and act as poor
hosts for robust fusion. Additionally, use of instrumentation
and an interbody device may further bolster construct rigidity
and the fusion process. Second, fusion eliminates repetitive
lexion and extension motions at the pars defect and reduces
nerve root trauma, which may be suicient for back and lower
extremity pain relief in most patients.
Is there a beneit to use of pedicle screw instrumentation?
Several authors have reported on the use of pedicle screw
instrumentation supplementing in situ fusion for treatment of
isthmic spondylolisthesis and have found no clinical advantages associated with their use.42,43 Previous papers on the use
of pedicle screws in spinal fusions (not necessarily for isthmic
spondylolisthesis) have shown no signiicant clinical advantage with their use.44,45
Another claimed beneit of pedicle screw use is lower
pseudarthrosis rates, speciically for fusion in isthmic spondylolisthesis. Deguchi et al.46 reported a retrospective series of
83 consecutive patients with isthmic spondylolisthesis treated
with a Gill laminectomy and posterior fusion; 69 received
pedicle screw instrumentation. hey showed no diference in
fusion rates for one-level fusion with or without instrumentation. However, in fusions that were more than one level, rigid
posterior instrumentation did lead to higher fusion rates. he
series is small and retrospective and likely underpowered to
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here appears to be debate in the literature regarding the
ideal operative procedure for the treatment of isthmic spondylolisthesis. A critical goal in treatment of isthmic spondylolisthesis, particularly at L5–S1, is to achieve fusion; the
literature supports anteroposterior fusion techniques in the
treatment of isthmic spondylolisthesis. he use of an interbody device in the anterior column provides a second, much
larger fusion bed compared to posterolateral gutter as well
as early postoperative stability, which theoretically should
increase short- and long-term segmental rigidity and fusion
rates. An interbody device can increase foraminal dimensions and arrest the repeated lexion and extension movements on the nerve root, which should reduce radicular pain.
Additionally, because 40% of lumbar lordosis occurs at
L5–S1 and 67% occurs at L4–S1, the restoration or maintenance of lumbar lordosis is critical to avoid sagittal plane
deformities and the need for future complex surgical reconstruction. his cannot be more emphatically stated, particularly in a group known to have high pelvic incidence and
sacral slope.

Reduction of High-Grade Spondylolisthesis
Reduction of high-grade spondylolisthesis has been performed
for improved sagittal balance and cosmesis. However, its
routine use does not lead to signiicant improvements in clinical outcomes, may increase the risk of nerve injury, and is not
recommended.51 Clinical outcomes should take priority over
radiographic ones and it appears that reduction of high-grade
spondylolisthesis compromises clinical outcomes for improved
radiographic ones.
PEARLS
1. Isthmic spondylolisthesis is prevalent in approximately 5% to 6%
of adults in the United States.
2. Individuals with isthmic spondylolisthesis are rarely
symptomatic, but those who do develop severe back pain,
radiculopathy, or both can be efectively treated without
surgery.
3. Signiicant evidence exists that isthmic spondylolisthesis
develops in adolescence as a result of an extension stress injury.
The spondylolisthesis develops as the soft tissues around the
vertebral motion segment become incompetent.
4. Isthmic spondylolisthesis in symptomatic individuals who fail
nonoperative treatment is commonly treated with a spinal
fusion.
5. The ideal treatment technique has not been agreed upon and
often involves use of pedicle screw instrumentation and
interbody techniques.
PITFALLS
1. Failure to identify spondylolysis on imaging studies is common;
if high suspicion exists, further imaging should be considered.
2. Because spinal fusion is the mainstay of treatment, individuals
with high risk of nonunion should be approached with caution.
3. Decompression alone should be reserved in individuals who are
low demand and poor operative candidates.
4. Nerve root involvement occurs at the level of the foramen and
should correlate with clinical symptoms at presentation.
5. Reduction of high-grade slips can increase risk of nerve injuries.
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detect a diference between the two groups. Jacobs et al.47 in
2006 reported a systematic literature review on best fusion
techniques for isthmic spondylolisthesis. heir conclusion,
using pooled data analysis, was that any potential advantage
of using pedicle screws was not shown and, in two studies,
worse fusion rates were reported. While it appears that use of
instrumentation in posterior spinal fusion is commonly used
in surgical practice, there is little to no deinitive evidence that
technical or clinical outcomes are necessarily improved with
their use.
he use of pedicle screw instrumentation may be relevant
due to the demanding fusion environment at L5–S1. Anatomically, the sacral ala is small, as is oten the L5 transverse
process, and the posterolateral gutter, especially with a spondylolisthesis, is also not a uniform fusion bed. Additionally,
following a Gill laminectomy, the vertebral segment is unstable.
his can lead to early motion, which challenges the fusion
process and can be painful for the patient. Last, rigid internal
ixation may lead to better and earlier postoperative pain
reduction, resulting in shorter hospital stay and length of
disability.
Does the use of interbody fusion result in better outcomes?
Anterior column support can be approached posteriorly using
transforaminal or posterior lumbar interbody fusion (T/
PLIF), lateral lumbar interbody fusion (LLIF), or anterior
lumbar interbody fusion techniques. In the review by Jacobs
et al.,47 they found that there was no data to support the
superiority of interbody fusion over posterior lumbar fusion
(PLF). Although fusion rates were high, 80% to 95% based on
their analysis, they could not designate a distinctly superior
technique for treatment of isthmic spondylolisthesis. Ye et al.48
performed a meta-analysis of ive studies on the operative
treatment of isthmic spondylolisthesis using PLF versus
PLIF. here was a total of 389 participants, 188 adults treated
with PLF and 201 treated with PLIF. hey found that there
were no signiicant diferences in pain relief, functional
improvement, or infection rate. While fusion rates are signiicantly higher, it appears that anterior column support using
posterior approaches does not yield better clinical outcomes.
Kwon et al.49 analyzed the literature on surgical approaches
for isthmic spondylolisthesis. While the reports and patients
reported on varied, the patients were pooled and chi-square
analysis was performed to determine the relationship between
surgical approach and patient outcome. hey found that
combined (anteroposterior) approaches versus posterior-only
procedures had signiicantly higher fusion rates and better
clinical outcomes. Other notable indings were that use of
pedicle screws led to better fusion rates and clinical outcomes,
while laminectomy did not inluence outcomes. Swan et al.50
compared clinical outcomes in 92 patients who underwent
posterior-alone versus anteroposterior fusion. hey measured
pain relief, improvement in ODI scores, medication use, and
work status. Patients in the combined fusion group had signiicantly better clinical outcomes at all follow-up intervals
except at 2 years, when the diference was not statistically
signiicant. Additionally, fusion rate was higher in the combined group, which had only one nonunion, while the PLF
group had three.
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KEY POINTS
1. Spondylolysis is a common radiographic inding that likely arises
from a physiologic stress on the pars and occurs sometime
during adolescence.
2. When symptomatic, isthmic spondylolisthesis can be managed
nonoperatively in many cases, as most cases of low back pain
are treated.
3. While spinal fusion is the most common treatment option, the
literature is not clear on whether surgery is superior to
nonoperative care. Moreover, which surgical techniques lead to
the best clinical outcomes are not yet established.
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Adult Scoliosis

C H A P T E R
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Introduction
It has been estimated that adult scoliosis may be present in anywhere from 1.4% to 68% of adults, based on a variety of studies
using various deinitions of scoliosis and various methods
of studying the population.1–6 In our aging population, the
clinical, inancial, and societal impact of this condition cannot
be underestimated. Clinically, patients with this condition can
range from asymptomatic to severely debilitated. A recent
study calculated an average cost of $72,034 for adult scoliosis
surgery.7 In a separate study, patients were found to have
improved health-related quality of life (HRQOL) measures
with surgery compared with no such improvement in patients
treated nonsurgically.8 hese studies highlight the importance
of a thorough understanding of this disease state, including
the natural history, treatment options, surgical considerations,
and potential complications and pitfalls encountered when
treating these patients.
Adolescent scoliosis can result in radiographic images not
dissimilar to those in adult scoliosis patients, with similar
coronal spinal proiles. However, there are many important
diferences between these two disease processes, and only
fairly recently has this understanding begun to be thoroughly
addressed in the literature. Diferences include symptoms,
progression, treatment options, and outcomes. In adolescent
scoliosis, patients are typically asymptomatic or have very
mild symptoms. Treatment goals emphasize stopping progression of the deformity to prevent further deterioration and
symptoms while maintaining as much motion and function as
possible. In contradistinction, adult scoliosis patients oten
present to the physician due to signiicant spine-related symptoms, including functional deicits, back pain, severe radicular
symptoms, and symptoms related to stenosis. Treatment goals
emphasize alleviating these symptoms in a manner that is as
conservative as possible while still decreasing the likelihood
of recurrent or new issues.
Adult scoliosis can be very broadly divided into two
groups: adult idiopathic scoliosis, resulting as the natural
progression of preexisting adolescent idiopathic scoliosis, and
adult degenerative scoliosis, arising de novo from a relatively

straight spine as a result of degenerative processes. Degenerative curves tend to be of a lower magnitude than idiopathic
ones; lumbar curves predominate in this population.9

Terminology
Adult scoliosis can create a deformity that exists in three
dimensions, as well as rotational abnormality. Patients with
severe deformities can be relatively pain free, and some with
comparatively smaller deformities can have debilitating pain
and functional limitations. Add to this varying degrees of
inlexibility of the deformity and countless other patient
factors, and adult scoliosis is by deinition a very complex
issue. As expected, it comes with a correspondingly large and
steadily increasing vocabulary of descriptive terms to help
deine and quantify it. Table 72.1 provides a cursory glossary
of terms used in the treatment of scoliosis.

Current Understanding of Spinal Alignment
he concept of the “cone of economy” was popularized by
Jean Dubousset in the 1990s (Fig. 72.1). he cone of economy
basically describes the concept of centering our pelvis, torso,
and head above our feet and knees. If an individual is able to
optimize balance and posture and maintain the majority of the
body weight over the feet, or very near to it, the individual is
able to maintain this position with minimal efort. However, as
deformity causes a person to deviate outside of this energetically economical zone, signiicantly more energy is required
to maintain a standing posture. A supportive device, such as a
cane or walker, may be required, and eventually pain and disability may result.10 his model of alignment emphasizes the
underlying importance of the ability to maintain an upright
posture and has formed the basis for our current thoughts on
spinal alignment.
Scoliosis has classically been deined by deformity in the
coronal plane, but it is in reality a three-dimensional deformity
that can result in curves in the coronal plane, lordotic or
kyphotic (or both) sagittal imbalance, and rotational issues.
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TABLE 72.1

Glossary of Descriptive Terms for Adult Spinal Deformity

Term

Deinition

Scoliosis

Lateral curvature of the spine on coronal imaging

Kyphosis

Posterior or convex angulation of the spine on lateral view with the patient facing rightward. The terms hyperkyphosis and
hypokyphosis refer to conditions in which the kyphosis is greater or less than the normal range, respectively.

Lordosis

Anterior convex angulation of the spine on lateral view with the patient facing rightward. The terms hyperlordosis and
hypolordosis refer to conditions in which the lordosis is greater or less than the normal range, respectively.

Kyphoscoliosis

Scoliosis accompanied by a true hyperkyphosis

Lordoscoliosis

Scoliosis accompanied by a true hyperlordosis

Major curve

Curve with the largest Cobb angle measurement on upright long cassette radiograph of the spine

Minor curve

Any curve that does not have the largest Cobb angle measurement on upright long cassette radiograph of the spine

Structural curve

Measured spinal curve in the coronal plane in which the Cobb measurement fails to correct on supine maximal voluntary lateral
side-bending radiograph

Compensatory curve

Minor curve above or below a major curve that may or may not be structural

End vertebrae

Vertebrae that deine the ends of a curve in a coronal or sagittal projection. The cephalad end vertebra is the irst vertebra in the
cephalad direction from a curve apex whose superior surface is tilted maximally toward the concavity of the curve. The caudal
end vertebra is the irst vertebra in the caudal direction from a curve apex whose inferior surface is tilted maximally toward the
concavity of the curve.

Neutral vertebra

Vertebra without axial rotation in reference to the most cephalad and caudal vertebrae that are not rotated in a curve

Apical vertebra

In a curve, the vertebra most deviated laterally from the vertical axis that passes through the patient’s sacrum (CSVL)

Apical disc

In a curve, the disc most deviated laterally from the vertical axis of the patient that passes through the sacrum (CSVL)

Stable vertebra

Thoracic or lumbar vertebra cephalad to scoliosis that is most closely bisected by a vertically directed CSVL, assuming the pelvis is
level. Alternatively, both pedicles of this vertebra should lie between vertical reference lines drawn from the sacroiliac joints.

CSVL

Vertical line in a coronal radiograph that passes through the center of the sacrum.

C7 plumb line

Vertical line drawn starting from the center of the C7 vertebral body and dropped straight downward. If drawn on a coronal view,
the horizontal distance from this line to the central sacral line is a measure of the Cobb angle (coronal “balance”), with rightward
and leftward deviations designated as positive and negative values, respectively. If drawn on a sagittal view, the horizontal
distance from this line to the posterosuperior corner of S1 relects a measure of the sagittal alignment (SVA), with positive values
assigned for C7 plumb lines anterior to the sacrum and negative values assigned for C7 plumb lines that fall behind the sacrum.

CSVL, central sacral vertical line; SVA, sagittal vertical alignment.
From Smith J, Shafrey C, Kai-Ming G, et al. Clinical and radiographic evaluation of the adult spinal deformity patient. Neurosurg Clin North Am. 2013;24:143–156.
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FIG. 72.1 Cone of economy.

Coronal deformities are typically described using the Cobb
method. Earlier classiication systems (King-Moe) and treatment methods (Harrington-style nonsegmental ixation)
focused on the coronal plane, sometimes to the detriment of
the other facets of the disorder. However, steady progress has
been made in understanding complex deformities and in our
ability to simultaneously address deformity in multiple planes
using segmental instrumentation.
In recent years, the focus of spinal alignment has shited
toward the pelvis. hanks in large part to the works of the
International Spine Study Group (ISSG), a large multicenter
group pooling dedicated resources with the goal of furthering
knowledge of adult spinal deformity (ASD), as well as other
groups and individuals,11–19 we are now beginning to understand the complex interaction between sagittal spinal deformity and pelvic morphology/alignment. A brief description
follows of each of the various pelvic and spinopelvic parameters
that are currently being used or are being studied as useful
measurements in ASD. In the following descriptions, assume
a lateral radiograph in which the femoral heads are perfectly
superimposed (Figs. 72.2 and 72.3 and Table 72.2)
• Pelvic incidence (PI)11: his parameter describes the angle
between a line perpendicular to the sacral endplate and a
line from the center of the femoral heads to the center of
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SS
PI

FIG. 72.2 Angles of pelvic incidence (PI), sacral slope (SS), and pelvic tilt
(PT).

TPA

FIG. 72.3 T2 pelvic angle (TPA), a novel radiographic parameter that
accounts for both global malalignment and compensation through pelvic
retroversion. TPA is deined as the angle between the line from the femoral
head axis to the centroid of T1 and the line from the femoral head axis to
the middle of the S1 endplate. (From Ryan D, et al. T1 pelvic angle [TPA]
efectively evaluates sagittal deformity and assesses radiographical surgical
outcomes longitudinally. Spine. 2014;39[15]:1203-1210.)

the sacral endplate. his is an individual morphologic
characteristic and does not change. It is related intimately
with lumbar lordosis, as will be described in the following
text. Normal values are considered from 50 to 55, although
this can vary substantially.
• Pelvic tilt (PT)20: his parameter describes the angle
between a vertical line through the center of the femoral
heads and a line from the center of the femoral heads to
the center of the sacral endplate. his angle can be physiologically altered via pelvic retroversion/translation. his

can be seen as a compensatory mechanism, as described in
the following text.
• Sacral slope (SS)20: his parameter describes the angle
between the horizontal and the sacral endplate. It indicates
the sacral inclination. Importantly, these three parameters
have a relationship such that PI = PT + SS. As PI is a static
morphologic parameter, this relationship ensures that changing one SS or PT will afect the other parameter accordingly.
• Sagittal vertical axis (SVA): his parameter is commonly
referred to as global sagittal alignment. A line is drawn
straight down from the center of the C7 body on a fulllength standing lateral radiograph. he SVA is the distance
between this line and the posterior superior aspect of the
sacral endplate. A positive number indicates that the C7
plumb line is anterior to the sacrum. Normal is considered
less than 5 cm.
• T1/T9 spinopelvic inclination (SPI): his parameter
describes the angle between a line drawn from the center
of the femoral heads to the center of the T1/T9 body and
a plumb line drawn from the center of the body.
• T1 pelvic angle (TPA)21: his parameter describes the angle
between a line drawn from the center of the T1 body to the
center of the femoral heads and the line from the center of the
femoral heads and the midpoint of the sacral endplate. Both
the TPA and T1 SPI are true spinopelvic parameters that
describe the relationship between the spine and the pelvis.
he SVA is the simplest and most primitive means of
describing the sagittal alignment. It is referred to as the global
sagittal alignment because it gives a broad illustration of the
sum of lordosis and kyphosis of the thoracolumbar spine.
However, it fails to take into account pelvic parameters and
any compensatory mechanisms at work.
Pelvic inclination is a discrete morphologic parameter that
changes minimally with aging.22 Described in Legaye’s works,
it has formed the basis for other pelvic and spinopelvic measurements. In the work by Boulay,23 it was linked with the
degree of lumbar lordosis, which makes anatomic sense.
Assuming minimal to no movement through the SI joints, a
large PI indicates a more vertical sacrum, which would require
more lumbar lordosis to maintain balance for a given amount
of thoracic kyphosis. Conversely, a smaller PI means a horizontal sacrum and a smaller lordosis to balance a given
amount of thoracic kyphosis (TK). Schwab et al.24 investigated
this relationship and established the formula for lumbar lordosis (LL) = PI + 9 degrees (±9 degrees) or, put more simply,
LL should be within about 10 degrees of PI.
PT is a parameter that changes with time, body position, and
shape of the spine.22 An individual can attempt to alter pelvic
tilt by retroverting the pelvis and rotating about the hip joint.
his can be done in an attempt to maintain an upright posture
in the face of improper spinal balance. his parameter is one of
the main reasons that simply looking at SVA to gauge sagittal
alignment can be misleading. Depending on the range of motion
(ROM) of the hip joints and the lexibility of the sot tissues
around the hips, extending through the hips and increasing
pelvic tilt can be used to compensate for a net positive balance.
his can become important as we get older, and degenerative
disc disease leads to a loss of LL.25 Other factors that occur as
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TABLE 72.2

Radiographic Norms of Various Spinopelvic Parameters
NORMATIVE VALUES AND REFERENCES

Parameter
No. subjects
Age
Male/female
ratio
SVA
T1–SPI

Schwab
200628
75
49.3 y (18–80)

Berthonnaud 200514

Vialle 2005

160
25.7 ± 5.5 y (20–70)

Legaye 199811

300

49

35 y (20–70)

24.0 ± 5.8 y (19–50)

Boulay 200623

Roussouly 2006

149

153
27 y (18–48)

30.8 ± 6.0 y (19–50)

0.56

0.95

0.63

0.56

0.52

0.52

–20 ± 30

—

—

—

—

35.2 ± 19.4 (–18.1 to 80.8)

—

—

–1.4 ± 2.7 (–9.2 to 7.1)

—

—

—

TK (T4–T12)

41 ± 12

47.5 ± 4.8 (22.5–70.3)

40.6 ± 10.0 (0–69)

~43.0 ± 13.0

53.8 ± 10.1 (33.2–83.5)

46.3 ± 9.5 (23.0–65.9)

LL (L1–S1)

60 ± 12

42.7 ± 5.4 (16–71.9)

60.2 ± 10.3 (30–89)

~60.0 ± 10.0

66.4 ± 9.5 (44.8–87.2)

61.2 ± 9.4 (39.9–83.7)

PI

52 ± 10

54.7 ± 10.6 (33–82)

~52.0 ± 10.0

53.1 ± 9.0 (33.7–77.5)

50.6 ± 10.2 (27.9–82.8)

51 ± 5.3 (33.7–83.7)

PT

15 ± 7

12.1 ± 3.2 (–5.1 to 30.5)

13.2 ± 6.1 (–4.5 to 27)

~11.0 ± 5.5

12.0 ± 6.4 (–2 to 30)

11.1 ± 5.9 (–2.8 to 23.7)

SS

30 ± 9

39.7 ± 4.1 (21.2–65.9)

41.2 ± 8.4 (17–63)

~40.0 ± 8.5

41.2 ± 7.0 (0.6–19.7)

39.6 ± 7.6 (17.5–63.4)

From Schwab F, et al. Radiographical spinopelvic parameters and disability in the setting of adult spinal deformity. Spine. 2013;38(13):E803-E812.
LL, lumbar lordosis; PI, pelvic inclination; PT, pelvic tilt; SS, sacral slope; SVA, sagittal vertical alignment; T1-SPI, T1 spinopelvic inclination; TK, thoracic kyphosis.

we age, such as hip arthritis and sot tissue contracture, can
limit an individual’s ability to use PT to compensate.
Sacral slope is a parameter that refers to how horizontal
the sacral endplate is. It coexists with the two parameters
discussed earlier in a geometric relationship such that PT + SS
= PI. Accordingly, when an individual increases pelvic tilt, the
sacral slope is decreased, and the sacral endplate gets closer
to the horizontal.
TPA is a parameter that was more recently described by
LaFage et al.21 his measurement was developed in an attempt
to establish a single parameter that could take into account
spinal alignment and pelvic compensatory mechanisms (PT).
It describes the angle between a line drawn from the sacral
endplate to the femoral head axis and a line from the T1 pelvic
body to the femoral head axis. his single measure combines
the SVA and PT information. Further advantages include the
lack of needing to calibrate imaging due to being an angular
measure (and thus standardized across all magniications) and
the ability to be measured intraoperatively using luoroscopic
images. In their study describing this parameter, the ISSG
compared using TPA to classify the degree of deformity with
the Scoliosis Research Society (SRS)-Schwab Classiication
system (to be described shortly), and found that TPA was very
oten similar, and at times better, than the SRS-Schwab system.
hey proposed a target TPA of 10 degrees, thus allowing for
some degree of error or loss of correction before reaching the
severe deformity threshold of 20 degrees.
Similarly, T1/T9 SPI includes information from both SVA and
PT, thus taking into account pelvic compensatory mechanisms.

Spinopelvic Parameters and Health-Related
Quality of Life Measures
When faced with a complex ASD case—in patients with
deformity in multiple planes, multiple comorbidities, and
multiple complaints—a surgeon is faced with a diicult set of

decisions: which areas are the most important and which are
the least important? Should all deformity be corrected and
how much? Several authors have investigated this area and
attempted to correlate the various radiographic parameters
with the degree of pain and disability experienced by the
patient in an efort to help guide decision making.
Coronal plane deformities are oten the most striking and
obvious patient deformities on physical examination and on
radiographic imaging. Despite this, numerous studies have
found no link between the degree of coronal deformity and
patient-reported pain or disability.26–29 Of note, one of the
Glassman studies27 did ind that patients who had not been
treated surgically with greater than 4 cm of coronal imbalance
were at risk for deteriorating pain and function scores, but this
correlation was not found in surgically treated patients. hey
concluded that it was unlikely that improved coronal correction would result in improved clinical outcomes.
Multiple studies have shown the link between SVA and
patient-reported pain and disability scales. Lafage et al.15
quantiied pain and disability in 125 adult patients with
deformity using the Oswestry Disability Index (ODI), 12-Item
Short Form Health Survey (SF-12), and SRS 23 Patient
Questionnaire (SRS-23), and then compared their scores
over a variety of spinopelvic parameters. hey found strong
correlations between SVA and SRS-23 scores and the ODI
“standing disability” score. Glassman et al.26 also described
a statistical correlation between SVA and pain/disability
measures, albeit a weaker correlation. Lafage attributed this
diference in strength to the fact that SVA is a measurement
requiring calibration of magniication of radiographs, which
is diicult to take into account in multicenter studies such as
the Glassman one.
In a pilot study,30 and again in a follow-up study,31 Schwab
et al. established a correlation between self-reported pain and
disability and several radiographic measures. Spondylolisthesis, endplate obliquity, and loss of LL were all correlated with
worse patient-reported outcomes.
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Ideal Values for Spinopelvic Parameters
A variety of studies have investigated spinopelvic alignment
parameters and anatomic considerations in asymptomatic
adults. hese investigations have helped us to establish a range
of normative values in the “normal” adult population (see Table
72.2). Using these values and an extensive review of the

literature to determine the correlations between alignment
parameters and HRQOL outcomes, Schwab et al.32 attempted
to establish a set of “target” values for several of these parameters.
hese are values that a surgeon should hope to obtain postoperatively in order to maximize HRQOL values for the patient.
An SVA less than 50 mm has been identiied as a cutof value
for this parameter. Similarly, a T1-SPI of less than 0 degrees is
also desirable. Both of these numbers indicate an anatomic position where the patient’s C7 plumb line is behind or directly above
the femoral heads. his position can help to maximize eiciency
of movement for the patient, help to level the gaze, and avoid the
common subjective complaint of “falling forward.”
PT should be less than 20 degrees. It is important to recognize that this is not an anatomic parameter that can be
adjusted surgically. PT represents the individual’s response to
an existing degree of spinal malalignment. he extent of pelvic
retroversion exhibited by the patient should be carefully
considered preoperatively. A large amount of PT likely indicates an attempt at compensating for a positive sagittal balance,
even in the context of a normal, or near normal, SVA. If sagittal
balance is considered without taking into account PT, this can
easily result in surgical undercorrection and continued pain
and disability for the patient. PT has been shown to normalize
following normalization of the sagittal spinal proile.33
Finally, PI-LL should be less than 10. As mentioned earlier,
a value greater than 10 can be considered a “spinopelvic
mismatch,” in which the amount of LL has not been appropriately matched to the individual patient’s spinopelvic anatomy.

Classiication Systems for Adult
Spinal Deformity
As has been stated previously, ASD is a quite complex entity,
and our understanding of it is constantly changing and
growing. Several attempts have been made at classifying spinal
deformity (although most have focused on pediatric deformity, until recently). Classiication systems should ideally
meet several requirements in order to be clinically useful.
hey should (1) identify diferent severities of disease state, (2)
facilitate communication between health care providers in
order to ensure accuracy and reproducibility in describing the
disease state, (3) allow comparison of diferent treatment
methods, and (4) call for creation of accurate treatment
recommendations.34
he Terminology Committee of the SRS introduced the
earliest classiication for scoliosis in 1969. It was an entirely
nominal classiication system, describing the cause of the
spinal deformity. Although this was easily reproducible and
did give some clinical information regarding the patient’s
disease state and associated illness, it failed to describe any
radiologic parameters or speciic symptomatology.
he King-Moe classiication was introduced as a guideline
for the treatment of thoracic curves in adolescents.35 It was
useful for establishing fusion levels in these patients, but it was
not intended for use in patients with complex adult deformities. Similarly, the Lenke Classiication system36 was presented
as a means of predicting appropriate arthrodesis levels in
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he Lafage study15 investigated many of the spinopelvic
parameters. hey found a strong correlation between LL and
the walking and standing portions of the ODI, as well as the
bodily pain and Physical Composite Scale (PCS) of the SF-12.
Other regional sagittal proiles (thoracolumbar, thoracic) were
studied, but no such correlation was noted. he strongest correlations between patient-reported disability and radiographic
parameters was with the T1-SPI. his measure correlated
strongly with SF-12 PCS, SRS total score, SRS activity score,
and the ODI standing disability score.
his study also took a rigorous look at PT as it relates to
patient-reported outcomes. hey reported that this has the
second strongest correlation with disability, particularly with
walking disability. he investigators concluded that this illustrates the inadequacy of PT as a compensatory mechanism.
Patients with a high PT, who were retroverting their pelvis and
extending their hips to make up for a positive sagittal balance,
were not walking well, including the subgroup that was able to
completely compensate (high PT, but normal SVA). At some
point, these compensatory mechanisms become a detriment in
their own right, and walking with fully extended hips and bent
knees may not be eicient or well tolerated. hey emphasized
the importance of assessing pelvic parameters as well as spinal
ones, as this group had signiicant disability despite an SVA
within norms. hey also noted a subgroup in this population
that had a high SVA but normal PT, thus were not compensating for poor sagittal balance at all. hey recommend a careful
assessment of hip and knee motion in this subgroup.
In a study of patients treated with lumbosacral fusions,
Lazennec et al.29 also found a correlation between PT and pain
postoperatively.
In 2013, the ISSG published a study in which they prospectively enrolled 492 consecutive adult deformity patients.32
Multiple radiographic parameters were measured, and correlations between these and the ODI, SF-36, and SRS-22 forms were
investigated. hey determined that the strongest correlations
with patient-reported disability were the PT, SVA, and PI-LL
mismatch (this parameter having the strongest correlation).
hey noted a strong correlation between PT and PI-LL mismatch, highlighting the roll that PT plays as a compensatory
mechanism for sagittal spinal malalignment, as illustrated by
the PI-LL mismatch. hey then conducted linear regression
analysis for these three parameters to establish equations for
predicting ODI scores based on these radiographic measurements. Based on an ODI greater than 40 indicating severe disability, they used these equations to predict severe disability
from radiographs. hey determined that PT greater than 21,
SVA greater than 46 mm, and PI-LL greater than 10 would
correlate with severe disability.
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FIG. 72.4 T1 and T9 spinopelvic inclination (SPI). PT, pelvic tilt; TPA, T2 pelvic angle.

patients with adolescent idiopathic scoliosis. his was a far
more comprehensive and descriptive system than was previously available and was met with great success in its use in the
target population. However, attempts to apply the Lenke
system to adult deformity were a mistake in several ways. Most
importantly, the fundamental diferences in treatment goals
between the two disease entities made a combined classiication system diicult, if not impossible. Adolescent idiopathic
scoliosis is primarily treated to prevent future disability, while
pain and disability are the primary complaints in adult deformity (with, as has been discussed, sagittal imbalance being the
primary driving force of pain).
In 2006, Schwab et al. introduced a clinically oriented classiication system based on existing studies linking certain
spinal alignment parameters (though not pelvic parameters at
this point) with HRQOL data.28 hey described ive types of
scoliosis based on the apex of the curve in the coronal
plane: type I thoracic only, type II upper thoracic major (apex
T4–T8), type III lower thoracic major (apex T9–T10), type IV
thoracolumbar major (apex T11–L1), and type V lumbar
major (apex L2–L4). hey then added two modiiers to the
classiication, LL and intervertebral subluxation. Both of these
radiographic indings were linked with poor HRQOLscores.
Shortly ater its introduction, a third modiier was added,
the global balance modiier. his was added in response to
new data indicating that SVA was a strong predictor of
HRQOL.
his Schwab Clinical Impact Classiication system was
comprehensive and fairly reproducible. In addition, it was an

evidence-based system that focused on parameters shown to
correlate with poor patient-reported outcomes. However, in
the years following its introduction, multiple studies began to
show the importance of pelvic alignment parameters in spinal
disorders and linking these parameters with poor HRQOL
scores.11,14–17,19
In response to the relatively recent indings showing the
pivotal role that the pelvis plays in ASD, the Schwab classiication was updated and combined with works done through the
SRS to become the SRS–Schwab Adult Spinal Deformity
Classiication37 (Fig. 72.4 and Box 72.1). his system continues
in the path of the Schwab Clinical Impact system in that it
focuses on parameters that have been shown in the literature
to correlate the most poor patient-reported outcomes and now
includes the pelvic parameters that appear to be intimately
related with pain and disability related to spinal deformity.
In the SRS–Schwab Adult Spinal Deformity Classiication
system, coronal deformity is divided into four groups: (1) T,
thoracic only (lumbar curve <30 degrees), (2) L, TL/lumbar
only (thoracic curve <30 degrees), (3) D, double curve (both
curves >30 degrees), and (4) N, no major coronal deformity
(all curves <30 degrees). he simpliied coronal scheme relects
the mounting evidence that coronal malalignment is not
related to pain or disability in ASD.
Similar to the Schwab Clinical Impact system, the sagittal
modiiers were based on evidence indicating which parameters
had the strongest correlation with poor HRQOL scores. All three
of the modiiers are divided into three subgroups such that a
score of 0 indicates a normal parameter, + indicates moderate
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BOX 72.1

SRS-Schwab Classiication System

Sagittal Modiiers
PI – LL
0: <10 degrees
+: moderate 10–20 degrees
++: marked >20 degrees
Global Alignment
0: SVA <4 cm
+: SVA 4–9.5 cm
++: SVA >9.5 cm
Pelvic Tilt
0: PT <20 degrees
+: PT 20–30 degrees
++: PT >30 degrees
LL, lumbar lordosis; PI, pelvic incidence; PT, pelvic tilt; SVA, sagittal vertical alignment.

deformity, and ++ indicates a severe deformity likely associated
with poor HRQOL scores. he irst modiier is PI – LL: 0 is
within 10 degrees, + (moderate) is from 10 to 20 degrees, and
++ (marked) is greater than 20 degrees. he second modiier
is global alignment: 0 indicates an SVA less than 4 cm, + is an
SVA from 4 to 9.5 cm, and ++ is an SVA greater than 9.5 cm.
he third modiier is PT: 0 is a PT less than 20 degrees, + is a
PT of 20 to 30 degrees, and ++ is a PT greater than 30 degrees.
he investigators’ initial validation study indicated good
to excellent intrarater and interrater reliability, showing that
its use as a classiication system is reproducible among and
between users and should thus facilitate ease of communication.37 Another independent group investigated the reliability
and ease of use of this system, reporting excellent intraobserver
reliability and substantial interobserver reliability, with most
disagreements occurring while diferentiating between thoracic and thoracolumbar curves in the coronal plane.38 hey
concluded that the system was comprehensive, user friendly,
and had suicient reliability. Investigators have since used
the system to prospectively analyze a group of ASD patients,
who were then treated operatively or nonoperatively at the
surgeon’s discretion. he operatively treated group had worse
HRQOL and worse sagittal modiier scores in all categories
than those treated nonoperatively.39 In addition, it has been
shown that, following surgical correction of ASD, changes
in SRS-Schwab sagittal modiier scores accurately predicted
changes in HRQOL scores.40

Clinical Presentation of Adult Spinal
Deformity Patients
he irst step in evaluating a complex disease process such
as ASD in typically complex older patients with signiicant
comorbidities is a thorough history and physical examination.
Presenting complaints from ASD patients can range from

incidentally noted deformity or mild back pain to severe pain
or near-total disability associated with their spinal deformity. It
is important to establish early on the reason that the patient has
sought medical treatment and the patient’s future goals pertaining to health care. Having a clear discussion with the patient
regarding these issues can avoid potential miscommunications
that could damage the physician–patient relationship.
As has been demonstrated in several studies, pain and disability are both common reasons for a patient with ASD to
present to a surgeon.41–43 Both leg pain and back pain are
common in this patient population. Smith et al. looked at a
series of patients evaluated at a surgical clinic and found that
99% complained of back pain, 85% complained of some radicular pain, and 10% had complaints that were neurologic in
nature. As there is signiicant overlap, it is important to attempt
to quantify the amount that each of these complaints contributes
to overall patient disability. Any aggravating or ameliorating
factors should be investigated as well, as these could help guide
treatment. Any history of subjective weakness, altered sensation, or other neurologic deicits should be carefully explored.
Bowel or bladder dysfunction or claudicatory symptoms could
indicate lumbar stenosis, and any upper extremity complaints
or gait disturbances should elicit an assessment of the neck for
cervical stenosis. Other complaints may include cosmetic ones,
feeling of “falling over,” or diiculty in maintaining eye contact
due to an overall kyphotic alignment.
A history of past treatments—including but not limited to
prior surgeries, medications, physical therapy, steroid injections, and activity modiications—should be obtained. It is not
uncommon for ASD patients to present to a surgeon’s oice
with a prior history of back surgeries, either to address the
deformity or for other spine issues.44 he purpose, extent, and
clinical results of these surgeries should be discussed. In addition, an efort should be made to obtain old operative notes and
oice notes in order to fully understand both technical details
of the surgery and the decision-making process involved.

Clinical Evaluation
he clinical evaluation of an ASD patient should begin with
careful visual observation.45 Patients should be observed in the
supine, sitting, and standing positions. hey should be
observed during their normal gait to reveal any gait disturbances. Visual assessment of the patient’s back in standing and
bending positions may reveal spinal deformity, waist asymmetry, or rib humps, but smaller curves may not be easily
appreciable. Clavicle or shoulder asymmetry can help provide
clues to the nature of the deformity.
Careful ROM examinations should be done of the knees,
hips, and spine. Chronic spine deformity may lead to a
crouched knee gait, which can eventually lead to hip or knee
lexion contractures. Upon evaluation of the patient in the
standing position, the patient should be instructed to fully
extend the knees. his can help assess knee ROM and reveal
the true extent of the patient’s sagittal imbalance, which had
been obscured by the crouched posture. he patient should also
be assessed for any real or perceived limb-length inequality.
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Coronal Curve Types
Thoracic (T): Lumbar curve <30 degrees
Thoracolumbar/Lumbar (L): Thoracic curve <30 degrees
Double Curve (D): T and TL/L curves >30 degrees
No Major Coronal Deformity (N): All coronal curves <30 degrees
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he true incidence and severity of comorbidities in the
ASD population is not known. It is likely highly variable,
but the older patient population frequently associated with
some types of adult deformity (e.g., degenerative deformity)
oten has a concomitant increase in number of comorbidities. Fu et al.46 examined a large multicenter database of
22,857 ASD cases and stratiied them by American Society
of Anesthesiologists (ASA) classiication. hey found that
the rate of perioperative complications increased with ASA
grade from 1 to 5. his study highlights the importance of
careful perioperative management to understand the risks
associated with surgery and minimize them as much as
possible.
Some basic preoperative laboratory work should be done
to assess for and address any overt metabolic or hematologic
abnormalities. Laboratory work should include an assessment of patient nutrition. Adogwa et al.47 reviewed 136 cases
of patients undergoing spine fusion (including deformity
and nondeformity, elective and nonelective cases). hey
found that, in elective cases, preoperative hypoalbuminemia
(serum albumin <3.5 g/dL) was a signiicant risk factor for
postoperative complication. Close attention should be paid
to the patient’s nutritional status perioperatively to maximize
outcomes.
Some controversy exists regarding appropriate blood loss
management. ASD surgeries are frequently large surgeries
with considerable blood loss and oten require blood transfusion.48 A recent study retrospectively reviewed a large multicenter database of patients who had undergone deformity
surgery and divided them into two groups based on whether
or not they had donated blood preoperatively. hey found
that preoperative donation was not protective against allogeneic transfusion, was associated with a higher overall transfusion rate, and oten went unused. hey concluded that, at this
time, preoperative donation was not supported in the literature. Red blood cell salvage methods (e.g., Cell Saver) are
increasingly popular blood loss management techniques.
Similar to preoperative donation, these devices are designed
to use the patient’s own blood in order to obviate the need
for allogeneic transfusion. here are currently conlicting
studies in the literature regarding how efective it is for that
purpose.
here is a current trend toward using antiibrinolytic therapy
in adult deformity spine surgery. Agents such as tranexamic
acid and epsilon-aminocaproic acid are lysine analogs that act
by inhibiting the formation of plasmin by plasminogen, thereby
blocking the ibrinolytic pathway.49 hey have well-accepted
use, speciically in the joint replacement literature, indicating
a lower blood loss as well as lower transfusion rates when used
either intravenously or topically.50 According to a recent metaanalysis51 of the current spine literature regarding the topic, as
well as a separate review of the literature,52 the use of tranexamic
acid in adult deformity surgery decreases intraoperative, postoperative, and total blood loss, as well as decreasing transfusion
rates, while not increasing cardiac or thromboembolic risks.
Epsilon-aminocaproic acid has had similar results, and there
does not appear to be any consensus on the superiority of one
agent over the other.53

Imaging Evaluation
he irst and essential step in the radiographic evaluation of
ASD patients begins with posteroanterior (PA) and lateral
36-inch radiographs. hese images should be taken freestanding, with knees fully extended, elbow lexed approximately 45
degrees, with ingers on contralateral clavicles. It is important
that these ilms extend at least as high as C7 and at least as far
down as the femoral heads in order to accurately obtain
measurements for all of the important parameters that were
previously discussed.
he PA image should be viewed with the heart on the let
side. Coronal alignment and pelvic obliquity can be measured
on this image, as can curve angle. Pelvic obliquity can indicate
potential limb-length discrepancy; if it is noted, lower extremity
scanograms should be taken to assess for this. Any limb-length
discrepancy detected should be corrected with blocks under the
shorter leg until pelvic obliquity is normalized in order to get a
true sense of the spinal alignment. Scoliosis curve angles should
be measured using the standard Cobb method.
Lateral radiographs should be viewed with the patient facing
to the right. he full-length lateral is useful for assessing both
global and regional alignment parameters.54 Regional parameters, such as LL and TK, should be documented. Global alignment in the form of the SVA should be measured. his ilm can
also be used to measure spinopelvic parameters, such as TPA,
T1-SPI, PT, sacral slope, and PI. As indicated earlier, accurate
assessment of these parameters is instrumental in appropriately
understanding and treating the patient’s spinal deformity.
Flexibility of curves can be measured using a variety of
diferent techniques. Side-bending PA ilms, traction ilms,
and bolster ilms can all help improve the understanding
of complex deformities. Curves that decrease to less than
25 degrees can be considered compensatory curves, not
structural curves that would have to be addressed with any
planned surgical procedure. In addition, comparing weightbearing and supine ilms can also give information regarding
lexibility.44
Although a considerable amount of information can be
gleaned from the 36-inch PA and lateral ilms, advanced
imaging has become standard in evaluating ASD cases. Considering the large amount of patients presenting with radicular
symptoms, magnetic resonance imaging (MRI) is oten utilized
to evaluate individual nerve roots for compression. MRI is also
useful for assessing the degree of disc degeneration and any
areas of signiicant stenosis. hin-slice computed tomography
scans are excellent for assessing bony anatomy, including the
location of any signiicant osteophyte formation, pedicle size,
and location. Any patient with a condition precluding MRI
(such as some implantable deibrillators) should have a computed tomography myelogram.

Treatment of Adult Scoliosis
When considering various options for scoliosis correction
treatment, surgeons need to discuss the various pros and
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Nonoperative Management
Nonoperative treatment should be focused on improving
quality of life by decreasing the pain and disability in patients
with adult scoliosis. his may include physical therapy, epidural steroid injections, acupuncture, massage, aquatics-based
programs, and chiropractic manipulation.55–57 Analgesics,
including nonsteroidal antiinlammatory drugs and nerve
stabilizers (e.g., gabapentin, pregabalin), may be beneicial;
however, these should be used judiciously due to their potential respective side-efect proiles. For acute exacerbations of
symptoms, narcotics can be considered, but their long-term
use is not routinely recommended due to short- and longterm side efects, including overdose, tolerance, and addiction.
here is limited evidence to support nonoperative management with adult scoliosis patients.58–60
he cost of nonoperative management has been studied by
Glassman et al.61 hey looked at 123 adults with scoliosis who
underwent nonoperative management consisting of medications, physical therapy, exercise, injections/blocks, chiropractic
care, pain management, bracing, and bed rest. Ater 2 years,
with a mean cost of $10,815, there was no improvement of
pain or disability.
Recent studies have focused on identifying the predictors of reaching a minimally clinically important diference
in patients who undergo nonoperative treatment.62 heir
retrospective review of a prospective, multicenter database
studied 215 nonoperative patients with a minimum of 2-year
follow-up. hey concluded that nonoperative patients who
achieved a minimal clinically important diference in SRS
Activity or Pain scores had a lower baseline SRS Pain Score
and less coronal deformity in the thoracolumbar region. hey
proposed that patients with greater baseline pain ofered more
room for potential improvement. In addition, patients with
coronal deformities in the thoracolumbar region with associated vertebral obliquity may not do well with nonoperative
management.

Operative Management
With the advancing age of patients with adult scoliosis and
our ability to handle more complex deformities, the number
of surgeries on adult scoliosis patients is increasing.63 he
goals of surgery on patients with adult scoliosis include nerve
decompression, deformity correction (both in the sagittal and
coronal planes), and reduction of axial back pain.64 When
discussing the options with patients who present with adult

scoliosis, indications for surgery would include pain that has
not improved with nonoperative management, inability to do
activities of daily living, worsening of their deformity, and/or
nerve compression causing radicular or neurogenic symptoms.
Improvements in surgical techniques and perioperative
care have expanded our ability to care for adults with signiicant comorbidities, including pulmonary and cardiac disease,
osteoporosis, and nutritional deiciency. he unique aspect of
care in adult patients with scoliosis is the frequent presence
of associated medical comorbidities. he long duration of
surgery, resultant blood loss, and perioperative complications
that can arise are factors that need to be considered and discussed in preoperative counseling sessions. he incidence of
medical comorbidities in patients with adult scoliosis has been
studied. An increasing rate of complications is seen in patients
with comorbidities, leading to higher levels of physical status
deterioration. Fu et al.46 reported on a multicenter, multisurgeon Scoliosis Research Society Morbidity and Mortality
database of 22,857 cases, stratiied by the ASA physical status
classiication. A progressively increasing rate of complications
was found in patients with ASA grade 1 (5.4%) to grade 5
(50%). Medical comorbidities that lead to physical status
deterioration have a signiicant impact on the complications
in the perioperative period in this patient population.
Patients with a history of coronary artery disease or other
signiicant cardiac risk factors should undergo preoperative
stress testing followed by optimization of cardiac function
before scoliosis surgery. Perioperative use of beta blockers in
these patients has been shown to cause signiicant reduction
in cardiac events at 30 days ater the surgery and decline in
the 1- and 2-year mortality rates.65 In addition, there is a
reduction in postoperative pulmonary complication rate following smoking cessation a minimum of 6 to 8 weeks prior to
surgery.66 Diabetes has been implicated in a wide variety of
postoperative complications, including reoperation,67 infection,68,69 and recurrent disc herniation.70 Every attempt should
be made to control blood sugars preoperatively and perioperatively; consultation with a medical doctor or endocrinologist
to aid in the management of this condition may be beneicial.
In addition to physical health, the surgeon may consider
social, inancial, and psychological well-being of the patient
because spinal deformity surgery and subsequent recovery
will surely afect all of these areas.
Patients with concurrent scoliosis and osteoporosis represent a signiicant management challenge. Osteoporosis can
compromise the interface between bone and instrumentation,
which may lead to pedicle screw loosening and grat subsidence.71 Patients considering surgery should be referred to a
bone endocrinologist for evaluation and treatment preoperatively to optimize their bone quality. In general, medical
management can include bisphosphonates, nonbisphosphonate antiresorptive agents, and parathyroid hormone analogs.
For patients who elect surgery, several important principles
should be followed, including the use of multiple sites of ixation; meticulous preparation of endplates for interbody grat
placement, making sure not to violate the vertebral endplates;
use of bicortical screw ixation where safe; and possibly
accepting lesser degrees of deformity correction. Adjuncts to
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cons with their patients. he variability of management when
considering adult scoliosis depends on the type of pathology
and the surgeon’s experience and comfort levels. here is also
a lack of evidence-based medicine to help decision making.
Options include nonoperative management, decompression
alone, local decompression and fusion, regional decompression and fusion, and global decompression and fusion.
Approach options vary from anterior, anterior/posterior,
lateral/posterior, and all posterior.
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improve ixation include the use of specialized pedicle screws,
cement augmentation of pedicles with polymethylmethacrylate, and the use of anterior column support to reduce the
stress on posterior instrumentation.72

Perioperative Considerations
he efect of general anesthetic agents and muscle relaxants
on intraoperative neuromonitoring potentials warrants consideration. Halogenated inhalational agents and nitrous oxide
produce a dose-dependent decrease in amplitude and increase
in latency of somatosensory evoked potentials.73 Benzodiazepines can also cause signiicant depression of motor potentials.
he use of muscle relaxants precludes proper acquisition of
motor evoked potentials (MEPs), and their action should be
reversed before proceeding with MEP testing again. Ketamine
and etomidate, on the other hand, cause increases in cortical
amplitudes of somatosensory evoked potentials and MEPs,
making them agents of choice when monitoring responses to
stimulation are diicult.74
Placement of an arterial line facilitates more accurate
monitoring of blood pressure throughout the procedure.
Monitoring of core body temperature is also essential in
addition to blood pressure, pulse oximetry, and urine output
monitoring.
he importance of proper intraoperative patient positioning, especially in the backdrop of the long duration of
corrective surgeries, cannot be underestimated. Attention
should be paid to padding the eyes properly and keeping
them free from any source of external compression when
placing the patient prone. In patients undergoing surgery in
the prone position, abducting the arms greater than 90 degrees
or placing them in extension or external rotation should be
avoided to prevent excessive stretch on the brachial plexus.75
Consideration should be given for intraoperative monitoring
of upper extremities to help ensure appropriate positioning
and brachial plexus function.
Signiicant blood loss and transfusion requirements are
associated with adult scoliosis surgery. Elgafy et al.76 conducted
a review of the literature on reduction of blood loss in major
spine surgery and found a high level of evidence supporting the
use of antiibrinolytics (e.g., tranexamic acid, aprotinin, and
epsilon- aminocaproic acid). Intraoperative red blood cell
salvage devices are also popular in the ield of spinal deformity
correction. he potential to reduce or obviate allogeneic blood
transfusions, elimination of risk of alloimmunization and viral
disease transmission, and preservation of the normal oxygencarrying capacity of salvaged red blood cells are some of the
major advantages of cell salvage techniques.77 In a prospective
randomized study involving 110 scoliosis patients undergoing
posterior instrumented spinal fusion, Liang et al.78 reported
reduced mean intraoperative red blood cell transfusion requirement and a lower perioperative allogeneic blood transfusion
rate in the cell saver group (14.5% vs. 32.7%; P = .025).
However, several other studies do not support its eicacy in
reducing the requirements of allogeneic blood transfusions in
spine surgeries.79,80

Operative Decision Making
here exists tremendous variability in the operative management of adult scoliosis, with little consensus on surgical
strategy regarding approach and levels.81–83 Debate between
selective decompression versus decompression and fusion
versus limited fusion, identiication of proximal fusion levels,
and choosing distal fusion levels—including fusion to the
pelvis—all remain sources of controversy.

Decompression
Selective decompression in the setting of adult scoliosis
involves decompression of neurologic compression without
fusion or correction of coronal, axial, or sagittal alignment.
Radicular pain and neural symptoms are important clinical
presentations of adult scoliosis. Limited decompression of
stenotic levels may ofer signiicant improvement of clinical
symptoms while limiting surgical risks associated with a
larger reconstructive operation. he negative of doing only a
decompression is that there may be progression of the deformity, possibly requiring a secondary procedure in the future.84
Indications for a selective decompression operation would
include patients who present with primarily radicular pain,
patients with a stable deformity with bridging osteophytes or
ankylosis, patients with radicular symptoms from compression of nerve roots from the convexity of the curvature as
opposed to foraminal stenosis from the concavity of the curve,
and patients with central or lateral recess stenosis.

Decompression With Limited Fusion
As with selective decompression alone, selective decompression and limited fusion has a role in a speciic patient population. Patients who cannot undergo long thoracic and lumbar
fusions may be candidates for limited fusion. he ideal candidate for limited fusion is a patient whom the surgeon desires
to treat with decompression only for the reasons stated earlier;
however, radiographs reveal apical progression or a symptomatic lumbosacral fractional curve. he lumbosacral or fractional curve in adults with scoliosis may be a localized source
of symptomatic neural compression and pain, even in the
presence of more generalized deformity. When performing
selective decompressions, transforaminal lumbar interbody
fusion or posterior lumbar interbody fusion can be used as a
posterior-only approach, with the placement of the intervertebral cage on the concavity of the deformity to allow some
deformity correction.85
here is little consensus on the proximal fusion level in
patients with adult scoliosis once the decision has been made
to proceed with decompression and fusion. he proximal
fusion should not be stopped at the thoracolumbar junction
and, at a minimum, the apex of the deformity should be
included in the fusion levels.86 It is important to consider the
proximal and distal levels beyond the ending point of the
fusion, as the amount of stability and degeneration at an
adjacent vertebral segment to the fusion will predict the
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Surgical Approaches in Adult Scoliosis Surgery
he choice of surgical approach to the spine in adult deformity
has an important efect on the morbidity of surgery and on
the eicacy of deformity correction and clinical outcomes.
Spinal reconstruction can be performed via anterior, posterior,
and combined approaches, with or without staging of the
procedures. he optimal method must take into consideration
the patient’s sagittal alignment, bone quality, nutritional status,
need for fusion across the lumbosacral junction, anterior
column mobility, and the surgeon’s technical expertise.
Anterior surgery to treat adult thoracolumbar scoliosis was
originally described by Dwyer et al. in 1969.96 hese anterioronly reconstructions were typically utilized for thoracolumbar
curvature; they were able to achieve efective correction, especially in the sagittal plane, because of the release of the anterior
longitudinal ligament. Distal lumbar motion segments were

oten able to be spared, a distinct advantage in comparison
to the posterior approach options. In addition, anterior-only
correction maintains the integrity of the posterior ligamentous complex. he major disadvantage of anterior approaches
to the spine is the morbidity of the dissection, with risks to
the lung, diaphragm, sympathetic chain, and major vascular
structures in the thoracic and thoracolumbar spine, as well as
the genitofemoral nerve, kidney and ureter, and the peritoneal
contents in the lumbar spine. Smith and colleagues97 reported
excellent clinical outcomes with limited complications in
a series of 15 consecutive adult patients treated with rigid
single-rod anterior surgery for thoracolumbar scoliosis.
hrough an anterior approach, stif spinal deformities
caused by degenerative disc collapse via discectomy can be
released by sectioning the anterior longitudinal ligament,
allowing for signiicant correction of segmental sagittal
malalignment. his is particularly useful in reestablishing
lordosis of the lumbar spine. Correction achieved through
anterior column reconstruction may eliminate the need
for more aggressive posterior-based osteotomies. Anterior
approaches also allow for placement of bone grat within the
anterior column that is under a compressive load and the large
bony surface area leads to higher fusion rates. Especially at
the lumbosacral junction, an interbody fusion is important to
mitigate the risk of pseudarthrosis.98
Bradford et al.99 demonstrated that a combined anterior
and posterior approach to Scheuermann kyphosis resulted in
signiicantly better deformity correction and better fusion
rates and maintenance of correction over the instrumented
segments than posterior-only surgery with nonsegmental
instrumentation. Similarly, in adult scoliosis, a combined
anterior and posterior approach has been advocated for
improvement of lumbar lordosis and improvement of fusion
rates, especially at the lumbosacral junction.100,101 Berven
et al.102 studied the outcomes of combined anterior and posterior surgery for the management of ixed sagittal plane
deformity. hey noted that patient satisfaction with surgery
and overall clinical outcomes were best in cases that resulted
in an increase in lumbar lordosis. Patients with preoperative
regional hypolordosis (≥30 degrees) had the most reliable
improvement of health status and had better clinical outcomes
than those with lumbar lordosis in the physiologic range. he
authors noted that 40% of patients in the study had major
complications, including pneumonia, dural tears, wound
infection, and pseudarthrosis. Relative indications for combined anterior and posterior fusion include planned arthrodesis
across the lumbosacral junction, lumbar pseudarthrosis, correction of a ixed lumbosacral obliquity, lumbar hypolordosis,
posterior-element deiciency, and osteoporosis. hese rates of
complications from combined anterior-posterior approaches
have been detailed in several studies in the literature.103–105
When a decision for a combined approach for treatment of
spinal deformity has been made, the options of doing the
anterior and posterior surgery on the same day versus on two
separate days must be considered. Staged procedures are well
tolerated by many patients, but they may be associated with a
higher risk of infection and blood transfusion. For fused, rigid
deformities, patients may be served better with a two-stage
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stability of the adjacent level ater fusion. Intraoperatively,
eforts should also be made to preserve the supra-adjacent
facet, the intraspinous ligaments, and the supraspinous ligaments, thus preserving the normal intravertebral ligamentous
relationships.87 In thoracic and lumbar double-curve degenerative scoliosis, the proximal construct should include the
thoracic curve and should not stop distal to any portion of the
curve.88 Stopping at the physiologic apex of thoracic kyphosis
(T5–T6) should be avoided due to the increased risk of proximal junctional kyphosis.89 hus constructs typically end either
at or below T10 or between T2 and T4.
he decision to continue the distal fusion level from L5 to
S1 is controversial and heavily debated. A fusion that extends
to the sacrum provides greater stability, but with the increased
stability comes increased risks and complications. Stopping
the fusion at L5 may reduce the magnitude of the procedure
and may limit perioperative complications. However, this
advantage may come at the cost of a loss of deformity correction over time and a possible need for future surgery with
extension of arthrodesis to the sacrum. When comparing
fusion to S1 and fusion to L5, studies have shown increased
coronal balance and lateral listhesis with fusion to S1.90–93
he biomechanical forces of the sacrum allow for implant
prominence, implant loosening, and instrument-related issues
when fusing to the pelvis.94 Common techniques to minimize
sacropelvic ixation prominence complications include the
use of S2 iliac screws and S2 alar screws, which allows for
reduced implant prominence and allows the use of a single
rod, reducing the number of required connections. Kebaish
et al.95 prospectively reviewed the use of S2AI screws in 52
consecutive patients with mean 2.5-year follow-up, concluding that the method is easy, safe, and efective for achieving
sacropelvic ixation in long posterior constructs, with minimal
complications and low revision rate.
Clear indications to extend instrumentation and fusion to
the level of the sacrum include a spondylolisthesis at L5–S1, stenosis requiring decompression at L5–S1, ixed obliquity of the
L5–S1 motion segment, incomplete correction of global sagittal
balance, and symptomatic degenerative changes at L5–S1.
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surgery with two periods of anesthesia. During the irst anesthetic, anterior discectomies and interbody placement with
temporary ixation may be performed. At the next stage, done
approximately 4 to 6 weeks later, posterior releases, instrumentation, and deformity correction can be performed. his
allows ample time to recover from the irst surgery before
undergoing the second.
he role of minimally invasive approaches to the anterior
column, including direct lateral approaches, has expanded the
indications and use of anterior surgery for adult scoliosis.106
Although initially used primarily for foraminal stenosis with
loss of disc height and for adjacent-segment degeneration in the
lumbar spine, more attention has been paid recently to using
various forms of the direct lateral retroperitoneal approach
for correcting and stabilizing adult deformity cases. he use
for lateral interbody fusion in obtaining indirect decompression of neuroforamina and obviating the need for direct
decompression has been well documented,107 and now it has
increasing use in deformity correction. A recent review of the
literature108 on using a speciic form of lateral interbody fusion
indicated that ODI and visual analog scale scores improved
comparatively with other forms of lumbar interbody fusion
and that coronal alignment and balance were both corrected,
but minimal LL and sagittal balance correction was obtained.
A more recent innovation involves release of the anterolateral
ligament via the minimally invasive lateral approach, allowing
for signiicant segmental correction (in some cases approaching 30 degrees) in an efort to avoid having to perform the
more morbid posterior osteotomy. here has been evidence
to support the use of minimally invasive surgery techniques
in ASD surgery, particularly in symptomatic elderly patients
without signiicant sagittal imbalance.109
Posterior-only approaches for the correction of spinal
deformity have become increasingly more common. hreecolumn segmental transpedicular instrumentation and the
development of posterior osteotomy techniques enable greater
curve correction without the need for anterior apical releases.110
Posterior-based osteotomies, including posterior column
osteotomies (e.g., Ponte osteotomies), pedicle subtraction
osteotomies, and vertebral column resections, allow for signiicant coronal and sagittal deformity correction from the
posterior approach. Posterior column osteotomies typically
allow 10 degrees of sagittal correction per level or about 1
degree of correction for every millimeter of bone resected. he
pedicle subtraction osteotomy, which is a V-shaped wedge
resection of the vertebral body including both pedicles and
posterior elements, can achieve a correction of between 30 and
40 degrees at a single level.111 Vertebral column resection can
deliver much greater coronal and sagittal plane correction.112
he use of osteobiologics may improve fusion rates in adult
scoliosis surgery and preclude the need for circumferential
fusion at the lumbosacral junction.113
Kim et al.114 analyzed the radiographic and functional
outcomes ater posterior segmental spinal instrumentation
and fusion with and without anterior apical release of the
lumbar curve in adult scoliosis patients. heir study showed
superior clinical outcome scores (SRS) and subscales in selfimage and function in the group with posterior-only surgery

as compared to the group with the combined approach,
without a diference in radiographic parameters. Perioperative
morbidity and complications were higher in the group of
patients treated with combined anterior and posterior surgery.
Multiple studies115–117 have compared outcomes and complications in adults with thoracolumbar scoliosis. Overall, the
authors demonstrated similar radiographic correction of
deformity for each group. However, patients with staged
anterior and posterior surgery had signiicantly more perioperative complications.
One challenge in treating patients with a posterior-only
approach is the risk for pseudarthrosis. Kim et al.118 reported
a 17% incidence (nearly 1 in 5) of pseudarthrosis ater long
primary arthrodesis with the use of modern segmental spinal
instrumentation for the treatment of adult idiopathic scoliosis.
Some authors contend that risk for pseudarthrosis in the
posterior-only approach can be mitigated with recombinant
human bone morphogenetic protein-2. Luhmann et al.119 have
reported a high rate of fusion for both anterior-only (96%) and
posterior-only (93%) surgery with the use of rhBMP-2 for ASD.
A subsequent long-term follow-up study on the same patients
showed signiicant fusion rates for anterior (91%), posterior
(97%), and high-dose posterior (100%) spinal fusion.120
For severe spinal deformity, vertebral column resection is
a useful technique to permit spinal column shortening and
trunk translation. O’Neill et al.121 recently published their
5-year follow-up on 120 patients who underwent threecolumn osteotomies. hey showed radiographic alignment
improvement but were negatively afected by prior surgery
and complications requiring revision surgeries. Major complications occurred in 27%, with major reoperations in 25%.
A posterior-only vertebral column resection may be efective
for spinal deformity that is focal and in which the apex of
coronal and sagittal deformity is matched. he combined
anterior and posterior approach may be more efective in
treating the patient with a deformity that extends across
multiple segments; deformity that involves multiple apices,
including diferent apices in the coronal and sagittal planes;
and in the spine with hypokyphosis or lordosis across the
thoracic spine.

Complications of Adult Scoliosis Surgery
Spinal deformity is one of the oldest conditions known to
humankind. Its correction is inherently complicated and has
certain risks involved. Neurologic injury during spine surgery
can have devastating consequences for the patient; the surgeon
being aware of the causes of these complications can help
dissipate and potentially prevent them from occurring. he
risk of neurologic injury depends on the surgical procedure
performed, the amount of manipulation of the spinal cord, the
use of spinal instrumentation, and the degree of preoperative
spinal deformity and stability. he spinal cord is more sensitive to manipulation than the nerve roots. he pathophysiology of spinal cord injury is extremely complex and can involve
physiologic processes such as inlammation, edema, hemorrhage, and ischemia.
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he impact of obesity on complication rate infection and
patient-reported outcomes in patients undergoing surgery for
ASD has been examined by the International Spine Study
Group.129 heir retrospective processed active database of
patients with ASD who are surgically treated included 2-year
follow-up on 241 patients. his study reported that obese
patients had higher overall major complications and wound
infections. Obesity did not increase the number of minor
complications, radiographic complications, neurologic complications, or the need for revision surgery. Despite these
increased major complications, obese patients also beneited
from surgical intervention; however, their HRQOL is less than
that of nonobese patients.
he use of bone morphogenetic protein (BMP)-2 in ASD
surgery has been investigated, most recently by a multicenter
prospective study by Bess et al.130 hey reviewed a total of 279
patients, with a mean follow-up of 28.8 months. he BMP
group had similar age, smoking history, previous spine surgery,
total spinal levels fused, estimated blood loss, and duration of
hospital stay as the no-BMP group. he BMP group had
greater comorbidity, greater scoliosis, longer operative times,
osteotomies per patient, and greater percentage of anterior/
posterior surgery. he BMP group had more complications
per patient and more minor complications per patient than
the non-BMP group. he non-BMP group had more complications requiring surgery per patient than the BMP group.
Major, neurologic, wound, and infectious complications were
similar for both groups. heir conclusion was that BMP use
and location did not increase acute major, neurologic, or
wound complications.

Summary
Adult scoliosis is characterized by malalignment in the sagittal
and/or coronal planes and can present with pain and disability.
Clinical evaluation involves a thorough history, a complete
physical examination, and radiographic evaluation with a
particular focus on overall balance. Nonoperative management is recommended for patients with mild, nonprogressive
symptoms. However, the evidence of its eicacy is limited.
Operative management seeks to restore spinal alignment,
decompress neural elements as indicated, obtain a solid
fusion, and to minimize complications. A variety of surgical
approaches and techniques are available to achieve these goals.
In well-selected patients, surgery yields excellent outcomes in
terms of reduction in pain and disability.

Case Studies
Figs. 72.5 through 72.12 provide several case studies for
reference.
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he SRS used the largest known database of adult scoliosis to
determine the rate of complications of adult scoliosis surgery.122
Looking at their data from 2004 to 2007, complications were
identiied and analyzed on the type of scoliosis, age, use of
osteotomy, revision surgery status, and surgical approach. Each
group was stratiied to age 60 years or younger versus older
than 60 years. Surgical approach was divided into anterior,
posterior, or combined anterior/posterior. Looking at a total of
4980 cases, there were 521 patients with complications (10.5%)
and a total of 669 complications (13.4%). he most common
complications were dural tear, 142 (2.9%); supericial wound
infection, 46 (0.9%); deep wound infection, 73 (1.5%); implant
complication, 80 (1.6%); acute neurologic deicits, 49 (1.0%);
delayed neurologic deicits, 41 (0.5%); epidural hematoma, 12
(0.2%); wound hematoma, 22 (0.4%); pulmonary embolus, 12
(0.2%); and deep venous thrombosis, 9 (0.2%). here were also
17 deaths (0.3%). In their study, age was not associated with
complication rate (P = .32). Signiicantly higher complication
rates were identiied in osteotomies, revision surgery, and
combined anterior/posterior surgery.
As noted by Schwab et al.,6 surgical complications were prevalent in 60% of patients older than 60 years. Surgical complications
can be further diferentiated into mechanical in nature, such as
radiographic complications from proximal junctional kyphosis,
and implant-related complications, such as pullout and implant
failure. Complications may also be nonmechanical in nature,
such as neurologic, dural injury, and wound healing.
Soroceanu et al.123 recently looked at the radiographic and
implant-related complications seen in adults undergoing spinal
deformity surgery. With 2-year follow-up, the radiographic and
implant complication rate was 31.7%, with half of these patients
requiring a revision operation. hese mechanical complications
afected HRQOL by decreasing the rate of improvement over
time ater adjacent-segment disease surgery.
Several techniques have been proposed to reduce the risk
of proximal junctional kyphosis. hese include strategies to
reduce the stifness of the instrumentation, such as selecting
rods of smaller diameter, transitional rods, and/or less stif
composite metals, and using hooks124 or sublaminar wires in
place of pedicle screws at the upper instrumented vertebra.
Other authors have advocated the use of cement to augment
the upper instrumented vertebra.125,126 Percutaneous placement of pedicle screws in the upper one or two levels of the
construct to minimize injury to the facet complex and supporting sot tissue structures is currently being evaluated. he
best strategy to prevent proximal junctional kyphosis is the
subject of much debate and an area of active research.127
he efect of advancing age on postoperative complications
and revision surgery following fusion for scoliosis has been
investigated recently.128 In a retrospective cohort study examining 8432 patients with the average age at 53.3 years, there
was an increase in risk of hemorrhage, pulmonary embolism,
infection, and refusion associated with age.

1251

X

1252

ADULT DEFORMITY

A

B

C

D

FIG. 72.5 (A–B) Radiographs of a 23-year-old woman with a history of untreated adolescent idiopathic
scoliosis. (C–D) The patient underwent posterior spinal fusion of T2–L3 with instrumentation, autograft, and
allograft.
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FIG. 72.6 (A–B) Radiographs of a 63-year-old woman with kyphoscoliosis who reported back pain and sagittal
alignment issues. (C–D) The patient had an anterior lumbar interbody fusion done at L4–L5 and L5–S1, followed
by posterior spinal fusion from T4 to pelvis done about 8 weeks later. At that time, she had Ponte osteotomies
done from T9 to L3 to enhance the correction in the sagittal plane.

Chapter 72 Adult Scoliosis

1253

S E C T I O N

X

A

B

D

C

FIG. 72.7 (A–B) Radiographs of a 79-year-old woman with back and leg pain. The patient had an anterior/
posterior procedure done at the same setting. (C–D) Anteriorly, she had an anterior lumbar interbody fusion at
L3–L4, L4–L5, and L5–S1. Posteriorly, she had a posterior spinal fusion from T9 to S1, with laminectomies at
L3–L4 and L4–L5 2/2 lumbar stenosis. Preoperatively, she had vertebroplasties done at three levels at the
superior end of the construct, leaving the top level of vertebroplasty uninstrumented.
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FIG. 72.8 (A–B) Radiographs of a 67-year-old woman who reported back and leg pain as well as issues with
coronal imbalance. She had an anterior/posterior procedure done in the same setting. (C–D) She had an
anterior lumbar interbody fusion at L4–L5 and L5–S1, followed by a posterior spinal fusion from T10 to pelvis, as
well as laminectomies from L1 to L4. Preoperatively, she had vertebroplasties done at three levels at the
superior end of the construct, leaving the top level of vertebroplasty uninstrumented.
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FIG. 72.9 (A–B) Radiographs of a 65-year-old woman with degenerative scoliosis who reported radicular
symptoms associated with foraminal stenosis at the L4–L5 and L5–S1 levels. She had an anterior/posterior
procedure done at the same setting. (C–D) Anteriorly, she had an anterior lumbar interbody fusion at L4–L5
and L5–S1. Posteriorly, she had percutaneous pedicle screw ixation from L4 to S1.
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FIG. 72.10 (A–B) Radiographs of a 68-year-old woman with degenerative scoliosis who reported left lower
extremity pain in the L2 and L3 distribution. She had minimal back pain and her symptoms improved in a
recumbent position. (C–D) The patient had interbody cages placed at L2–L3 and L3–L4 via a direct lateral
approach, followed by pedicle screws placed at L2 and L4 percutaneously.
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FIG. 72.11 (A–B) Radiographs of a 58-year-old woman with kyphoscoliosis who reported back pain and had
sagittal alignment issues. (C–D) The patient had an anterior lumbar interbody fusion done at L4–L5 and L5–S1,
followed by a posterior spinal fusion from T4 to pelvis done about 8 weeks later. She underwent preoperative
vertebroplasties at the upper end of the construct.
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FIG. 72.12 (A–B) Radiographs of a 65-year-old woman with prior L2–L5 fusion who had worsening back and
leg pain. She had lumbar lordosis/pelvic incidence mismatch. (C–D) The patient underwent an anterior lumbar
interbody fusion at L5–S1 with a 30-degree spacer, anterior instrumentation, spinal implant removal at L3–L5,
Smith-Petersen osteotomy at L5–S1, pedicle subtraction osteotomy at L2, transforaminal lumbar interbody
fusion at T12–L1 and L1–L2, spinopelvic instrumentation with ixed iliac screws, revision instrumentation at
T10–pelvis, and posterior spinal fusion at T10–L2 and L5–S1. She also underwent preoperative T9, T10, and T11
vertebroplasty.
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Fixed Sagittal Imbalance
Evan J. Smith
Christine Piper
Joseph R. O’Brien

Introduction
Fixed sagittal imbalance refers to the condition in which there
is a loss of global spine alignment and an inability to compensate for it through lexibility in the lumbar or thoracic spine.
his condition eventually leads to a pitched-forward posture
for the patient. he etiology of ixed sagittal imbalance can be
diverse, resulting from both natural disease processes, such as
ankylosing spondylitis (Fig. 73.1), and iatrogenically ater
spinal surgery (Fig. 73.2). Fixed imbalance oten leads to
diminished quality of life and signiicant patient distress.
Patients may experience pain, diiculty with horizontal gaze,
diiculty with ambulation, and poor endurance as a result of
altered kinematics. Compensation may occur through the
hips and knees (increased pelvic tilt), which is a high-energy
state leading to rapid fatigue. Treatment of symptomatic sagittal imbalance has traditionally relied on correction of the
deformity through spinal osteotomy. Spinal osteotomy may be
performed posteriorly or anteriorly; modern spinal ixation is
a crucial element of these surgeries.

Etiology
Sagittal imbalance, also known as “latback syndrome,” has a
variety of etiologies. he most common presentation is the
elderly patient presenting with degenerative imbalance in the
setting of previous spine surgery, including lumbar fusion(s).
he use of Harrington distraction instrumentation to treat
scoliosis deformity in the 1970s to 1980s is oten regarded as
the main iatrogenic cause of ixed imbalance.1–4 his surgery
involved implanting straight distraction rods posteriorly into
the spine, thereby disrupting the normal sagittal curves. When
this instrumentation involved the thoracolumbar junction,
patients were oten let with a proximal lumbar hyperlordosis;
the patient would then compensate for this with the remaining
lumbar discs.1-4 Over time and with degeneration, however,
the ability to compensate for this imbalance is lost, and deformity ensues (see Fig. 73.2). Ater prior fusion, there is a progression of degeneration at adjacent levels. he patient
progressively loses lumbar lordosis (LL) or increases thoracic

kyphosis, making it diicult to stand fully erect.1 Last, some
authors have implicated anterior decompression instrumentation when used with an interbody grat as well as posterior
lumbar fusion without structural grating as a potential cause
of sagittal imbalance.5
Spinal trauma can also lead to ixed deformity. Any fracture
along the length of the spinal column may contribute, but
especially those near the thoracolumbar junction can result in
a kyphotic deformity, causing pain and loss of natural sagittal
curvature.6 he most commonly encountered example of this
would be a compression fracture (Fig. 73.3). Increased stress
is then applied to the adjacent segments and their associated
discs, transferring load and stress that the fractured level
cannot support.
Last, inlammatory and rheumatologic conditions are an
oten-cited source of sagittal imbalance. Ankylosing spondylitis is a frequently discussed cause of ixed sagittal imbalance.
his disease results in a stifness that allows for little variation
in balance before deformity occurs. LL is oten greatly
decreased in these patients, frequently resulting in a concomitant increase in thoracic and/or cervical kyphosis7 (see Fig.
73.1). Other disorders leading to latback deformity include
postinfectious kyphosis and congenital kyphosis or scoliosis,
the latter being caused by a failure in formation of either the
anterior/lateral segments or vertebral segmentation.8

Evaluation
he assessment of a patient with sagittal imbalance goes
beyond just looking at the spinal deformity—a thorough
history is paramount. Patients may present with a variety of
symptoms; it is important to understand the etiology of these
symptoms. Patients may present with focal back pain around
the deformity or neurologic symptoms extending into the
lower extremities, suggestive of concomitant stenosis or nerve
compression. hese patients may require a concurrent revision
decompression at the time of corrective surgery, or they may
have had previous spine surgeries that will afect future procedures. Others may present with little pain but have signiicant
fatigue, poor endurance, diiculty with horizontal gaze, and
1261

X

1262

ADULT DEFORMITY

FIG. 73.1 Standing radiograph of a patient with ankylosing spondylitis
showing severe loss of natural lordosis in the lumbar spine, leading to a
rigid bent-forward posture. This patient also had cervical kyphosis, leading
to further deformity and disability.

FIG. 73.2 Standing radiographs of a patient with Harrington rods
implanted to treat adolescent scoliosis. The lateral image shows the loss of
curvature at the thoracolumbar junction and the general loss of lumbar
lordosis and sagittal balance as a result of the combination of the rigid rods
and the natural degenerative changes that lead to loss of lumbar lordosis.

FIG. 73.3 Standing lateral radiographs of a patient who had compression
fractures at the thoracolumbar levels, leading to signiicant ixed kyphosis.
The patient underwent Smith-Petersen osteotomies at T9, T10, L1, L2, L3,
and L4, as well as fusion from T9 to S1. The patient also underwent
laminectomy at T12–L1, three-column osteotomy at T12, and vertebroplasty
augmentation at T8 and T9.

an inability to perform activities of daily living. It is important
to ask about comorbidities in this older population. he efect
of osteoporosis, diabetes, congestive heart failure, and chronic
obstructive pulmonary disease on the postoperative course
should be discussed prior to surgery to establish realistic
expectations and understand the signiicant risks of surgery.
he enthusiasm for a technically well-executed surgery must
be tempered with the risk of death and disability.
On physical examination, it is important to perform a
thorough neurologic exam in addition to an assessment of
balance and gait. One must observe the patient with and
without assistive devices, such as canes or walkers. As mentioned previously, there are multiple mechanisms to compensate for sagittal imbalance. A patient may be able to maintain
an upright posture (i.e., keeping the pelvis under the spine) by
extending the hips and lexing at the knees. Because of this
compensation mechanism, the examiner should ask the
patient to stand erect with the knees straight to truly visualize
the patient’s posture. Additionally, the examination should be
done sitting and supine to isolate the deformity and to assess
lexibility of the deformity. A neurologic exam should be done
to conirm any nerve compression resulting in sensory or
motor deicit. If the deformity is in spinal cord territory
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(generally above L1), one should pay particular attention to
relex and pathologic relex testing.

Radiographic Assessment
Understanding the normal variation in spine alignment allows
an individualized appraisal of spinal deformity and the potential for correction in a patient with symptomatic sagittal
imbalance. However, many of the radiographic measures have
large ranges of normal values; therefore, it can be diicult to
reach conclusions about sagittal balance from these measures
in isolation. Instead, one must assess these measures in relation to each other. he treating surgeon must understand the
idea of spinopelvic harmony, which refers to the interaction
of these myriad radiographic measures to assess a patient’s
pathology. Initial imaging should include standing long cassette radiographs (36 inches) to assess global alignment and
to establish the sagittal vertical axis (SVA), as well as regional
imaging of the thoracic and lumbar spine and imaging of the
pelvis and sacrum to assess thoracic kyphosis (TK) and LL, as
well as sacral parameters pelvic incidence (PI), pelvic tilt (PT),
and sacral slope (SS), respectively (Fig. 73.4). Flexibility of the
deformity can be assessed by comparing standing and supine
radiographs. Oten, computed tomography (CT) is utilized to
assess partial or complete fusion of the spinal deformity.
Additionally, magnetic resonance imaging (MRI) is crucial for
assessment of neural, vascular, and ligamentous anatomy.
he SVA is the most oten cited method to assess sagittal
balance. he measurement can be achieved on a standing
sagittal cassette of the spine by extending a vertical line from
the vertebral body of C7 and measuring its relationship to the
vertebral body at S1. In patients with normal sagittal balance,
this line should lie within the vertebral body at S1. Negative
values indicate an SVA behind the posterior superior edge of
S1, while positive values indicate anterior location. Normal
ranges for this parameter have varied depending on which
study is cited. In a series on asymptomatic patients, Jackson
reported that SVA ofset greater than 2.5 cm was beyond the
normal range. However, generally, a value greater than 5 cm
anterior is considered detrimental to quality of life9 (Table
73.1). It is important to note that SVA has been found to vary
with age, with recent studies showing that SVA moves anteriorly as a result of degenerative changes, resulting in loss of
LL.10 Clinically, SVA has shown the strongest correlation with
quality-of-life measures.11
Regional curvature is also helpful in understanding patientspeciic deformity. he normal range of LL varies between
studies, and like many of the radiographic measures of the
spine, there appears to be a wide range of normal values.
Bernhardt and Bridwell found a range of LL of −14 to −69
degrees (standard deviation, ±12 degrees) in a series of 102
asymptomatic adolescent patients.12 In a series on 100 healthy
French volunteers, Stagnara et al. found values ranging from
−32 to −84, with an average of −50 degrees of LL.13 Jackson
compared asymptomatic and symptomatic patients, noting a
statistical diference in the amount of LL from 60.9 to 56.3,
respectively.9

X

FIG. 73.4 Standing lateral radiograph of a patient with a signiicant ixed
kyphotic deformity to the thoracolumbar spine who presented with fatigue,
pain, and neurologic symptoms. Radiographic analysis of the sagittal curves
found a normal sagittal vertical axis of 1.7 cm, a lumbar lordosis of –48
degrees, and a pelvic incidence of 50 degrees but a pelvic tilt of 29 degrees,
suggesting some compensatory posturing in the pelvis.

TABLE 73.1 Radiographic Measurements to Assess Curvature in the
Sagittal Plane*
Parameter

Balanced Value

SVA

<5 cm

Cervical SVA

<1.5 cm

T1 tilt

<13 degrees

Pelvic tilt

<25 degrees

Proportional balance

Lumbar lordosis = pelvic incidence ± 9 degrees

Proportional balance

Pelvic incidence + lumbar lordosis + thoracic
kyphosis ≤45 degrees

*Based on review of the current literature.
SVA, sagittal vertebral axis.

Pelvic incidence has emerged as an objective measure to
better understand ideal LL. Roussouly et al. studied 160
healthy volunteers, demonstrating that the variability seen in
LL in normal patients may be the result of natural variations
in PI.14 PI is deined as the angle between a line drawn perpendicular to the surface of the superior endplate of the
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sacrum and a line connecting the midpoint of the superior
endplate of the sacrum to the center of the femoral head.
Oten, this angle is used preoperatively to deine diferent
pelvic morphologies and understand the ideal LL for a given
morphotype.
Last, one can examine at the amount of TK present. TK is
deined as the Cobb angle between T1 and T12. hese values
have been found to range from about 20 to 70 degrees in
normal individuals.14 As with other radiographic parameters,
there is a large range of normal values. Ideally, TK values
compensate for LL to maintain a normal SVA.
Compensatory mechanisms can develop to maintain a
normal SVA despite signiicant disability. As the spine moves
forward with rigid spinal deformity, there is an increased onus
on the musculature of the hips and pelvis to compensate to
maintain vertical alignment. Much of this compensation can
be identiied through radiographic measures of the pelvis. he
oten-studied angles include PT, PI (Fig. 73.5), and SS. he
measures are interrelated; the simple formula PI = PT + SS
describes their relationship. However, in contrast to the ixed
PI, SS and PT are posture-dependent values. SS is deined as
the angle between the superior endplate of the sacrum and the
horizontal. PT is deined as the angle between a vertical line
and a line from the midpoint of the sacral plate and the center
of the femoral head. An individual can increase his or her PT
to compensate for a rigid deformity by increasing pelvic

b
a
c

PI
o

FIG. 73.5 Method of measuring pelvic incidence (PI). PI is the angle
subtended by a line perpendicular from the cephalad endplate of S1 and a
line connecting the center of the femoral head to the center of the
cephalad endplate of S1. (From Rose PS, Bridwell KH, Lenke LG, et al. Role of
pelvic incidence, thoracic kyphosis, and patient factors on sagittal plane
correction following pedicle subtraction osteotomy. Spine [Phila Pa 1976].
2009;34:785–791.)

retroversion, hip hyperextension, and knee lexion, centering
the spine over the pelvis and maintaining a normal SVA. hese
altered postural measures require increased energy for ambulation and limit efective ambulation. Furthermore, there is a
positive correlation between PT values and worsening pain
and disability scores.15
Recent attention has focused on cervical sagittal alignment.
he SVA of the cervical spine is measured from the centroid
of the dens (C2) to the posterior superior corner of C7. Less
than 1.5 cm is desired (see Table 73.1). Additionally, T1 tilt
has been examined in cervical deformity. Because T1 is the
foundation of the cervical spine, one may consider excessive
TK as tantamount to a high pelvic incidence. In cases of cervical deformity, one may have to consider normalization of T1
tilt to correct the deformity and therefore extend surgery into
the thoracic spine. In addition to cervical SVA and T1 tilt, the
chin-brow angle is used to measure horizontal gaze and
deformity in ixed cervical or cervicothoracic deformity.

Surgical Management
he decision to pursue operative versus nonoperative treatment oten depends on the severity of symptoms. In patients
with mild symptoms or signiicant comorbidities, undertaking
a large corrective procedure with signiicant morbidity may
not be prudent. hese individuals can beneit from physical
therapy, occupational therapy, antiinlammatory medication,
targeted injections for neurologic symptoms, and lifestyle
modiications. However, patients with signiicant distress
from debilitating symptoms may be better served by corrective
surgery.
he goal of surgery is to restore normal spinal balance and
alignment in the sagittal and coronal planes. he surgeon
should aim to establish normal spinopelvic harmony. SVA has
the strongest correlation with quality-of-life measures.16 he
surgeon should attempt to restore SVA to less than 5 cm.16
However, one should also examine the PT and PI. Normalized
PT (<25 degrees) is crucial for eicient ambulation. Last, the
surgeon should assess the LL. he relationship between LL and
PI is related to natural spinopelvic morphology. he surgeon
must assess these values to establish patient-speciic alignment. he formula LL = PI ± 9 degrees allows the surgeon a
rough idea of the amount of LL to gain to match the normal
patient’s spinopelvic morphotype.17 Rose et al. used TK in
conjunction with PI and LL as preoperative measures to
determine what amount of LL correction was necessary to
provide adequate correction at 2 years in patients undergoing
pedicle subtraction osteotomy (PSO).17 hey found that a
value of PI + LL + TK less than or equal to 45 (where LL is a
negative number) had a 91% speciicity for predicting adequate
correction at 2 years (see Table 73.1).

Surgical Technique
Open corrective procedures are the workhorse of rigid deformity surgery. hese are extensile procedures that aim to
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FIG. 73.6 Surgical technique for pedicle subtraction osteotomy. (A) Left, Initial resection of the posterior
elements and surrounding pedicles. Right, Decancellation of the pedicles and the vertebral body. (B) Left,
Resection of the pedicles lush to the posterior vertebral body. Right, Greensticking and resecting of the
posterior vertebral cortex. (C) Left, Resection of the lateral walls. Note the V-shaped wedge. Right, Central canal
enlargement. Closure of the osteotomy and inal instrumentation. (From Bridwell KH, Lewis SJ, Rinella A, et al.
Pedicle subtraction osteotomy for the treatment of ixed sagittal imbalance: Surgical technique. J Bone Joint
Surg Am 2004;86A:44-50.)

correct deformity primarily by shortening the posterior
column. hese include the Smith-Petersen osteotomy (SPO),
PSO, extensile PSO (Fig. 73.6), and the vertebral column
resection (VCR). Invariably, greater correction is gained by
removing increasing amounts of posterior bony and ligamentous tissue.

he SPO has evolved to be a corrective procedure for restoring small amounts of LL. he procedure was described in 1945
for the treatment of rigid deformity in ankylosing spondylitis
and rheumatoid arthritis.18 It involves the wedge resection of
the posterior components without violation of the posterior
longitudinal ligament or vertebral body with posterior closure
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by either gravity or posterior ixation. Radiographic studies
have shown lordosis correction per level of approximately 10
to 15 degrees and can oten be performed in multiple levels in
appropriate patients, reaching overall correction as high as 40
degrees.15,19 It is the recommended procedure when there is a
long, smooth deformity.20 Additionally, because of its relative
ease, it has been used as an adjunct with anterior lengthening
procedures to provide additional correction.

Technique
he surgeon begins by removing the supraspinous and interspinous ligaments and portions of the spinous processes at the
desired level of correction. he ligamentum lavum and the
superior and inferior articular processes are then removed.
Next, the surgeon provides posterior compression by closing
the wedge resection with posterior instrumentation.
Because the SPO hinges on the middle column, it invariably tensions and lengthens the anterior column. his results
in anterior structure distraction through the intervertebral
disc, anterior longitudinal ligament (ALL), and anterior neurovascular structures. Consequently, the SPO should be
avoided in an individual with a calciied, rigid ALL, calciied
vessels, or an immobile intervertebral disc. It is recommended
that a height of at least 5 mm of disc be present to avoid
complications of tensioning an immobile disc.20 Additionally,
the SPO closes the neural foramina, and should be avoided in
an individual with concern for nerve root compression or the
potential for foraminal stenosis.20 In cases in which neuroforaminal stenosis is a concern, cantilever transforaminal
lumbar interbody fusion (C-TLIF) can be combined with SPO
to restore disc height and neuroforaminal height (Fig. 73.7).
he PSO is a more extensive corrective procedure. While
incurring more risk, it is a much more versatile procedure for
correcting deformity. Studies have shown the PSO to provide
lordosis correction of approximately 30 degrees per level.21,22
It is best performed at the apex of the deformity and is preferred when there is a sharp angle of deformity requiring
correction.20 he procedure involves the wedge resection of
the posterior elements extending into the middle column with
removal of a portion of the vertebral body as well as posterior
instrumentation and closure of the wedge. In contrast to the
SPO, the PSO is technically more challenging and incurs more
blood loss, as well as neurologic complications.19,23 However,
the PSO does not tension the anterior column, and does not
require the same considerations regarding lexible discs and
calciied anterior ligaments and vessels (see Fig. 73.6).
Additionally, the PSO does not result in foraminal narrowing, and can be modiied to provide coronal plane correction.
his can be accomplished by performing asymmetrical resection of the posterior vertebral body. A greater amount of
resection should be taken at the convexity of the deformity;
this resection oten extends into the vertebral discs above and
below.24
Like the SPO, surgeons have begun to combine anterior and
posterior procedures to increase the degree of correction. he
combination of anterior ligament releases with interbody cages
and posterior osteotomy has shown to improve correction in

FIG. 73.7 Standing radiograph of a patient who underwent Smith-Petersen
osteotomy (SPO) with cantilever transforaminal interbody fusion. There was
concern for neuroforaminal narrowing preoperatively; the interbody cage
allows distraction across the anterior and middle columns, as opposed to
the normal compression seen after SPO.

the sagittal plane. his is discussed further in the section on
alternative approaches for correction.

Surgical Technique
It is useful to break down large surgical procedures into
phases. For complex osteotomies, the phases are (1) exposure;
(2) removal/(re)instrumentation, which is subdivided to the
upper construct with or without cement augmentation and the
sacropelvic construct; (3) revision/primary decompression;
(4) osteotomy; (5) closure of osteotomy; (6) assessment of
spinal balance; (7) bone grating and closure; and (8) postoperative avoidance of complications.

Exposure
For exposure, it is crucial to limit blood loss. It is also important to keep the dissection close to the old laminectomy sites
to facilitate revision decompression. Antiibrinolytic agents,
such as tranexamic acid, have proved to be valuable in limiting
blood loss in adult spinal deformity surgery.24–26

Removal/(Re)Instrumentation
For cases with removal of hardware, it is imperative to have
the operative notes of the patient’s former surgery and a list of
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Revision/Primary Decompression
his step is oten the most onerous phase. Primary decompression is performed as though one would be performing
open TLIF two levels above and two levels below the osteotomy
site. One seeks to skeletonize the pedicles, and visualize the
nerve roots in the extraforaminal zone. Revision decompression can be diicult. It may be approached by doing the following. Identify the margin of the old laminectomy site.
Generally, the pars will be present. If transforaminal interbody
fusion (TLIF) has been performed previously, consider another
level for osteotomy due to extensive anterior scarring. Karlin
curettes can be utilized to mobilize above the pedicle, which
is a safe neural zone in most cases.

Osteotomy and Closure
Surprisingly, this portion can be as easy as a TLIF once the
proper preparation has been completed. A number of manufacturers have supplied osteotomy sets with specialized instruments to facilitate this phase. One should be sure that the
exiting and traversing nerve roots are mobile, as is the thecal
sac. It is our preference to isolate the pedicle prior to starting
removal. his setup requires that the prior posterolateral
fusion mass must be fractured and taken down irst. he
pedicle then is quartered with a 7-mm osteotome. he osteotome is sunk into the pedicle 1 cm and rotated to allow for a
controlled fracture. he quarters are then removed. At this
point, the pedicle should be lush with the posterior vertebral
wall. Conical shavers and wedge paddle shavers are used to
remove a wedge of bone. Ater bilateral pedicle removal, the
posterior wall is removed with down-going tamps or a
Woodson elevator in osteoporotic bone. A single rod is compressed to close the osteotomy. For cervical cases, the head is
moved into lordosis. In cases of pancaking of the vertebra, the
osteotomy is opened and a 10- to 20-mm TLIF cage is placed
anteriorly in the vertebral body; the osteotomy may be closed
over the cage.

Assessment of Spinal Balance and Bone Grafting
At this juncture, a lateral radiograph is taken to determine if
the desired correction has been achieved. Instrumentation is
visualized at each level to check for proper placement. Intraoperative CT scanning may be considered to check placement
as well. he osteotomy site is a potential site for pseudarthrosis.

One may consider the use of fusion accelerators, such as
recombinant human bone morphogenetic protein, at the site
or TLIF at the discs above and below. Lateral surgery and
multiple rod use is also a consideration to decrease the incidence of pseudarthrosis at the osteotomy site.

Avoidance of Complications
As with all major blood loss surgeries, management is crucial
to success.30 Intraoperatively, the use of crystalloid should be
limited to less than 4 L. Blood products and those that remain
intravascular are to be utilized. Use of the intensive care unit
should follow the patient’s international normalized ratio
(INR) and electrolyte levels. Calcium should be replenished.
Postoperatively, anticoagulation may be started once the INR
is below 1.2 and the platelets are above 100.31 It is our preference to utilize enoxaparin (Lovenox) 40 mg once daily to
avoid deep vein thrombosis. Studies examining postoperative
epidural hematoma have shown risk factors to be the following: greater than ive-level laminectomy, INR greater than 2.0
in the irst 48 hours, and blood loss greater than 1 L. Anticoagulation was not shown to be a risk factor.31

Cervical/Cervicothoracic Posterior Osteotomies
While the PSO has a durable track record of providing correction in the lumbar spine, it is also being used to provide
correction in the cervical spine outside the territory of the
vertebral artery (generally <C6). Initially, attempts to correct
rigid deformity in the cervical spine were seen only in patients
with ankylosing spondylitis. he techniques used were similar
to the SPO, involving removal of the posterior elements at C7
with controlled fracture of the anterior spine and closure of
the wedge using a halo orthosis. his procedure has undergone
some modiications, as described by Simmons in 1972 and
later amended in 2006, including a more extensive bone resection and posterior instrumentation.32 Recent publications on
cervical PSO have shown strong correction potential with an
average increase in cervical lordosis of 24 to 50 degrees with
no intraoperative or postoperative neurologic complications
and improvement in patient outcome measures.33,34 However,
the studies are limited by small patient groups. Reports of
long-term outcomes are limited.

Surgical Technique
As with PSO, it is useful to divide the procedure into phases.
he setup is quite important in cervical osteotomy cases. We
have moved away from the Mayield holder to a loating setup
with traction (Fig. 73.8). his setup is also used for cranial
settling cases.35 For osteotomy closure, we change the traction
vector to facilitate the head and neck position. Preoperative
planning should consider T1 tilt prior to correction of neck
position. For cases with extensive TK, the surgeon should
consider extension of the distal aspect of the surgery to T6 or
L1. Proximally, one needs to ensure pedicular ixation, and the
revision nature of the surgery may limit ixation. Navigation

S E C T I O N

what hardware is currently present. During (re)instrumentation, one may consider the upper construct and sacropelvic
base separately. For lower thoracic stopping points (i.e., T10),
we prefer to cement augment the upper screws and the uninstrumented level above. Such methods have been shown biomechanically and clinically to result in less proximal junctional
kyphosis.27,28 Ater the upper construct is built, the sacropelvic
base is built. It has been our preference to utilize pelvic ixation
in all cases and not choose L5 as a stopping point for lumbar
osteotomies. S2AI screws are used preferentially, and show a
lower unplanned revision rate as compared to iliac ixation.29
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standard corpectomy and spinal decompression, the Penield
retractor is placed laterally around the vertebral body. A burr
is then used to remove the lateral wall until the desired cut is
obtained. At this point, a cage and plate are placed. If surgical
planning does not include returning to the anterior neck,
only cephalad screws are placed into the plate spanning the
osteotomy site to allow for correction of kyphosis. he patient
is then repositioned for posterior surgery. he neck is exposed
and decompressed as needed. he fusion mass (if present) is
cut and a Cobb elevator or wedge osteotome is placed into
the neo-facet joint and twisted until fracture occurs. he
neck can then be repositioned into lordosis. Instrumentation
is performed as needed. Surgeons may then elect to perform
anterior deinitive ixation as needed.

FIG. 73.8 The senior author (J.R.O.), when performing cervical osteotomy,
uses the loating setup with traction as pictured.

has been used to safely place midcervical pedicle screws36; it
is important to consider that one level of pedicle ixation is
equivalent to two levels of cervical lateral mass ixation.37 he
C2 level is a reasonable stopping point. In cases of poor bone
stock, we have utilized the occiput as a temporary ixation
point without bone grat applied to the occipital-cervical junction. he rods may be cut at a later date or pseudarthrosis and
rod fracture at the occiput may be expected. he surgeon
begins by placing pedicle screws for fusion from the level of
C2 to three levels below the osteotomy site: T3. If the patient
had a large amount of TK, then the fusion can be extended
lower to include the apex of the deformity. Osteotomies begin
by removal of the facets and lateral masses at C6–C7 and
C7–T1. he nerve roots are then identiied and the C7 pedicles
are isolated. Next, the pedicles are taken down and the posterior vertebral body is decancellated. he walls of the vertebral
body are then removed and the neck is extended to close the
osteotomy site. We prefer to use a traction setup to do so.32

Midcervical Osteotomy for
Fixed Sagittal Imbalance
In some cases, midcervical osteotomy may be required. Generally, in the territory of the vertebral artery (C2–C6), anterior
and posterior approaches are utilized. In this segment, our
preferred technique will be outlined.
It is our preference to open the posterior portion of the
neck only once. As such, our approach begins anteriorly.
he anterior cervical spine is exposed broadly. he longus
colli is striped laterally, as is done in typical anterior cervical
discectomy and fusion. he center of the spine is found either
with C-arm luoroscopy or by placing Penield dissectors
laterally and marking the midline. Corpectomy is performed,
as is standard. A width of 16 mm is utilized in all but the
smallest-stature patients. he intraoperative use of a ruler
from midline facilitates a straight corpectomy trough. Ater

Vertebral Column Resection
As the name implies, this procedure removes the posterior
elements entirely and all but an anterior cortical shell of the
vertebral body. Circumferential removal of the spinal column
allows for powerful deformity correction, but is also the most
technically demanding. Consideration for robust neuromonitoring must be made. Multimodal neuromonitoring is crucial,
as is neurology input at the time of surgery. It is important to
realize that both spinal decompression and realignment may
impair the function of the spinal cord. As such, when changes
in neuromonitoring occur, the context is very important—if a
decline in signals occurs just ater correction of the spinal
alignment, one must reverse the maneuver.
VCR is best used where there is severe malalignment in
the thoracolumbar spine, as opposed to focal rigid lumbar
deformity. he lumbar deformity is more amenable to PSO.
Examples of scenarios in which to use VCR include individuals with sharp, angular kyphosis in the thoracic spine or
a severe thoracic or thoracolumbar kyphoscoliosis. During
VCR, the surgeon performs complete resection of one or
more vertebral levels either from a posterior or combined
anteroposterior approach. his is a technically demanding
procedure that should be performed by surgeons at centers
experienced with deformity surgery. Using this technique,
correction can be gained in both the coronal and sagittal
plane by a combination of compression and translation of
the column. he use of interbody cages and grats is required,
as the spinal column invariably shortens with vertebral body
resection. Establishing fusion is critical given the degree of
circumferential destabilization.38

Surgical Technique
As with pedicle subtraction osteotomy, it is useful to divide
the procedure into phases. Once again, for complex osteotomies, the phases are (1) exposure; (2) removal/(re)instrumentation, which is subdivided to the upper construct with or
without cement augmentation and the sacropelvic construct;
(3) revision/primary decompression; (4) osteotomy; (5)
closure of osteotomy; (6) assessment of spinal balance; (7)
bone grating and closure; and (8) postoperative avoidance of
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Minimally Invasive Surgery
Minimally invasive approaches to the spine have gained popularity over the last 2 decades. Much of this interest was bolstered by studies demonstrating less morbidity when compared
to open posterior procedures.41–43 hese include anterior
lumbar interbody fusion (ALIF), TLIF, lateral lumbar interbody fusion (LLIF), direct lateral interbody fusion (DLIF),
and extreme lateral interbody fusion (XLIF). he improved
complication rates are presumed to be the result of less tissue
dissection. Invariably, this improved complication proile has
inspired surgeons to apply minimally invasive techniques to
treating spinal deformity. In contrast with posterior procedures, these techniques aim to perform primarily anterior
elongation through placement of interbody cages and release
of anterior restraints.
ALIF has been used with mixed results. Hsieh et al. found
that ALIF was superior to TLIF at improving LL.44 However,

the improvement was minimal. his diference may be due to
the ALL release required for anterior exposure. here are few
studies looking at the stand-alone efect of ALIF on sagittal
balance, as it is oten combined with posterior osteotomies to
provide circumferential correction. In contrast to other minimally invasive approaches, the ALIF procedure allows unimpeded access to the lowest lumbar levels. However, there are
signiicant complications to this technique. hese include
neurologic complications from injury to hypogastric plexuses,
resulting in sexual dysfunction, retrograde ejaculation, and
bowel and bladder dysregulation. he most devastating complications include injury to the great vessels, which occur at
rates from 1% to 24%.45 Nevertheless, experienced practitioners have success when combining this approach with posterior osteotomies.44
More recently, there has been a progression to using LLIF
(DLIF/XLIF) approaches for correcting the anterior column
and placement of interbody cages. hese approaches utilize a
lateral retroperitoneal, transpsoas corridor to access the lateral
vertebral body with minimal sot tissue dissection. When
compared to ALIF, this approach avoids the need for an access
surgeon, and avoids complications related to damage to the
anterior neurovascular structures or abdominal or genitourinary viscera. Additionally, this approach avoids the complications frequently seen in posterior procedures: extensive muscle
stripping and manipulation of the thecal sac. Preliminary
reports have conirmed the lower complication proile when
compared to traditional posterior procedures.46 However, in a
systematic review by Phan et al., there was weak and inconsistent correction in the sagittal plane using standard cages
with these lateral techniques.47 XLIF and DLIF have their own
set of complications related to psoas muscle injury and genitofemoral nerve injury, including thigh pain, hip lexor weakness, and groin pain.
LLIF has also been used to improve sagittal plane correction. Uribe et al., in an initial cadaveric study, assessed the
potential of 20-degree and 30-degree hyperlordotic cages to
provide sagittal plane correction with positive results.48 Subsequently, Marchi et al.49 examined eight cases using a DLIF
approach with 30-degree hyperlordotic cages on patients with
sagittal imbalance. hese authors noted markedly improved
LL with average gains of 10 degrees per level, which was higher
than that seen with standard XLIF.49 hey also noted an
improvement in SVA from 24 to 9 cm. However, they noted
an increase in anterior cage subsidence as well, particularly
where there was a tight ALL, making cage placement diicult.
As a follow-up, Deukmedjian et al. proposed a minimally
invasive technique involving the release of the ALL to decrease
tension on the anterior column.50 Called anterior column
release (ACR), this technique allows easier insertion of the
hyperlordotic cages, especially where a narrow disc space may
result in endplate damage, cage subsidence, and limitation to
lordotic correction. In initial follow-up studies, these authors
found improvement in sagittal balance by 4.9 cm from 9 to
4.1 cm and a per-level improvement of 17 degrees in segmental LL. hey noted that the procedure could be technically
challenging, particularly when avoiding sympathetic and
neurovascular structures during ALL release, and advocated
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complications. See the earlier section to review the preparatory phases of surgery. Diferences are highlighted later in this
chapter.
he procedure is centered over the deformity and involves
resection of the posterior elements. he adjacent-level laminae
and facets are removed as well as the pedicles, vertebral body,
and cephalad and caudal discs. Initial eforts to perform VCR
may utilize a combined anterior and posterior approach—
especially in the lumbar spine, where nerve root sacriice is
not routinely done. Anterior approaches, whether open or
minimally invasive, focus on disc removal and mobilization
of the great vessels. Alternatively, an osteotomy through the
vertebral body in the coronal plane to leave an anterior cortical
shell may be performed. A Silastic sheet may be implanted to
help ind the plane of the cut/mobilization. Posterior instrumentation allows manipulation in the sagittal and coronal
planes before inal correction. In the thoracic spine, the rib
heads may be disarticulated to visualize the vertebral body.
Complication rates increase with the extent of surgery and
complexity of the osteotomy. While open procedures have a
strong history of providing correction, they may also impart
signiicant morbidity to the patient: blood loss, neurologic
complications and postoperative disability, posttraumatic
stress disorder, and death.19,20,39 he Scoliosis Research
Society (SRS) in 2011 published results on patients with rigid
deformity undergoing corrective surgery. hey noted increasing complication rates from SPO (28.1%), to PSO (39.1%),
to VCR (61.1%).23 he complication rates observed in the
VCR group were much higher than previously reported rates
of 20% to 30%.38,40 he complications included dural tears,
neurologic deicits, deep wound infections, hematomas,
pulmonary emboli, and malpositioned implants. Generally,
the neurologic deicits were mostly nerve root injuries (82%),
while the remaining were incomplete spinal cord injuries.
Despite neuromonitoring, only 2 of 18 nerve root injuries
were detected. Half of the patients with nerve root injuries had
complete recovery, and half had partial recovery at 9 months.
Naturally, surgeons have looked for less morbid alternatives
to these procedures.
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for curved retractors to protect these structures. With diligence, they reported no neurovascular complications in their
initial cohort.51
Other groups have examined the addition of posterior procedures to minimally invasive correction. Manwaring et al.,
in a follow-up study of early outcomes, studied correction
provided by the addition of posterior instrumentation to standard LLIF procedures.52 hese authors found that posterior
instrumentation did not provide additional correction with
or without the use of hyperlordotic cages or ACR. However,
the ACR with hyperlordotic cages did provide a correction
similar to that previously seen and similar to the SPO per
level, and patients with multilevel procedures had correction
similar to that reported for PSO. Berjano et al. examined
the efect on sagittal balance with the addition of posterior
osteotomies to the ACR.53 hey found that the addition of the
SPO provided 24 degrees of correction on average per level.
his was similar to correction provided by the PSO in the
literature. In a multicenter analysis, Turner et al. conirmed
this further improvement ofered by posterior SPO. hey
reported a modest correction of 12 to 15 degrees.54

Summary
Fixed sagittal imbalance is a cause of signiicant disability and
distress to patients. It is important for the surgeon to understand the disease process that leads to ixed sagittal imbalance
and understand the changes in thoracolumbar and spinopelvic
alignment that occur. In patients undergoing surgery, restoring spinopelvic harmony is paramount. Radiographic measures of sagittal balance can be assessed through radiographic
measures of the spine. However, surgery to treat this disorder
is not without signiicant morbidity; it is important for the
surgeon to understand the risks and beneits of surgery when
discussing treatment with patients. Recently, there has been
more efort into using minimally invasive approaches for
deformity correction with less morbidity when compared to
the traditional open posterior osteotomies that have long been
the traditional approaches to deformity surgery.
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Basic Science of Spinal Cord Injury
Alexandre Rasouli

here is still no cure for spinal cord injury (SCI). Recovery in
the spinal cord is thwarted by two fundamental obstacles: the
inherently weak regenerative ability of central nervous system
(CNS) axons and a powerfully inhibitive—and oten deleterious—postinjury milieu of physical and chemical factors.
hese factors are intertwined in a so-called secondary response
of tremendous complexity that ironically does more to injure
the spinal cord further than to heal it. Years of research have
slowly elucidated the pathophysiologic processes that follow a
traumatic insult to the spinal cord. his chapter reviews the
biochemical and physiologic features of the SCI response and
establishes a foundation on which the latest therapeutic strategies can be understood.
he irst section discusses the inlammatory cascade that
occurs in the moments ater an assault to the spinal cord. he
second section reviews current understanding of the inhibitory extracellular environment that results from the injury
response and that ultimately prevents axonal regeneration.
he chapter concludes with a review of the biochemical
processes that can be targeted by candidate therapies.

and autonomic regulatory interruption lead to cellular ischemia
at the epicenter of cord injury. he neuronal cell bodies in the
gray matter are highly vulnerable to ischemia. he resultant
shit in pH renders neuronal cell body and axonal membranes
highly vulnerable to subsequent injury.

Oxidative Damage
Reperfusion and oxidative stress follow the transient period of
hypoperfusion. he introduction of oxygen to the compromised cell membranes produces a highly toxic environment
in which the membrane lipid fatty acids undergo oxidation.5
his membrane lipid peroxidation produces several varieties
of free radicals that, in turn, drive even further lipid peroxidation and free radical production. Some of the free radicals
accumulate within the cell and denature deoxyribonucleic
acid, mitochondrial proteins, and eventually bring energy
production to a halt, resulting in irreversible damage and cell
death.

Excitotoxicity

Pathophysiologic Response to Spinal Cord
Injury
he acutely traumatized spinal cord is subjected to multiple
physical and chemical mediators that cause additional (secondary) injury.1,2 his concept of secondary injury has been
validated in both animal and clinical studies, and secondary injury mechanisms have been the target of the bulk of
pharmacologic interventions to date. hese processes begin
immediately following the injury and continue for weeks
(Fig. 74.1).

Hemorrhage and Circulatory Collapse
Upon injury, the blood–spinal cord barrier is disrupted and
intraparenchymal hemorrhage occurs, the extent of which
depends on the force of the initial trauma. Microcirculatory
insuiciency follows.3,4 Vascular hypoperfusion due to capillary loss, capillary spasm, thrombosis, systemic hypotension,

Disruption of the neuronal cellular membrane undermines
one of the crucial features of cellular equilibrium—ionic regulation.6 he destabilized neurons undergo an inlux of sodium
ions that eventually alters cellular pH and leads to cytotoxicity.
he ionic balance is perturbed by, and will cause neuronal
destruction via, an additional important mechanism: the cellular release of the ubiquitous neurotransmitter glutamate
changes the extracellular space into a hostile extracellular
milieu.6 Glutamate activates various cell surface receptors that,
in turn, mediate a large variety of intracellular processes.
Excessive glutamate will drive these processes to the point of
fatal overload to the cell. he most studied of the glutamic
receptors is the N-methyl-D-aspartate receptor, which mediates entry of Ca2+ into cellular cytoplasm from both extracellular and intracellular stores. While calcium in physiologic
amounts is the necessary component for many important
enzyme-mediated cellular processes, pathophysiologic quantities of calcium lead to the persistent activity of destructive
enzymes, including lipoxygenases and phospholipases. hese
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FIG. 74.1 The self-perpetuating injury cascade begins with a sequence of hypoperfusion and reperfusion. The
ensuing oxidative damage leads to tissue necrosis and an immune response that culminates in the inhibitory
glial scar.

enzymes will target the beleaguered cell membrane again to
generate free radicals from lipid oxidation. he radicals will
disrupt cellular proteins, in particular, those that mediate the
ability of mitochondria, the chief source of cellular energy, to
drive oxidative phosphorylation.

Mitochondrial Collapse and Cytotoxicity
he aforementioned free radical formation and glut of Ca2+
ions abolish mitochondrial integrity by activating mitochondrial permeability transition pores.6 he opening of these
pores leads to a massive increase in mitochondrial membrane
permeability. he organelle loses its electrochemical gradient,
adenosine triphosphate production ceases, and the outer
membrane swells until it ruptures. he damage is far-reaching.
Calcium ions, free radicals, and cytochrome c, once sequestered within the mitochondria, are now free to escape into the
neuronal cytoplasm where they immediately activate necrosis
and apoptosis.

Neuroimmunologic Response
he cells of the immune system are eventually attracted to the
neuronal self-destruction. Over the next hours to weeks, they
will lay the foundations for an extracellular environment that
will inhibit axonal regeneration. he irst of these cells to appear
at the site of injury are circulating neutrophils. Once active,
neutrophils will secrete cytokines that stimulate production of
phospholipases and cyclooxygenase.7 he former will consume
neural membranes to produce arachidonic acid, which the
latter (cyclooxygenase) uses to produce prostaglandins and
thromboxanes. Prostaglandins (PGE2, PGD2, PGF2α, PGI2)
serve (1) to amplify the inlammatory response by increasing
capillary permeability to allow additional inlammatory cell
inlux; (2) to increase neuronal calcium concentration, thus
promoting excitotoxicity; and (3) to activate other inlammatory cells.1 hromboxanes promote platelet aggregation within
capillaries and thus worsen local tissue ischemia.
Macrophages, local microglia, and astrocytes eventually
appear and begin secreting the two most important factors
of the cytotoxic inlammatory response: interleukin-1 and

tumor necrosis factor α. Interleukin-1 stimulates the expression of adhesion factors on endothelial cells, which will allow
circulating lymphocytes to penetrate the blood–brain barrier.
Tumor necrosis factor α serves to recruit activated cytotoxic
lymphocytes to irst adhere to endothelial cells and then to the
site of injury. he recruited lymphocytes, which target myelin
basic protein, are particularly adept at causing disruption of the
all-important myelin sheath—a critical component of nerve
conductivity and axonal regeneration. he epicenter of traumatic injury thus becomes an inlammatory tangle of necrosis,
apoptosis, and demyelination. Over the coming weeks, the
cellular debris will irst liquefy into a posttraumatic cyst and
then organize into the notorious astroglial scar, which will
inhibit axonal regeneration.

Astroglial Scar
he most signiicant factor in the inhibition of axonal regeneration ater SCI is the glial scar that develops.8–11 he glial
scar is a collection of reactive cells (astrocytes, microglia,
oligodendrocyte precursors, meningeal ibroblasts) that
express cell-surface and matrix molecules, which surround the
area of injury and ultimately repel the advancement of regenerating axons (Fig. 74.2).
he scar features a core zone of meningeal cells and oligodendrocyte precursors, and a lesion-surround zone of astrocytes, oligodendrocyte precursors, and microglia. he core
zone is separated from the surround zone by a basement
membrane composed mostly of type IV collagen.12 While
some axons may regenerate through the surround zone, no
axon can penetrate the core zone without some form of
experimental manipulation.13
he inhibitory efects of the scar are conferred by three
classes of molecules, all of which are expressed by one or more
of the reactive cells in the glial scar. hese include the chondroitin sulfate proteoglycans (CSPGs; NG2, brevican, phosphacan, neurocan, versican), semaphorin 3 proteins, and eph/
ephrin tyrosine kinases. Although the precise mechanisms of
their actions are unclear, the molecules exert their inhibitory
efects either by directly or indirectly binding to the axon cell
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FIG. 74.2 The astroglial scar presents nonpermissive cues to regeneration.
These nonpermissive cues include deprivation of trophic support, lack of
permissive cues at the axonal growth cones, progressive demyelination,
decreased cyclic adenosine monophosphate levels, and a strong inhibitory
environment established by extracellular matrix molecules (keratin sulfate
proteoglycans and chondroitin sulfate proteoglycans NG2, neurocan,
brevican, versican, phosphacan), and by glial and myelin components.

initial site of trauma, for instance, has been proposed.20 In a
study of transgenic mice, selective ablation of reactive astrocytes in the glial scar ater both contusion and penetrating
spinal cord injury led to markedly increased tissue disruption,
cellular degeneration, cystic changes, and profound and persistent motor deicits relative to nonablated controls.21 It is
likely that both the cellular and extracellular matrix elements
of the gliotic scar play a critical role in biochemical protection
and structural stabilization of cord integrity, and thus function, ater SCI.
he duality of the inlammatory response ater spinal cord
trauma, both inhibitory to axonal regeneration and protective
against further injury, is perhaps the most perplexing aspect
of SCI and a key reason that a cure has proven so challenging.

Basic Science of a Cure
surface or by binding and deactivating trophic factors, cell
adhesion molecules, and extracellular matrix molecules that
are a requisite for axonal growth and regeneration.14 he
ultimate efect of the gliotic response to injury is the inhibition
of successful axonal regeneration and remyelination by both
physical and chemical means15 (Fig. 74.3).
here is tremendous therapeutic potential in the ability to
modulate the gliotic scarring response to CNS injury. In vitro
and in vivo studies to date, though relatively limited, have
demonstrated enhancement of axonal regeneration and functional recovery ater inhibition of speciic glial scar constituents. Enzymatic digestion of the glycosoaminoglycan chains
of CSPGs, for instance, stimulates axonal regeneration through
the site of injury.16 Function-blocking antibodies to semaphorin receptors have allowed sensory axons to regenerate into
the formidable core zone of the scar.17 Chelating agents that
prevent collagen IV synthesis around the core zone have
also allowed successful axonal regeneration in some animal
models.18 Animals with clonal deletions of a certain eph
molecule have almost no astroglial scar response and demonstrate unimpeded regeneration of motor axons through the
zone of injury.19
Despite its multifaceted inhibitory inluence, several recent
studies suggest that the glial scar must ofer some protective
beneit to the injured spinal cord. he role of the gliotic
response in mitigating the extension of cord injury beyond the

Consistent with their basic science foundations, the human
acute SCI therapies have one of two ambitions: (1) to limit
secondary injury (neuroprotection, acute surgical intervention, rehabilitation) and (2) to reverse injury (Box 74.1).

Methylprednisolone
he irst randomized, controlled multicenter trial of a
neuroprotective agent was the National Acute Spinal Cord
Injury (NASCIS) I Study, which attempted to establish the
clinical eicacy of methylprednisolone.22,23 hough its precise
mechanism of action is still unclear, methylprednisolone
was thought to exert either a cell-stabilizing efect via the
glucocorticoid receptor or a cord-stabilizing efect via freeradical inhibition.24–26 he trial was based on several animal
studies that suggested improved neurologic recovery when the
corticosteroid was administered promptly ater experimental
injury.27 Published in 1984, NASCIS I included 330 patients
with acute SCI (deined as any loss of sensation or motor function below the level of injury), who were randomized into two
groups within 48 hours of injury: a “low-dose group” receiving
100 mg IV methylprednisolone bolus and then 25 mg every 6
hours for 10 days; and a “high-dose” group receiving bolus and
maintenance doses 10 times those of the low-dose group every
6 hours for 10 days. Outcome measures consisted of motor
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FIG. 74.3 Although the precise mechanisms of their actions are unclear, the molecules of the glial scar exert
their inhibitory efects either by directly or indirectly binding to the axon cell surface or by binding and
deactivating trophic factors, cell adhesion molecules, and extracellular matrix molecules that are requisite for
axonal growth and regeneration. The ultimate efect of the gliotic response to injury is an embarrassment of
axonal regeneration and remyelination by both physical and chemical means. CSPGs, chondroitin sulfate
proteoglycans; EGFR, epidermal growth factor receptor; LINGO1, Nogo receptor-interacting protein; MAG,
myelin-associated glycoprotein; NgR1, Nogo-66 receptor 1; NgR2, Nogo-66 receptor 2; Nogo, neurite outgrowth
inhibitor; OMgp, oligodendrocyte myelin glycoprotein; PKC, protein kinase C; ROCK, rho-associated kinase;
sema4D, semaphorin-4D.

and sensory indices of 14 muscle groups and 29 dermatomes.
he follow-up periods were 6 weeks and 6 months. hough
there was no diference between the two groups in terms
of neurologic outcome, there was an increased incidence of
wound infection and even fatality in the higher-dose group,
with the former achieving statistical signiicance.
One year later, NASCIS II was launched as the irst randomized, prospective, placebo-controlled trial of a candidate
therapy for SCI.28,29 It was devised to address the lack of a
placebo control in NASCIS I and to incorporate new basicscience indings regarding efective methylprednisolone
dosing and mechanisms of action. he study involved 487
patients who were randomized into three groups within
12 hours of sustaining either complete or incomplete SCI:
a methylprednisolone group receiving an unprecedented
30 mg/kg IV bolus, followed by a maintenance infusion of
5.4 mg/kg/h over 23 hours; a placebo group; and a third group

consisting of a 5.4 mg/kg bolus and 4.0 mg/kg/h maintenance
infusion of the opioid antagonist naloxone, whose neuroprotective efects had also been suggested by animal studies.30
he outcome methodology was similar to that in NASCIS I.
When all members of the methylprednisolone group were
compared to placebo, there were no statistically signiicant
improvements in sensory or motor function at 6 weeks.
However, when the steroid group was stratiied according to
timing of administration, patients receiving treatment within
8 hours of injury demonstrated a signiicant improvement in
sensory and motor function by 6 weeks versus placebo. he
relative improvement was sustained through the 6-month
follow-up point. Within the steroid group treated within 8
hours, further subgroup analysis with respect to ASIA scale
injury severity revealed that class A patients had the greatest
statistically signiicant improvement in motor and sensory
measures versus placebo. Additionally, American Spinal
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Ganglioside GM-1
Trials of the glycosphingolipid ganglioside GM-1 followed closely
on the heels of the methylprednisolone studies. Gangliosides
are mammalian neuronal cell membrane constituents and play
a substantial role in neuronal plasticity, axonal recovery ater
experimental SCI, and cell preservation ater ischemia.33–36 he
Maryland GM-1 ganglioside trial was a prospective, randomized,
placebo-controlled pilot study of 37 patients with SCI who
were assigned to one of two groups: GM-1 100 mg IV per day
for 30 days versus placebo.35 Outcome measures were in terms
of motor scores and Frankel grades, and the follow-up point
was at 6 months. By 6 months, the authors demonstrated a
2-grade improvement on the Frankel scale in 50% of patients
receiving GM-1 but only in 7% of patients receiving placebo,
a diference that was statistically signiicant. he pilot study
was then expanded into the largest clinical trial of SCI therapy,
known as the Sygen Multicenter Acute Spinal Cord Injury Study
(SMASCIS).37 SMASCIS randomized 797 patients with SCI into
two groups receiving GM-1 (300 mg IV bolus + 100 mg IV daily
for 56 days versus 600 mg IV bolus + 200 mg IV daily for 56
days) and NASCIS II protocol. Outcome measures included
ASIA sensory and motor scores and the ASIA impairment scale
rating. At 8 weeks, patients exhibited dose-related, statistically
signiicant improvements in impairment scale ratings relative to
placebo; but by the 6-month endpoint, there were no diferences

in the number of patients achieving improvement (deined
as at least a 2-grade improvement in the impairment index)
between any of the groups. SMASCIS had revealed that GM-1
ganglioside was ultimately no better than placebo in the setting
of acute SCI.

Thyrotropin-Releasing Hormone
hyrotropin-releasing hormone (TRH) and its analogs have
been shown in multiple animal models of acute SCI to
improve functional recovery by acting as a neuroprotective
partial opioid antagonist.29,38–40 he prospective trial evaluating its eicacy in human subjects involved 20 patients with
acute SCI who were randomly assigned within 12 hours of
injury into one of two groups: a TRH group receiving 0.2 mg/
kg bolus IV dose followed by 0.2 mg/kg/h infusion for 6 hours
and a placebo group.41 NASCIS motor and sensory indices
and the Sunnybrook system were used as outcome measures.
Follow-up time points were at 24 hours, 72 hours, 7 days, 1
month, and 4 months, and 1 year ater injury. Patients with
complete injuries did not demonstrate a beneit from TRH
administration relative to placebo group patients; patients
with incomplete injuries did show statistically signiicant
improvement in outcome measure ater TRH treatment versus
placebo. However, the authors were cautious with their conclusions due to sample size issues and the number of patients
lost to follow-up. A larger clinical trial of the hormone has
not been completed.

Nimodipine and Gacyclidine
In a number of animal models of SCI, the calcium channel
blocker nimodipine has been reported to improve neurologic
recovery by increasing spinal cord blood low and limiting
vasospasm, ischemia, and secondary infarction.42,43 he prospective clinical trial of the antihypertensive involved 106
patients with complete or incomplete SCI who were randomized to one of four groups: nimodipine 0.015 mg/kg/h IV
loading dose for 2 hours + 0.03 mg/kg/h infusion for 7 days,
methylprednisolone according to NASCIS II protocol, both
agents, and placebo.43 Outcome was measured with the ASIA
grade and ASIA motor and sensory scores. At 1 year followup, none of the treatment groups demonstrated eicacy over
placebo. Interestingly, 80 of the 106 patients were surgically
treated within 24 hours of injury; a subgroup analysis revealed
that surgery within 8 hours of injury and between 8 to 24
hours of injury yielded identical outcomes.
Posttraumatic glutamate toxicity is the target of the novel
N-methyl-D-aspartate receptor antagonist gacyclidine, which
has been shown to enhance recovery ater contusive SCI in
rat models.44 In a prospective, controlled clinical trial, 272
patients were randomized to one of four groups within 2
hours of SCI: gacyclidine at 0.005 mg/kg IV within 2 hours
of trauma and once again at 6 hours ater trauma, gacyclidine
at 0.001 mg/kg IV × 2 doses, gacyclidine at 0.02 mg/kg × 2
doses, and placebo. Outcome measures included the ASIA
motor and sensory scores. At 1 year follow-up, there were no
statistical diferences in outcomes between any of the groups.

S E C T I O N

Injury Association (ASIA) class C and D patients had only
motor improvement, whereas class B patients had neither
sensory nor motor improvement that reached statistical signiicance.28,31 he complication of wound infection was more
frequent but statistically insigniicant in the steroid group
despite the heavy dosing. here were no diferences in motor
or sensory outcomes between the naloxone and placebo group
at either of the follow-up points. NASCIS II established the
now ubiquitous “steroid protocol,” despite controversies
regarding possible nontransparency, data misinterpretation,
and near-normal function of some participants.
he objective of the third and inal NASCIS was to investigate the interplay between timing of steroid administration
and duration of therapy and to evaluate the eicacy of the
21-aminosteroid tirilazad mesylate, which purportedly had a
better safety proile than methylprednisolone. A total of 499
patients were randomized into three treatment groups within
6 hours of injury: the irst group received methylprednisolone
according to the NASCIS II dosing for 24 hours, the second
group received this dosing for 48 hours, and the third group
received a methylprednisolone bolus of 5.4 mg/kg/h followed
by a maintenance infusion of tirilazad at 2.5 mg/kg IV every
6 hours for 48 hours.32 With outcome measures including
motor function, sensory function, and functional independence, the NASCIS III revealed that increased duration of
steroid administration (48 hours) resulted in statistically signiicant beneit only if treatment was initiated between 3 and
8 hours of injury. Infectious complications were more common
in the 48-hour corticosteroid group but were statistically
insigniicant. here were no diferences between the tirilazad
group and the 24-hour methylprednisolone group.
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Regeneration Strategies
While neuroprotective strategies are directed primarily at
limiting secondary neural injury, regeneration strategies
involve repair of the damaged tissues. he prerequisite for
these therapeutic strategies is the modiication of the nonideal
local milieu of the injured cord as biochemical, cellular, and
extracellular matrix perturbations may limit the potential for
axonal repair.6,45,46

Rho Antagonist
Several inhibitors of nerve regeneration have been identiied,
including Nogo, myelin-associated glycoprotein, and myelinoligodendrocyte glycoprotein. hese factors act commonly
through the GTPase Rho, an enzyme that orchestrates a potent
inhibitory cascade ater injury that culminates in growth cone
disintegration, neurite sprouting inhibition, and neuronal and
glial cell apoptosis.47,48 he naturally occurring inhibitor of the
Rho enzyme, C3 transferase from Clostridium botulinum, has
been shown to efect remarkably rapid functional recovery in
hemisection SCI rats.49 Histologic analysis of C3-treated rats
treated within 24 hours of injury showed increased neuronal
sprouting and functional analysis revealed enhanced locomotor recovery and limb coordination.
A recombinant pharmaceutical version of C3 transferase
known as Cethrin, in which the enzyme is linked to a protein
that facilitates blood-brain barrier penetration, has undergone
phase I/IIa trials at nine North American centers to establish
safety and eicacy. Preliminary results of this trial have been
discussed at scientiic meetings and published in abstract
form.50 he study included 37 patients with complete (ASIA
class A) SCI at either the cervical or thoracic level who were
given increasing doses of extradurally applied Cethrin (0.3,
1.0, 3.0, and 6.0 mg). Outcome measures (ASIA International
Standards) were collected at 1.5, 3, 6, and 12 months. he
investigators documented no adverse efects of the treatment
and by the 1.5-month follow-up period observed improvement of at least one ASIA Impairment Scale grade in 30% of
patients. Initial data from the 6-month follow-up period
suggest similar rates of recovery.
A phase II/III multicenter clinical trial of the drug Cethrin
is planned. he study is anticipating enrollment of complete
SCI (ASIA class A) patients to undergo surgery for epidural
application of the soluble enzyme antagonist at the time of
early surgical decompression.24 Study enrollment will incorporate a Bayesian trial design in an efort to determine optimal
dosing while keeping sample numbers to a minimum.

Anti-Nogo Antibody
Nogo is an oligodendrocyte-expressed soluble factor that is
potent in its ability to inhibit axonal regeneration. Investigators have been able to restore corticospinal axonal regeneration and locomotion in rat and primate SCI models in which
Nogo was neutralized with the monoclonal antibody IN-1.51,52
A phase I clinical trial of intrathecally administered Nogo-A
antibody in acute, complete (ASIA class A) SCI is currently

underway in European SCI centers with expansion of the trial
to Canadian centers anticipated.

Peripheral Nerve and Schwann
Cell Transplantation
Inducing the CNS to mimic the natural regenerative ability of
the peripheral nervous system is a pillar of current SCI
research. he injured peripheral nerve expresses a permissive
environment for axonal regrowth that is engendered primarily
by its myelin-forming cell, the Schwann cell and its basal
lamina. Schwann cells secrete trophic factors, express cell
adhesion molecules, and produce extracellular matrix molecules that are requisite for axonal growth and regeneration.53,54
he permissive features of Schwann cells may prove valuable
in the treatment of SCI. Several groups have demonstrated
improved axonal regeneration and functional recovery ater
Schwann cell transplantation to the site of SCI in rats.55 Furthermore, the grating of peripheral nerves with varying
combinations of growth factors in SCI rats has resulted in
signiicant axonal and functional recovery.56 Most of the
ongoing clinical studies involving peripheral nerve grats that
are used to bridge lesional sites in the spinal cord are phase 1
trials and currently involve very few patients. Some have
shown neurologic improvement while others have not; none
of these yet are prospective, randomized trials.57 Other studies
have involved the injection of Schwann cells and oligodendrocyte precursor cells to the area of cord lesion.4

Olfactory Ensheathing Glial Cell Transplantation
he olfactory ensheathing glial (OEG) cell spans both the
peripheral nervous system and CNS and thus has a unique
role in regenerative SCI therapy; several preclinical studies
have shown the OEG to have permissive capabilities similar
to that of the Schwann cell.58 A nonrandomized, noncontrolled
clinical trial of OEG transplantation in 171 patients with SCI
showed modest improvement in ASIA motor and sensory
scores ater 8 weeks.59 he study was criticized for its short
duration, potential for bias, and lack of control. Neurologic
outcomes in the irst seven chronic (> 6 months postinjury)
SCI patients treated with surgical implantation of olfactory
mucosal autograt in an ongoing surgical case series in Lisbon,
Portugal were recently published.60 he investigators claimed
to show a modest improvement in ASIA motor and sensory
scores in the treated patients. Preliminary safety results of a
small Australian controlled clinical trial of surgical implantation of cultured autologous olfactory cells in patients with
chronic SCI has recently been published.61 he investigators
report no signiicant safety concerns at 1 year postimplant and
plan to report eicacy outcomes.

Stem Cell Strategies
he ability of stem cells to diferentiate into spinal cord tissue
carries signiicant implications for SCI repair. he classic study
by Keirstead et al. involved the use of human embryonic stem
cell–derived oligodendrocyte progenitor cells to remyelinate
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Genetic Modiication Strategies
Despite the promising results of Schwann cell transplantation,
the strategy is limited by the fact the regenerated axons do not
leave the grat to incorporate with the contiguous native tissue
rostral and caudal to the grat. he ability of regenerated axons
to migrate out of the grat and into surrounding tissue would
improve both locomotor and sensory recovery ater injury.62
he main barrier to axonal incorporation is, of course, the
astroglial scar. Golden et al.63 devised a model in which transplanted Schwann cells are irst transduced with lentiviral
vectors containing deoxyribonucleic acid encoding for chondroitinase ABC, which degrades CSPGs, the previously discussed component of glial scars, and for D15A, a powerful
neurotrophic factor. he modiied cells were then transplanted
into the site of contusion injury. Relative to previous models
with nonmodiied Schwann cells, this led to (1) enhanced
regeneration of axons both within the grat and into the surrounding tissue, (2) enhanced locomotor recovery in subjects,
and (3) enhanced recovery of allodynia. his therapy combines
strategies for defeating both of the chief obstacles in SCI
recovery: the weak CNS reparative capacity and the stultifying
efects of the glial scar. It will likely hold great promise.
As the cellular and molecular components of the injury
response continue to be characterized, it will be possible to
speciically neutralize the inhibitory constituents while preserving its proregenerative protective elements. he ability to
modulate the behavior of the inlammatory response can
enhance almost every existing modality of SCI treatment,
from transplantation to gene therapy. SCI remains a challenging clinical problem. Ultimately, the plethora of promising
interventions being studied in the laboratory will have to be
validated in the clinical setting; thus, the creation of a streamlined and inancially feasible mechanism for clinical trials will
be necessary. Ultimately, combination therapies incorporating
interventions to limit secondary injury, surgical treatment,
regenerative therapies, and rehabilitation will likely be necessary to impact the outcome of this devastating disease.

KEY POINTS
1. A cascade of events following spinal cord injury can both inhibit
recovery and cause additional neural damage.
2. The glial scar is a product of the inlammatory response to injury. It
is a collection of reactive cells (astrocytes, microglia,
oligodendrocyte precursors, meningeal ibroblasts) that express
cell-surface and matrix molecules, which surround the area of
injury and ultimately repel the advancement of regenerating axons.

3. Future treatment strategies are based on either neuroprotective
or regenerative modalities that capitalize on our current
understanding of the biochemical processes after injury.
PEARLS AND PITFALLS
1. There is currently no cure for SCI in human beings.
2. Some of the same processes that are involved in wound healing
elsewhere in the body prevent healing of SCI.
3. NASCIS II/III results must be interpreted and applied with
caution.
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Injuries of the Upper Cervical Spine
Bobby K.-B. Tay
Frank J. Eismont

he upper cervical spine consists of the occiput, atlas, and axis.
hese three structures, along with their strong ligamentous
attachments, are oten referred to as the craniocervical junction (CCJ). his osseoligamentous complex that surrounds
and protects the upper cervical spinal cord, the brain stem,
and lower cranial nerves is anatomically and functionally
distinct from the motion segments in the subaxial cervical
spine (C3–C7). hese diferences also are responsible for the
distinct patterns of injury that occur at the CCJ. he prevalence of injuries to the upper cervical spine has a bimodal
distribution—they are most oten encountered in children and
in those older than 60 years of age. In the pediatric population,
motor vehicle accidents and pedestrians hit by cars are the
predominant mechanisms of injury. In the elderly, falls are
the most common mechanism. Adults between these two age
groups tend to sufer more injuries to the subaxial cervical
spine. Upper cervical injuries occurring in these pediatric
and intermediate age groups are oten caused by high-energy
trauma (vehicular accidents and falls) and are associated
with a high rate of neurologic injury and mortality. Improvements in emergency medical care, trauma care, and imaging
modalities have been beneicial in reducing both the mortality
and morbidity of these injuries. Early detection and treatment signiicantly decreases mortality and improves overall
outcomes.
As with internal ixation of extremity fractures, internal
ixation of spine fractures has allowed early mobilization and
rehabilitation of the patient, resulting in improved overall
functional outcomes. he stability of internal ixation of the
CCJ has also improved signiicantly over the past 15 years.
Early plate/screw designs have evolved to rod/screw designs
and plate–rod/screw hybrid designs, providing more versatility and improved ixation to the occiput using multiple points
of ixation and the ability to place screws in the midline on the
occiput, where the bone is thickest. Methods to obtain segmental ixation of the atlas and axis through the lateral masses,
pars, pedicle, and lamina have improved the spinal surgeon’s
ability to correct deformity and decompress the neural elements without jeopardizing bony ixation and stability.
Advances in the rehabilitation of patients with high cervical
spinal cord injuries (SCIs) have improved the overall functional abilities of these patients.

Demographics
Traumatic injuries to the upper cervical spine are most oten
encountered in children and in people older than 60 years of
age. Fortunately, they are still rare occurrences in children.
Motor vehicle accidents are the cause of pediatric cervical
spine trauma in about 38% of cases.1–3 Cervical spine injuries
in children account for 1% to 9% of all reported pediatric
spinal trauma.4,5 Upper cervical spine injuries are responsible
for the majority of these, accounting for 56% to 73% of all
cervical spine injuries in children.2,6 Head injury occurs in
conjunction with cervical spine injuries in up to 53% of these
cases. When these two entities are concurrent, the overall
mortality is very high (41%).7
Upper cervical spine injuries constitute a large proportion
of cervical spine trauma in people older than 60 years of age.
Injuries to the C1–C2 complex account for up to 69.8% of all
cervical spine trauma in those older than 60 years.8 Odontoid
fractures alone can constitute up to 57% of all cervical spine
injuries in this age group. Unlike the pediatric and young adult
populations, upper cervical spine trauma in the elderly oten
occurs from minor trauma. Falls are oten the predominant
cause of injury. Any fall greater than 3 feet or 5 stairs requires
cervical spine clearance with appropriate imaging. Many
explanations for this phenomenon include the presence of
weakened bone at the CCJ owing to osteoporosis/osteopenia,
higher stresses on the upper cervical spine owing to spondylosis and deformity of the lower cervical spine (leading to
compensatory hyperextension at the CCJ), and an increased
propensity to fall from deterioration in locomotor response
and balance control due to age and cervical spinal stenosis.
he lower energy of the trauma is directly correlated to the
lower rate of neurologic injury seen in this age group ater
injury as compared with the pediatric and young adult populations. However, when neurologic deicits occur, they can
have devastating consequences. A 26% to 28% mortality for
upper cervical level SCI has been reported for this population,
with a dismal 59% survival at 2 years.9–12
In the young adult population, the majority of patients with
spinal column injury are young males (up to 30% are males in
their 30s).13 he most common mechanism in this age group
is vehicular accidents, followed by falls, gunshot injuries, and
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sports injuries. Most of the cervical spine trauma in this age
group occurs in the subaxial spine, and is oten associated with
a high-energy mechanism, severe head injury, or a focal
neurologic deicit.14 Trauma to the CCJ in this population is
oten associated with severe neurologic injury and head
trauma, with relatively high rates of mortality and morbidity.

coronal plane, the joint slopes medially toward the foramen
magnum. he shape of the occipitoatlantal joint allows signiicant lexion and extension and some lateral bending, but
minimal axial rotation. Flexion is limited by the bony impingement of the anterior portion of the foramen magnum on the
odontoid process; extension is limited by the posterior arch of
the atlas impinging on the posterior aspect of the skull. he
anterior atlanto-odontoid joint lies between the anterior arch
of the atlas and the anterior aspect of the dens. he posterior
atlanto-odontoid articulation lies between the posterior aspect
of the dens and the anterior portion of the transverse ligament.
he paired atlantoaxial joints are situated between the inferior
articular facets of the atlas and the superior articular facets of
the axis. hese joints are fairly shallow to allow for a signiicant
amount of motion at the CCJ. he ligamentous restraints
provide the necessary stability to prevent injury to the enclosed
brain stem and spinal cord (Fig. 75.1).
he anterior longitudinal ligament (ALL) attaches to the
anterior body of the axis, the anterior arch of the atlas, and the
anteroinferior edge of the foramen magnum. he cruciform
ligament is composed of vertical and transverse portions. he
vertical portion attaches to the anterior edge of the foramen
magnum and the posterior aspect of the body of the axis. he
transverse component of the cruciform ligament is commonly
referred to as the transverse ligament. his important structure
is made entirely of relatively nonelastic collagen ibers, and
extends between the osseous tubercles on the medial aspects
of the lateral masses of the atlas. he tectorial membrane is
the broad cephalic extension of the posterior longitudinal ligament (PLL) and runs from the posterior surface of the body
and dens of the axis to the anterolateral edge of the foramen
magnum. his structure is a primary stabilizer of the occipitoatlantal articulation15 and helps to limit extension at this
joint. he nuchal ligament extends from the posterior border
of the occiput to the spinous processes of the cervical vertebrae

Anatomy of the Upper Cervical Spine
(Craniocervical Junction)
he upper cervical spine is a complex three-unit joint that
includes the bones of the occiput, atlas, and axis; their synovial
articulations; and the associated ligamentous structures. he
six synovial joints in this complex include the paired occipitoatlantal joints, the anterior and posterior median atlantoodontoid joints, and the paired atlantoaxial joints. hese joints
allow for a signiicant amount of motion at the CCJ. he
occiput–C1 articulation supplies approximately 50% of total
cervical lexion and extension, and the C1–C2 articulations
supply 50% of total cervical rotation.15 Corresponding to this,
the majority of the mechanical stability at the CCJ is provided
by the investing ligamentous structures. An understanding of
the anatomy of the CCJ is necessary to appreciate the spectrum
of injuries that occur in the upper cervical spine and the
strategies that have been devised to treat them. he speciic
articulations, ligamentous restraints, and neurovascular structures at risk for injury are addressed here in a systematic
fashion.
he occiput articulates with the atlas through paired occipitoatlantal joints. he occipital condyle is oval and sloped
inferiorly from lateral to medial in the coronal plane, making
a 25- to 28-degree angle with the midsagittal plane. he convex
occipital condyles articulate with the concave superior articular facets of C1 in a “cup-and-saucer” type fashion. In the
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FIG. 75.1 The ligaments at the occipitocervical junction. (A) Coronal view shows the two alar ligaments
extending from the superior tip of the odontoid process and extending to the medial aspect of the occipital
condyles. (B) Midsagittal view shows the tectorial membrane, which is continuous with the posterior
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spinal accessory nerves (CN XI) pass through the posterolateral portion of the jugular foramen (pars vascularis) along
with the internal jugular veins, posterior meningeal arteries,
and small meningeal branches of the ascending pharyngeal
artery. he proximity of these neurologic structures to the
bony anatomy of the CCJ places them at risk for injury in the
presence of ligamentous instability or fracture.
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to C7 and the intervening interspinous ligaments. he anterior
occipitoatlantal membrane, part of the ALL, extends from the
cephalad portion of the anterior arch of the atlas to the anterior
edge of the foramen magnum. he atlanto-odontoid ligament
runs from the anterior surface of the odontoid process and the
caudal portion of the anterior arch of the atlas. he apical ligament of the dens lies between the vertical band of the cruciform
ligament and the anterior occipitoatlantal ligament. his
structure connects the apex of the dens with the anterior edge
of the foramen magnum. he alar ligaments are paired structures that arise from the dorsolateral aspect of the dens and
run obliquely to connect with the inferomedial aspect of the
occipital condyles and the lateral masses of the atlas. hese
ligaments are very important stabilizers of the occipitoatlantal
joint, limiting axial rotation and lateral bending.16 Like the
transverse ligament, the alar ligaments are also made entirely
of collagen ibers, and failure occurs at 10% stretch.17 hese
ligaments are most vulnerable in whiplash-type injuries.18 he
posterior occipitoatlantal membrane attaches to the posterior
margin of the foramen magnum and the posterior arch of the
atlas. he posterior atlantoaxial membrane runs between the
posterior arches of the atlas and the axis.
he vertebral artery and the internal carotid artery lie in
close proximity to the osseous structures of the CCJ. Within
the atlas and the axis, the paired vertebral arteries typically lie
in the foramen transversarium. At this level, the artery is
susceptible to injury by shearing forces with rotation and
lexion or extension. At the upper atlantal surface, the artery
curves posteriorly into a transverse groove in the atlas behind
the superior atlantal articular facet. It then enters the subarachnoid space by piercing the posterior occipitoatlantal
membrane and dura mater just medial to the occipital condyle.
he vertebral artery can oten take an aberrant course around
or within the C1 ring. In computed tomography (CT) studies,
arcuate foramen was present in 24% of patients and a highriding vertebral artery, ponticulus posticus, was present in
34% of patients.19 he internal carotid artery is adjacent to the
anterior surface of the lateral mass of C1. his position renders
it susceptible to injury by a forward thrust of the lateral mass
as the head is forcefully rotated to the contralateral side.19
he neurologic structures protected by the osseoligamentous components of the CCJ include the medulla oblongata,
lower cranial nerves, upper cervical spinal cord, and the C1
and C2 nerve roots. he medulla oblongata is bounded by the
foramen magnum. he hypoglossal nerves (CN XII) traverse
through the base of the occipital condyles within the anterior
condyloid canals. With these nerves travel a meningeal branch
of the ascending pharyngeal artery and an emissary vein. he
nerve then descends ventrally and vertically 2 to 3 mm lateral
to the center of the lateral mass of C1. At this point, it is at
risk for iatrogenic injury by bicortical C1–C2 transarticular
screws and C1 lateral mass screws. he jugular foramen
(posterior foramen lacerum) is located lateral to the occipital
condyle and the hypoglossal canal and posterior to the carotid
canal. he glossopharyngeal nerves (CN IX) and the Jacobson
nerves (branch of CN IX) pass through the anteromedial
portion of the jugular foramen (pars nervosa). he vagus
nerves (CN X), the Arnold nerves (branch of CN X), and the
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Clinical Evaluation
he treatment of a patient with a cervical spine injury regardless of location is initiated at the scene of the injury. Without
exception, all victims of trauma are suspected to have a cervical injury until proven otherwise. Cervical spine injury has
been closely linked to the presence of severe head injury (odds
ratio [OR] = 8.5), a high-energy mechanism (OR = 11.6), or
a focal neurologic deicit (OR = 58).14 In suspected injuries of
the upper cervical spine, an adequate airway and ventilation
must be established because upper SCI can lead to diaphragmatic and intercostal paralysis with respiratory failure. In
addition, large retropharyngeal hematomas can cause upper
airway obstruction. Nasotracheal intubation or cricothyroidotomy is safest in the acute setting because it causes less cervical spine motion than direct oral intubation techniques.19–21
Improvements in iberoptic imaging have resulted in technologies such as the Glidescope. his videolaryngoscope allows
oral–tracheal intubation without the need for signiicant neck
manipulation and is technically easier than the traditional
method of iberoptic-assisted intubation. Once the patient’s
airway, breathing, and circulation are stabilized, initial stabilization of the cervical spine begins with the application of a
rigid cervical collar, a spine board, and sandbags.
In general, noncontiguous spinal injuries can occur in 6%
of patients. hese fractures can be easily missed in the presence of head injury, upper cervical injury, or cervicothoracic
injury. Atlas fractures, speciically, are associated with up to a
50% incidence of concurrent cervical spine fractures.22 Facial
and head injuries are also commonly seen in conjunction with
fractures and ligamentous disruptions of the CCJ. Upper
cervical injuries are also more frequently seen in patients with
trauma to the lower third of the face.23 In addition, up to 50%
of patients with cervical spine injuries, SCIs, or both have
associated head trauma. Brain damage is more associated with
upper cervical injuries than with injuries to the subaxial
spine.24 Subarachnoid hemorrhages, subdural hemorrhages,
and cerebral contusions must be diagnosed and treated expeditiously because they are the most common cause of mortality
in these patients.
In addition to spinal trauma, other injuries should be
assessed because they may inluence the treatment of the
spinal lesion and could signiicantly afect the outcome of the
patient. In cervical spine trauma, much attention has been
paid to the evaluation of these patients for vertebral artery
injury (see Chapter 73). Friedman and colleagues reported a
24% overall incidence of vertebral artery injury in 37 cases of
nonpenetrating cervical spine trauma.25 Vaccaro and associates noted a 19.7% incidence of vertebral artery injury found
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by magnetic resonance angiography in 61 patients.26 In
Cothren and coworkers’ series, 18% of 69 patients with vertebral artery injury and cervical spine trauma sustained injuries
to the CCJ.27 he incidence of vertebral artery injury increases
if the fracture extends into the foramen transversarium.28
Bilateral or dominant vertebral artery injury can cause fatal
ischemic damage to the brain stem and cerebellum.29 Delayed
cortical blindness and recurrent quadriparesis can also occur
from occult vertebral artery injury ater cervical trauma.30
Despite the high incidence of vertebral artery injury with
cervical trauma as well as the potential morbidity and mortality associated with vertebral artery injury, the great majority
of these injuries are clinically silent.
Neurologic evaluation of injuries to the CCJ can be diicult
because there is no speciic myotomal or dermatomal distributions of motor and sensory loss, and it is further confounded
by the frequent coexistence of facial and head trauma. Injuries
to the C1 and C2 roots generally result in sensory deicits to
the occiput and posterior scalp. A complete SCI at this level
can result in ventilator-dependent quadriplegia. Incomplete
SCI syndromes can also occur. At the occipitocervical junction, a peculiar syndrome of incomplete paralysis can develop
as a result of compression/injury of the pyramidal decussation
on the anterior aspect of the brain stem where the corticospinal tracts cross from one side to the other. he tracts to the
arms cross cephalad to the tracts to the legs. If the primary
injury is to the upper decussation, the arms can be more
afected and give the appearance of a central cord syndrome.
More caudal injury will afect the legs more than the arms. It
is even possible to afect crossed arm ibers and uncrossed leg
ibers, the so-called cruciate paralysis as described by Bell.31
hese patients can also have large variations in heart rate,
blood pressure, and respiratory rate owing to injuries to the
cardiovascular and respiratory centers in the brain stem.32
Dysfunction of the lower cranial nerves (CN IX, X, XI, XII) is
oten seen with severe injuries to the occipitoatlantal joint and
the skull base.

Imaging
Plain radiography is used as the irst imaging modality for the
upper cervical spine. he standard series includes anteroposterior (AP), lateral, and open-mouth views. In general, about
85% of all signiicant injuries to the cervical spine will be
detected on the lateral view of the cervical spine. In the upper
cervical spine, the lateral view and the open-mouth view are
the most useful. Flexion and extension views will be inadequate
to assess for ligamentous injury owing to voluntary guarding
in 33% of cases.33
Evaluation of the lateral cervical view should include
assessment for prevertebral sot tissue swelling, sagittal alignment, and instability. he sot tissue shadow should be less
than 10 mm at C1, 5 mm at C3, and 15 to 20 mm at C6.
Although this measure may be nonspeciic for cervical injury,
prevertebral sot tissue swelling may be the only evidence
of severe ligamentous injury to the upper cervical spine.
he sagittal alignment of the spine should be assessed by

evaluation of four imaginary lines: (1) a line formed by the
anterior margins of the vertebral bodies, (2) a line formed by
the posterior margins of the vertebral bodies, (3) a line formed
by the anterior cortical margins of the lamina, and (4) a line
formed by the tips of the spinous processes. In the upper
cervical spine, the relationships of these imaginary lines to the
basion and opisthion also should be evaluated.
CT remains the most sensitive imaging modality to evaluate fractures of the upper cervical spine, subaxial spine, and
cervicothoracic junction. In a prospective study of polytrauma
patients, CT used as a primary screening tool had a sensitivity
of 84% in detecting upper cervical injury.14 CT is also costefective as a primary screening tool, especially in high- and
moderate-risk patients.34 With the added beneit of sagittal
and coronal reconstructed images, CT has immense power to
demonstrate complex fracture patterns not easily seen on
standard radiography and on the axial images, especially at the
occipitocervical junction.35
he availability of intraoperative CT scanning, such as the
O-arm (Medtronic) and the Iso-C (Siemens), combined with
better image guidance sotware allows real-time assessment
of fracture displacement and reduction. his technology is
especially useful in patients who are diicult to image due to
size or associated injuries. When combined with intraoperative
image guidance sotware, internal ixation can be more precisely and safely placed than with traditional luoroscopic
imaging.
Magnetic resonance imaging (MRI) is not as good as CT
or plain radiographs in the identiication and evaluation of
cervical fractures. Klein and coworkers showed that MRI had
only a 11.5% sensitivity for posterior fractures and a 36.7%
sensitivity for anterior fractures.36 Katzberg and colleagues
reported that, for acute fractures, MRI had a weighted average
sensitivity of 43%, compared with 48% for conventional
radiography.13 Vaccaro and associates also noted that MRI is
not cost-efective as a screening device in patients without a
neurologic deicit.37
Despite its inadequacies in evaluating bony detail, MRI is
unsurpassed for the assessment of the sot tissue elements in
the cervical spine. hese structures include the intervertebral
disc, ligamentous structures, and the spinal cord itself.13 MRI
is much more sensitive and speciic than plain radiographs for
the evaluation of a prevertebral hematoma. MRI is also useful
for the detection of spinal cord hemorrhage, which, if present,
carries a poor prognosis for neurologic recovery.38 Acute
hemorrhage has a low signal intensity on T2-weighted images
(secondary to intracellular deoxyhemoglobin) and becomes
hyperintense over the next several days ater it becomes converted to extracellular methemoglobin. MRI difusion studies
allow a more accurate assessment of the degree of spinal stenosis. hese difusion studies assess the low of cerebrospinal
luid (CSF) around the spinal cord at an area of constriction.
If the degree of spinal stenosis is severe, the CSF low is signiicantly compromised.39
Newer magnets that can produce ield strengths over 3
Tesla are able to image individual tracts within the spinal cord
itself, providing a more accurate assessment of the neurologic
injury ater cervical trauma.
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Speciic Injuries to the Upper Cervical Spine
Occipital Condyle Fractures
Most injuries to the occipital condyles are caused by highenergy trauma to the head and neck. Bell reported the irst
case of occipital condylar fracture in 1817. he incidence of
occipital condyle fractures is reported to range from 3% to
16%.42,43
he clinical presentation of these injuries can range from
minimal deicits to frank quadriparesis. Patients may complain
of high cervical pain, torticollis, headaches, and impaired
mobility. he most severe neurologic deicits are oten seen
with concurrent head injury. Up to 31% of these patients may
exhibit acute lower cranial nerve deicits.
Although radiographs may show some abnormal sot tissue
swelling in the presence of an occipital condyle fracture, these
injuries are oten extremely diicult to detect with conventional radiography (Fig. 75.2).44
CT with reconstruction is the imaging modality of choice in
the diagnosis and classiication of these fractures. MRI can be
used to assess for damage to the alar and tectorial membranes,
but is less useful than CT from a treatment perspective.
he most utilized classiication system for occipital condyle
injuries was described by Anderson and Montesano (Fig.
75.3).45 he injuries are categorized into three types according
to morphology and mechanism of injury. Type I injuries are
impaction fractures of the condyle from axial loading. hese
fractures tend to be comminuted. he tectorial membrane and
the alar ligaments are usually intact. Unilateral type I lesions
are stable, but bilateral lesions may be unstable. Type II injuries
are part of a more extensive basioccipital fracture that involves
one or both occipital condyles. he common mechanism of
injury is a direct blow to the skull. he tectorial and alar ligaments are intact, and the fracture is usually stable. Type III

Initial Stabilization
In general, reduction and stabilization of the cervical spine in
the acute setting is usually accomplished by Gardner-Wells
tong traction in a rotating bed. he only contraindications
to the use of traction in injuries of the CCJ include type II
occipitoatlantal dislocations and type IIA hangman’s fractures,
in which the application of traction can result in signiicant
distraction at the injury site and increased neurologic deicit.
he use of a rotating bed minimizes the incidence of pulmonary complications, decubitus ulcers, and deep vein thrombosis. Carbon iber Gardner-Wells tongs are oten suicient for
injuries of the upper cervical spine, because gentle traction
is adequate in most cases to achieve and maintain a closed
reduction.

A

B
FIG. 75.2 Images of a patient who had fallen on his head and complained of a persistent pain in his upper
neck as well as persistent headaches. (A) Open-mouth view shows an asymmetry between the plane of the
skull and the plane of the C2 vertebra (arrow). The head appears tipped to one side. (B) Anteroposterior
tomogram of the occipitocervical junction shows that the patient had sustained a type I impaction fracture of
the occipital condyle. This would be expected to cause laxity of the alar ligament on that side. He was treated
with a rigid cervical collar for 8 weeks, with gradual improvement of his pain. (From Eismont FJ, Frazier DD.
Cranial cervical trauma. In: Levine AM, Eismont FJ, Garin SR, Zigler JE [eds]. Spine Trauma. Philadelphia: WB
Saunders; 1998:207.)
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MRI neurography provides detailed visualization of individual nerve roots as they exit the brain stem, the CCJ, and
the subaxial cervical spine. his MRI modality can help distinguish root-level injuries from more peripheral injuries as
well as double-crush-type nerve damage.40
Bedside luoroscopic lexion and extension views have
shown some diagnostic value in clearing the cervical spine in
obtunded patients. In one report, it was noted that 30% of
these patients could not be adequately evaluated by this technique.41 Other researchers, however, have found this helpful,
using a combination of initial inline traction followed by
lexion and extension views only if the traction views are
normal.42 Due to the space constraints of most intensive care
units and the lack of appropriate built-in shielding for the
extensive use of luoroscopic imaging, bedside luoroscopy is
relatively impractical in most hospitals. In addition, the use of
both CT and MRI may provide suicient information to allow
removal of the cervical collar in an obtunded patient without
the need for manipulation of the neck.
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FIG. 75.3 The best available classiication for fractures involving the occipital condyles. (A) Impacted occipital
condyle fracture. In most cases, this would be a stable injury and can be treated with a collar. (B) This occipital
condyle fracture is associated with a basilar skull fracture. In most cases, this would be stable. (C) This condyle
fracture destabilizes the origin of the alar ligament, and may be associated with signiicant occipitocervical
instability. (From Anderson PA, Montesano PX. Morphology and treatment of occipital condyle fractures. Spine.
1988;13:731–736.)

injuries are avulsion fractures near the alar ligament insertion
that result in medial displacement of the condylar fracture
fragment from the inferomedial aspect of the occipital condyle
into the foramen magnum. he mechanism of injury is a
forced rotation of the head combined with lateral bending.
Type III fractures are potentially unstable injuries owing to
avulsion of the alar ligaments.
Type I and type II fractures can be treated with a rigid
cervical orthosis. Type III injuries can be treated initially with
an orthosis or halo vest. However, posterior occipitocervical
fusion may be necessary for chronic pain, neurologic deicit,
or instability.

Atlanto-Occipital Injuries
he incidence of injuries to the atlanto-occipital joint is estimated to be between 5% and 8% of fatal traic injuries.46 hese
injuries account for 19% to 35% of all deaths from cervical
spine trauma. More than 80% of cases of occiput-C1 dislocations were reported ater 1975. Improvements in on-site
resuscitation and emergency transportation have increased
the number of patients who survive this catastrophic injury,
which is typically the result of a motor vehicle accident. In a
review of 146 traic fatalities, Alker and associates found a 5%
incidence of occipitoatlantal dislocations.47 Children younger
than 12 years of age are uniquely predisposed to this injury
because their occipitoatlantal joints are latter and because

their head weight to body weight ratio is signiicantly greater
than in adults.
Radiographically, signiicant retropharyngeal sot tissue
swelling at C3 will be seen (Fig. 75.4). Multiple anatomic lines
mark the normal relationship of occiput to C1. A line drawn
down the cranial aspect of the clivus should be tangential to
the dens (the Wackenheim line). Distance greater than 10 mm
between the basion and the dens is considered abnormal.48
he sensitivity of this method is about 50%. An interval
greater than 13 mm between the posterior mandible and
the anterior atlas or 20 mm between the posterior mandible
and the dens is abnormal (Fig. 75.5).49 he sensitivity of this
method is 25%. Failure of a line drawn from the basion to the
axis spinolaminar junction to intersect C2 or failure of a line
from the opisthion to the posterior inferior corner of the body
of the axis to intersect C1 is abnormal.50 he sensitivity of this
method ranges from 20% to 75%. he Powers ratio, the ratio of
the distance from the basion to the posterior arch of the atlas
divided by the distance from the opisthion to the anterior arch
of the atlas, should be 1.0 or less in the absence of anterior
occipitoatlantal dislocation (Fig. 75.6).51 Another method to
diagnose occipitoatlantal subluxation or dislocation on plain
radiographs was described by Harris and colleagues.52,53 hey
described a posterior axial line as the cranial extent of the
posterior cortex of the axis body. If the distance between the
basion and the posterior axial line (the basion–axial interval) is
greater than 12 mm, or if the basion-dental interval is greater
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FIG. 75.4 This patient was involved in a motor vehicle accident with an unrecognized occipitocervical injury.
(A) Radiograph taken when the patient originally presented to the emergency department shows more than
2 cm of soft tissue swelling in front of C3. His injury was not recognized and he was discharged from the
hospital. He was neurologically normal. (B) Ten days later, when the patient returned to the emergency
department, he had an obvious occipitocervical deformity. He was still neurologically normal. (C) When the
patient was placed in 5 lb of traction, it was apparent that he had separation between his occiput and C1
vertebra. (D) Computed tomography (CT) shows that he has anterior displacement of his occipital condyle in
relation to his C1 lateral mass as well as approximately 1 cm distraction of his occipitocervical joint. At the C2
level, he also has a fracture extending into the lateral mass of C2. (E) On the opposite side, the same type of
anterior subluxation of the occiput on C1 can be seen as well as separation of the occipitocervical joint.
(F) Coronal reconstructed CT scan shows the pathologic distraction between the occiput and C1. Only a 2-mm
joint space would be expected at this level. (G) Transverse CT scan shows that the patient has a vertebral artery
course that is more medial than usual on each side and prohibited passage of C1–C2 transarticular screws.
(H) Midsagittal reconstructed CT scan shortly after surgery shows the large structural bone graft placed
centrally between the occiput and C2. This was wired independently to the skull and spine, and is necessary in
addition to the plates and screws to ensure adequate healing and stability. (I) Lateral radiograph of the spine
taken approximately 2 years after the patient’s injury. His spine has maintained normal alignment at the
occipitocervical junction and stability has been restored. (From Eismont FJ, Frazier DD. Cranial cervical trauma.
In: Levine AM, Eismont FJ, Garin SR, Zigler JE [eds]. Spine Trauma. Philadelphia: WB Saunders; 1998: 205-206.)
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than 12 mm, then occipitocervical instability is present.52,53
he sensitivity of this method varies from 76% to 100%
(Fig. 75.7).
Because this is a very unstable injury, lexion–extension
views are not recommended. However, if they are available,
there should be less than 1 mm of translation seen at the
occipitoatlantal articulation. In children, more than 5 mm
widening of the occipitoatlantal joints should raise the suspicion of this injury.

he most commonly employed classiication system for
occiput-C1 dislocations was described by Traynelis and associates (Fig. 75.8), who categorized these injuries into three
types.54 In type I injuries, there is anterior displacement of the
occiput on the atlas. Type II injuries are the result of longitudinal distraction. Any traction applied to a type II injury can
result in progression of the existing neurologic deicit. Type
III injuries involve a posterior subluxation or dislocation. Very
light traction of about 5 pounds applied to type I and type III
injuries will help to reduce the dislocation and may improve
the neurologic deicit. Radiographs should be taken immediately to ensure that there is no overdistraction.
As noted earlier, the mortality from head-on-neck dislocation is extremely high. Only 20% of patients presenting
to the trauma center with acute traumatic atlanto-occipital
dislocation will have a normal neurologic examination.55 he

A
B
O

B
Mandible
A

Dens

FIG. 75.5 Normal relationship of the posterior ramus of the mandible in
relation to the anterior ring of C1 and the dens. Radiographs were taken of
23 normal patients, and distance A averaged 2 mm with a range from –10
to +9 mm. The average for distance B was 10 mm, with a range from 2 to
17 mm. Distances signiicantly greater than these averages denote anterior
occipitocervical dislocation; distances signiicantly smaller indicate likely
posterior occipitocervical dislocation. All radiographs must be done with
the patient’s mouth closed. (From Dublin AB, Marks WM, Weinstock D,
Newton TH. Traumatic dislocation of the atlanto-occipital articulation [AOA]
with short-term survival—with a radiographic method of measuring the
AOA. J Neurosurg. 1980;52:541–546.)

A

C

FIG. 75.6 Midsagittal section through the craniocervical junction. B, basion;
O, opisthion; A, anterior arch of the atlas; C, posterior arch of the atlas. The
ratio of BC/OA should always be ≤1. If it is >1, the patient most likely has an
anterior occipitocervical subluxation or dislocation. (From Powers B, Miller
MD, Kramer RS, et al. Traumatic anterior atlanto-occipital dislocation.
Neurosurgery. 1979;4:12–17.)

B
FIG. 75.7 This 68-year-old man was involved in a high-speed motor vehicle accident and was ejected from the
vehicle. He complained of neck pain and had a fracture of his femur. He was initially neurologically normal; he
was placed in a soft cervical collar and his femur was immobilized. (A) Anteroposterior radiograph of the upper
cervical spine looks relatively normal. (B) Cone-down lateral radiograph of the upper cervical spine reveals a
fracture of the posterior arch of C1 (arrowhead). It also appears that his basion is slightly more posterior than
normal. There is signiicant soft tissue swelling in the retropharyngeal space at C1 and C2.
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FIG. 75.7, cont’d (C) At 10 days postinjury, the dotted lines mark occipital condyles and the odontoid process.
It is apparent that his head is posteriorly displaced on the atlas. At this time, he was in a soft cervical collar. He
was experiencing problems with hypertension and paroxysmal atrial tachycardia and respiratory distress
associated with a spastic quadriparesis. His head-on-neck dislocation was diagnosed at this time, and he was
placed in skull tong traction of 4.6 kg. (D) Lateral radiograph shows a posterior dislocation also. The thick dark
line demonstrates the Wackenheim line extending from the posterior sella turcica down the clivus and over the
basion. This line should normally be tangential to the posterior aspect of the odontoid. In this case, there is
almost 2 cm of posterior subluxation. It can also be noted that the posterior aspect of the ramus of the
mandible also signiicantly overlaps the anterior arch of the atlas, which, according to Dublin’s criteria, denotes
posterior occipitocervical dislocation. (E) Lateral radiograph of the upper cervical spine shows that the occiput
is correctly located over the atlas and odontoid, but that there is moderate overdistraction. At this time, the
weight was reduced to 2.3 kg of traction. The patient’s quadriparesis resolved over several hours, and his
spasticity subsided over approximately 6 weeks. (F) The Wackenheim line is now drawn and is almost perfectly
tangential to the posterior aspect of the odontoid as it would normally be seen. This shows that the posterior
occipital subluxation has been corrected. (G) This measurement from the basion to the tip of the odontoid
measures 25 mm. This line of Harris should normally be ≤12 mm. Thus, this line demonstrates the
overdistraction that is present.
Continued
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FIG. 75.7, cont’d (H) At 6 weeks after injury, a halo and body cast were applied to immobilize the patient’s
head on his neck. Twelve weeks after injury, a posterior fusion from the occiput to C3 was performed with iliac
crest bone graft wired in place. This lateral tomogram taken 10 weeks after fusion demonstrates avulsion of the
apex of the odontoid process, which is a type I odontoid fracture. This probably includes bone attachment of
the alar ligaments. This ilm also shows that the relationship of the basion to the odontoid has been restored
to normal and that the posterior laminar line is now again normal. In addition, there is spontaneous fusion
anteriorly extending from the basion down to the anterior arch of C1. (I) Anteroposterior tomogram obtained
10 months after fusion reveals that the tip of the odontoid process is avulsed and is a type I odontoid fracture.
The occipital condyles are again congruous. (J) Lateral radiograph obtained 14 months after the original
injury shows a solid posterior occiput to C3 fusion with good alignment of the occipitocervical junction.
(K) Anteroposterior radiograph 14 months after injury shows that normal alignment of the occipitocervical
junction has been maintained. (From Eismont FJ, Bohlman HH. Posterior atlanto-occipital dislocation
with fractures of the atlas and odontoid process. J Bone Joint Surg Am. 1978;60:397–399.)

remainder will sufer deicits of the cranial nerves, brain stem,
and upper cervical spinal cord. Vertebral artery injury may
accompany the dislocation. he most common mechanism
is from an extension-rotation force. Patients with vertebral
artery insuiciency at this level may exhibit Wallenberg
syndrome, consisting of ipsilateral defects of cranial nerves
V, IX, X, and XI; ipsilateral Horner syndrome; dysphagia; and
cerebellar dysfunction.
All occipitocervical dislocations should be treated initially
by immediate application of a halo vest. Because the majority

of these injuries are unstable, posterior occipitocervical fusion
is the procedure of choice (Fig. 75.9).32,56 his can be done
using a variety of techniques, including posterior wiring and
structural grating (Fig. 75.10), Ransford loop ixation with
wiring, and plate and rod and screw ixation with structural
grating (Fig. 75.11). he irst technique will require the use
of postoperative halo immobilization; the latter two techniques
will usually only need collar immobilization as external
support. Improvements in occipital plate designs allow multiple points of ixation in the occiput, especially in the midline,
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FIG. 75.8 Classiication system of Traynelis and coworkers, which describes
occipitocervical subluxation and dislocation. (Modiied from Traynelis VC,
Marano GC, Dunker RO, et al. Traumatic atlanto-occipital dislocation. J
Neurosurg. 1986;65:863–870.)

where the occipital bone is thicker, providing signiicantly
better initial ixation than of-midline plate-rod constructs.57

Fractures of the Atlas
Fractures of the atlas were irst described by Jeferson in 1921.
hey usually occur in the anterior and posterior arches, which
are the weakest points on the C1 ring. hese injuries comprise
2% to 13% of all cervical spine fractures and approximately
25% of all injuries to the atlantoaxial complex.22 hey are oten
seen in the younger age groups (mean age, 30 years) and are
most commonly the result of vehicular accidents or a fall on
the top of the head.
hese fractures are caused by axial loading. Because of
this mechanism, these fractures commonly accompany head
injuries in the polytrauma patient. In addition, there is an
extremely high association (up to 50%) of atlas fractures with
other cervical spine fractures. hese include dens fractures,
hangman’s fractures, teardrop fractures of C2, cervical burst
fractures, and lateral mass fractures.22
Patients will oten complain of severe suboccipital discomfort and a sense of instability. Neurologic injury is uncommon
in the case of isolated fractures of the atlas, but, when it occurs,
the greater occipital nerve is most frequently injured, followed
by the lower cranial nerves.58
Retropharyngeal sot tissue swelling greater than 5 mm at
C3 in combination with a fracture of the posterior arch of C1
is highly suggestive of a burst-type injury. A combined lateral
mass displacement on the open-mouth AP view exceeding
6.9 mm is indicative of transverse ligament insuiciency (Fig.
75.12),59 but this measurement may not be sensitive enough
to detect all unstable injuries. MRI can be used to help assess
the continuity of the transverse ligament in those cases in
which ligament status is unclear.60

Fine-cut CT in the plane of the axis will clearly delineate
the fracture pattern. Common fracture patterns include isolated posterior arch fractures, lateral mass fractures, and burst
fractures with combined anterior and posterior arch fractures.
Isolated posterior arch fractures (Fig. 75.13) most commonly
occur at the vertebral artery groove at the junction of the
lateral mass and posterior arch. hese are stable fractures that
can be treated in a cervical collar for comfort. Lateral mass
fractures can be either displaced or nondisplaced. Nondisplaced injuries can be treated with a cervical collar. Fractures
that are displaced more than 5 mm can be treated with
immediate halo vest application. A variation of the C1 lateral
mass fracture, a unilateral C1 lateral mass sagittal split fracture, has a propensity to cause late deformity and pain if not
treated with either C1–C2 fusion or direct osteosynthesis.61
Burst fractures of the C1 ring are oten referred to as Jeferson
fractures. hese injuries have one or two fractures in the
posterior arch and one or two fractures in the anterior arch.
Minimally displaced fractures (<7 mm) can be treated in a
cervical collar.61,62 Treatment of fractures with a combined
diastasis of more than 6.9 mm consists of immobilization in a
halo vest for 3 months (Fig. 75.14). Ater the halo vest is
removed, lexion and extension radiographs are taken to test
for C1–C2 instability, which, if signiicant, can be treated by
C1–C2 posterior fusion.
Treatment of Jeferson fractures with greater than 6.9 mm
of separation is controversial. Levine and Edwards advocate
initial reduction of the fracture with skeletal traction for up to
6 to 8 weeks, followed by another 6 weeks of halo vest treatment.63 Other series have found that immediate treatment
with a halo vest can result in an acceptable outcome and avoids
the morbidity associated with prolonged bed rest.64,65 Traction
reduction followed by early C1–C2 fusion using C1–C2 transarticular screws has also been described,66 but intraoperative
diiculty may be found owing to gross instability of the C1
lateral masses and the loose C1 posterior arch.
Most surgeons would agree that operative treatment is
indicated if more than 5 mm of C1–C2 instability exists on
lexion and extension radiographs once the halo is removed.
If the posterior arch of C1 is healed, a posterior C1–C2 fusion
is indicated. In the case of nonunion of the posterior arch of
C1 or signiicant injury to the occipital condyles, occiput–C2
fusion can be performed. Another indication for surgery is
neck and/or occipital nerve pain in a patient with a nonunion
of the atlas ring fractures. he recommended treatment would
then be a posterior occiput–C2 fusion.67

Atlantoaxial Subluxation and Dislocation
Conservative care of atlantoaxial rotatory subluxation in
children, also known as Grisel syndrome, is most efective
when treatment is instituted early. Most children who have
had symptoms for less than 1 week will improve with a sot
cervical collar and close observation. When symptoms have
been present for 2 to 4 weeks, hospital admission and headhalter traction is usually successful in achieving reduction. For
patients who present 1 month ater the subluxation occurs,
skull traction can be instituted and continued for up to 3
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FIG. 75.10 Classic wiring technique for occipitocervical fusion. The
titanium cables fastening the bone graft to the skull are passed through
two burr holes just posterior to the foramen magnum. The cables are also
passed bilaterally under the posterior arch of C1 and under the lamina of
C2. Drill holes are made in the iliac crest bone graft to allow passage of the
wires as shown. The cables under C2 are passed all the way around the
graft. It is imperative that the graft be a thick structural iliac bone graft. If
the bone graft is not solid enough, a combination of cortical structural
allograft bone graft supericially and the patient’s autogenous iliac bone
graft beneath this would be used to provide a combination of structural
stability and autogenous factors to promote bone healing. If rigid
instrumentation (plates or rods combined with screws) is not used, then the
patient would be placed in a halo vest until the construct was completely
healed. This would usually require a period of 3 months. (From Eismont FJ,
Frazier DD. Cranial cervical trauma. In: Levine AM, Eismont FJ, Garin SR,
Zigler JE [eds]. Spine Trauma. Philadelphia: WB Saunders; 1998:203.)

weeks. Initial traction should be 7 pounds and gradually
increased to 15 pounds. If traction fails to reduce the deformity, open reduction and C1–C2 fusion is recommended.68
Traumatic rotatory subluxation or dislocation in adults is
most commonly caused by vehicular trauma. Like children,
adults will present with a “cock robin” appearance with the
head tilted toward and rotated away from the side of the
dislocation.
Radiographs will show asymmetry of the lateral masses on
the open-mouth view. A “wink sign” may be appreciated; it is
caused by overriding of the C1–C2 joint on one side with a
normally aligned joint on the contralateral side. Dynamic CT
is the best means of demonstrating the condition. Cervical
spine CT scans are done in a neutral position and then repeated
with the head maximally rotated to one side and then the
other side.
Fielding and Hawkins presented the most commonly used
classiication scheme for these injuries (Fig. 75.15).69 Type I
dislocations are pure rotational injuries. Type II injuries have
both rotatory malalignment with anterior displacement of the
atlas less than 3 to 5 mm, suggesting only a mild deiciency of
the transverse ligament. Type III injuries combine rotatory
subluxation with greater than 5 mm of displacement, suggesting complete deiciency of the transverse ligament. Type IV
injuries have both rotational malalignment and posterior
displacement.
In adults, reduction of the rotational deformity can usually
be achieved by skull tong traction. Topical anesthetic in the
posterior pharynx may be helpful. he reduction can be palpated through the mouth. If it was diicult to obtain the
reduction, then halo vest immobilization may be needed. For
most cases, a rigid cervical collar is adequate.
If closed reduction fails, open reduction is performed and
a posterior C1–C2 fusion is used to stabilize the reduction.
Many methods to achieve fusion of the C1–C2 complex have
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FIG. 75.9 This man was injured when his car struck a tree. He had an immediate onset of pain in his upper
cervical spine, with radiation to the back of his head. (A) Lateral radiograph shows normal alignment of the upper
cervical spine and the occipitocervical junction. There is no abnormal soft tissue swelling. The basion appears to
be directly over the tip of the odontoid and is less than 1 cm from the tip. The Wackenheim line is not drawn here,
but the bony line down the clivus and the posterior aspect of the basion appears to be tangential to the posterior
aspect of the odontoid. (B) Open-mouth view of the odontoid is abnormal. The patient’s right lateral mass of C1
appears smaller than the lateral mass of C1 on the left side. There is also some asymmetry, with the distance from
the lateral mass of C1 to the odontoid being shorter on the right side than on the left side. (C) Parasagittal CT
reconstruction shows that his occipital condyle on the right side is posterior to the lateral mass of C1. (D) This
computed tomographic (CT) image is slightly more medial than that in (C) and shows that the occipital condyle is
impacted into the posterior aspect of the posterior lip of the right lateral mass of C1. (E) This view is even more
medial, and again shows the occipital condyle to be posteriorly displaced and impacted into the posterior lip of
the lateral mass of C1. (F) Coronal reconstruction of the CT scan shows that the left-sided occipitoatlantal joint is
normal. On the right side, the occipital condyle is posterior to the lateral mass of C1; thus, it is not seen on this
view. (G) This transverse axial image shows the abnormal appearance of the right-sided occipitoatlantal joint.
(H) The patient was initially placed in skull tong traction, but the occipitoatlantal dislocation could not be reduced.
The patient was then taken to surgery. At the time of surgery, with a combination of skull tong traction and
manual manipulation with a cable passed under the posterior arch of C1, the occiput–C1 dislocation was reduced
with an audible “clunk.” Fusion was performed using titanium cables to fasten autograft bone to the base of the
skull posteriorly and to the posterior arch of C1. This postoperative coronal CT reconstruction shows complete
reduction of the occipitoatlantal joints bilaterally. (I) Lateral radiograph shows the bone graft and cables in place.
Because rigid internal ixation was not utilized, the patient was immobilized in a halo vest postoperatively.
(J) Midsagittal reconstructed CT scan shows the bone graft healing at 3 months from the time of surgery.
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FIG. 75.11 (A) Anteroposterior and (B) lateral views of the occipital
cervical plating technique using C1–C2 transarticular screws and titanium
reconstruction plates with bicortical skull screws. Because the transarticular
C1–C2 screw is the most critical in terms of its positioning, the C1–C2
transarticular screw is always the irst screw to be placed in this construct.
The path would initially be drilled and tapped. A plate would then be bent
to accommodate the local anatomy. The plate must it lush against the
skull, it against the posterior arch of C1, and it the contour of the posterior
arch of C2. The C1–C2 transarticular screw is then placed through the plate
and tightened to within two turns of its inal position. The plate is then
held against the skull, and two or three screws are placed into the skull.
The screws in the skull are always bicortical. The thickness in this area of
the bone ranges from 4 to 6 mm. A cable is also usually passed under the
posterior arch of C1 and around the plate, then tightened. These cables
contribute signiicantly to the rigidity of the construct. After one side is
secured, the second side is similarly instrumented. The C1–C2 screws are
placed under lateral luoroscopic guidance. The pedicle of C2 is dissected
so that it can be visualized directly during screw insertion. The starting
point for the C1–C2 screw is usually 3 to 4 mm cephalad to the C2–C3 facet
joint. The distal tip of the screw should be just to the anterior cortex of C1.
It can also protrude slightly through the anterior cortex, but it should be
kept in mind that the internal carotid artery lies within a few millimeters of
the usual anterior exit point for these screws. (From Eismont FJ, Frazier DD.
Cranial cervical trauma. In: Levine AM, Eismont FJ, Garin SR, Zigler JE [eds].
Spine Trauma. Philadelphia: WB Saunders; 1998:204.)

been described, including the Gallie technique, the Brooks
technique, C1–C2 transarticular screws supplemented with a
posterior fusion, and C1 lateral mass and C2 pedicle (or
translaminar) screw construct. he use of transarticular screws
and screw–rod constructs provides suicient ixation to
obviate the need for postoperative halo vest immobilization.
he other methods of stabilizing C1–C2 may be rigid enough
to permit mobilization in a rigid collar or may require use of
a halo vest to supplement the ixation, especially if it is diicult
to achieve the reduction or if the bone quality is poor.

FIG. 75.12 Transverse computed tomographic scan at the C1 level
showing a Jeferson fracture with signiicant spreading of the lateral masses
of C1. This has resulted in the avulsion of the origin of the transverse
ligament from the right lateral mass of C1 (arrow). The usual treatment for
this would be a halo vest and mobilization for 3 months, followed by lexion
and extension radiographs to assess C1–C2 stability.

FIG. 75.13 Transverse computed tomographic scan at C1 showing
minimally displaced fractures of the posterior arch of C1. This always occurs
at the site of the vertebral artery groove. Provided that no other fractures
are associated with this, the patient can be immobilized in a cervical collar
for a short period of time, for comfort only. By itself, this is a stable injury.

Rupture of the Transverse Ligament
he transverse ligament is the major ligamentous stabilizing
structure for the atlantoaxial articulation. It is composed primarily of collagen ibers, which render it stif and inelastic.70
When torn or disrupted, it is incapable of repair, and its original strength and function cannot be restored.
Insuiciency of the transverse ligament and subsequent
C1–C2 instability is suspected if the atlantodens interval is
greater than 3.5 mm in adults and greater than 5 mm in
children on lateral radiographs and in atlas fractures when the
combined overhang of the C1 lateral masses on C2 is greater
than 6.9 mm on an AP open-mouth view of the upper cervical
spine.59,60 Plain radiographs, however, are oten inadequate to
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FIG. 75.14 This patient sustained a moderately displaced Jeferson fracture in an accident. He was treated with
a halo vest with no initial reduction. (A) Open-mouth view of the C1–C2 joints shows a 2-mm overhang on the
right and an 8-mm overhang on the left. (B) Computed tomographic (CT) scan at C1 shows the 8-mm lateral
displacement of the left C1 lateral mass. (C) Final CT scan shows that the lateral mass displacement is
unchanged, but there is now copious callus anteriorly between the anterior C1 arch, the C1 lateral mass, and
the odontoid. (D–E) Flexion and extension radiographs 1 year after the injury show no evidence of instability at
C1–C2 or at the occipitocervical joints. He has had no pain since removal of the halo vest and is gradually
resuming his preinjury activities with no restrictions.
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FIG. 75.15 Four types of C1–C2 rotatory ixation. (A) Type I: rotatory ixation with no anterior displacement and
the odontoid acting as the pivot. (B) Type II: rotatory ixation with anterior displacement of 3 to 5 mm, with one
lateral articular process acting as the pivot. (C) Type III: rotatory ixation with anterior displacement of >5 mm.
(D) Type IV: rotatory ixation with posterior displacement. (From Fielding JW, Hawkins RJ. Atlanto-axial rotatory
ixation. J Bone Joint Surg Am. 1977;59:37–44.)

FIG. 75.16 Lateral (left) and anteroposterior (right) illustrations show the technique described by Grob and
associates.82 They advise having the start point 3 to 4 mm cephalad to the C2–C3 facet joint and having it as
medial as possible without penetrating the medial wall of the C2 pedicle. They emphasize seeing the medial
and superior aspects of the C2 pedicle as well as the C1–C2 joint. The anterior aspect of the screw should be
either to the anterior cortex of C1 or just through it. The internal carotid artery lies just anterior to the usual
exit point for the C1–C2 transarticular screw; it is therefore extremely important that the screw tip either not
protrude anteriorly at all or only a very minimal distance. The illustration also demonstrates placement of
an autogenous bone graft between the arches of C1 and C2 and adequately tightening the wires or cables,
which, together with the C1–C2 transarticular screws, makes this an extremely strong construct. Packing bone
graft within the C1–C2 joint may be done, but it adds considerably greater risk to the procedure and does not
seem to be needed under the usual circumstances. It is necessary to perform ine-cut computed tomographic
sagittal reconstruction views of C1 and C2 from side to side to be certain that there is adequate room for
placement of a C1–C2 transarticular screw without compromising the vertebral artery. In approximately 15%
of cases, local anatomy of the vertebral artery precludes placement of two screws. Placement of one screw
in combination with the posterior bone graft seems to be adequate. (From Grob D, Jeanneret B, Aebi M,
Markwalder T. Atlanto-axial fusion with transarticular screw ixation. J Bone Joint Surg Br. 1991;73:972–981.)

assess suspected transverse ligament injuries; a combination
of MRI, CT, and dynamic radiographs is oten needed to fully
assess the type and extent of injury.60
Dickman and colleagues classiied transverse ligament
injuries into two types.60 Type I injuries encompass intrasubstance ruptures. Type IA injuries occur in the midportion of
the ligament. Type IB injuries occur at the periosteal insertion
of the ligament onto the atlas. Type II injuries occur when
there is an avulsion of the tubercular insertion of the transverse
ligament from the C1 lateral mass. Type IIA injuries occur if
the lateral mass is comminuted, and type IIB injuries occur if
the lateral mass is intact.
Type I injuries should be treated surgically with C1–C2
fusion. he most common way to achieve this is posteriorly.
Wiring techniques, such as Brooks and Gallie fusions, are

efective more than 90% of the time,71 but are the least biomechanically stable,72 and a rigid cervical collar is usually used
for 3 months postoperatively. Transarticular screw ixation
(Fig. 75.16) provides suicient additional stability to allow
the immobilization time to be reduced to 6 weeks in a rigid
collar or even to allow the patient to be immobilized in a sot
cervical collar. here is, however, risk to the vertebral artery
when instrumentation is done across the pars interarticularis
of C2. C1 lateral mass screw and C2 pedicle screw constructs
provide comparable biomechanical rigidity to transarticular
screws with less risk to the vertebral artery but with more risk
to the internal carotid artery. If necessary, sacriicing the C2
nerve root provides direct visualization of the C1 lateral mass
and the C1–C2 joint. he structures can then be instrumented,
reduced, and fused under direct visualization. he combination
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Fractures of the Odontoid
Fractures of the dens constitute 7% to 13% of all cervical spine
injuries.75 hey are frequently missed because of the paucity
of clinical symptoms other than for neck pain. In addition, if
the patient sufers from head trauma and is intoxicated or
obtunded, the injury can be easily missed. Both lexion and
extension mechanisms can cause fractures of the dens. Hyperlexion results in anterior displacement of the dens fracture;
hyperextension results in posterior displacement of the dens
fracture.
he fracture can usually be seen on open-mouth and lateral
radiographs of the cervical spine, although nondisplaced
fractures can easily be missed. Classiication of these fractures
is based on their location in the odontoid. he most commonly used classiication scheme was described by Anderson
and D'Alonzo (Fig. 75.17).76 Type I fractures consist of avulsion injuries at the tip of the dens. Type II fractures occur
through the base of the dens at the junction of the dens and
the central body of the axis. Type III fractures extend into the
body of the axis.
Type I injuries can be treated nonoperatively with a rigid
cervical collar, but the possibility of occipital cervical instability must irst be ruled out because the bone avulsion always
means that at least one alar ligament is incompetent. Ater 3
months of immobilization, lexion and extension radiographs
are taken to assess for healing and residual ligamentous
instability.
Type II odontoid fracture is the most problematic type of
odontoid fracture. In a prospective study of 144 odontoid
fractures reported by the Cervical Spine Research Society77
there were 96 type II and 48 type III fractures. he incidence
of spinal cord–level neurologic deicits was 14 of 96 (14%) of
type II fractures and 4 of 48 (8%) of type III fractures. Two of
the 14 patients with type II fractures and cord deicits presented with upper extremity monoplegia, which probably
represents the cruciate paralysis described earlier in this
chapter.
In this same prospective study, of the 38 patients with type
II fractures treated primarily in a halo vest, only 66% had a
successful result, with seven patients (18%) having nonunions,
three having malunions, two having fracture displacement,
and one dying before union. Of the 16 patients with type III
odontoid fractures treated primarily in a halo vest, 13 (81%)
had a successful outcome, with one nonunion, one fracture

S E C T I O N

of C1 lateral mass screws connected to C2 translaminar screws
is another alternative ixation option that provides the same
degree of stability of the C1–C2 complex. C1–C2 fusion can
also be achieved by an anterior approach with anteriorly placed
C1–C2 screws.73 Proponents of this technique note that there is
less sot tissue dissection involved as compared with posterior
approaches.74 We, however, recommend the posterior approach
in order to provide better supplemental bone grating and to
minimize postoperative swallowing and airway problems.
Type II fractures can be treated with external immobilization for 3 months. Up to 74% of these type II injuries will heal
with nonoperative care.60
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FIG. 75.17 Three types of odontoid fractures. Type I is an oblique fracture
at the tip of the odontoid process. It is usually an avulsion of bone at the
insertion of the alar ligament. This is normally taught to be a benign injury,
but it can be seen in signiicant occipitocervical injuries. Type II is a fracture
at the neck or base of the odontoid, but before it goes down into the
body of the axis. This area has a poor blood supply and the smallest
cross-sectional area; thus, it has a lower potential for healing. A type III
fracture extends down into the body of the axis. It therefore has a larger
surface area compared with a type II fracture; in addition, there is a much
greater ratio of cancellous bone to cortical bone. Type III fractures have a
better healing potential than type II fractures. (From Anderson LD, D'Alonzo
RT. Fractures of the odontoid process of the axis. J Bone Joint Surg Am.
1974;56:1663–1674.)

displacement, and one death, which occurred 1 day ater
injury due to cardiac arrest. Of the 30 patients (including both
type II and type III fractures) treated primarily with a posterior
C1–C2 fusion, 96% had a successful outcome, with only one
nonunion.
In a retrospective review of 322 consecutive patients with
type II odontoid fractures treated at three level 1 trauma
centers, surgically treated patients had improved 30-day and
long-term survival advantage over patients treated nonoperatively even when adjusting for age, sex, and comorbidities.78
he results of this retrospective review were further supported
by a subgroup analysis of a prospective multicenter study.
Fity-eight elderly patients with type II odontoid fractures
treated nonoperatively showed worse functional outcomes
and higher mortality (14%) at 12 months than their surgically
treated cohorts.79
he overall nonunion rate for type II odontoid fractures is
reported to be about 32%. here is an increased nonunion rate
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FIG. 75.18 This patient sustained a type II odontoid fracture in a motor vehicle collision. She was
neurologically normal, but complained of neck pain. (A) Initial lateral radiograph shows a minimally displaced
type II odontoid fracture. There is a slight gap anteriorly at the fracture site. The patient was kept immobilized in
a rigid collar and was sent for a computed tomographic (CT) evaluation. (B) Midsagittal reconstruction of the
CT scan shows that the fracture has displaced 12 mm anteriorly. This fracture obviously was more unstable than
it initially appeared. (C) Parasagittal CT reconstruction is necessary to be certain that there is an adequate path
for the C1–C2 transarticular screw. In this patient, the path was adequate on one side, as seen on this image.
(D) The patient was placed in skull tong traction and reduced. She was then taken to surgery for ixation using
one C1–C2 transarticular screw combined with sublaminar cables from C1 to C2 combined with autogenous
structural iliac bone graft. The patient’s fracture healed satisfactorily. (From Eismont FJ, Currier BL, McGuire RA Jr.
Cervical spine and spinal cord injuries: recognition and treatment. In Helfet DL, Greene WB [eds]. Instructional
Course Lectures, vol 53. Rosemont, IL: American Academy of Orthopaedic Surgeons; 2003:346.)

associated with fractures with greater than 5 mm of displacement, angulation greater than 10 degrees, age older than 40
years, and posterior displacement.80 Hadley showed a 78%
nonunion rate for type II fractures displaced more than 6 mm
in comparison to a 10% nonunion rate when the displacement
was less than 6 mm.81
Treatment options need to be individualized for each
patient. Halo vest treatment may be a good option for a patient
with an undisplaced type II odontoid fracture or an
undisplaced/minimally displaced type III odontoid fracture in
a patient with few or no risk factors for nonunion. he patient
needs to understand, however, that even with 3 months of halo
vest treatment, there is still a risk of at least 10% that surgery
will be needed to treat the fracture. As the amount of displacement and angulation increases and as the number of other risk
factors such as more advanced age and smoking increases,
then the chance of failing to heal appropriately in a halo vest
becomes signiicantly large.
As the risk factors for nonunion increase, surgical treatment with a C1–C2 fusion or anterior odontoid screw ixation
becomes a better option. If primary C1–C2 fusion is selected,

the patient should understand that he or she will lose 50% of
neck rotation. Many options exist for ixation and fusion of
C1–C2. C1–C2 transarticular screws (Fig. 75.18),82 C1 lateral
mass/C2 pedicle screw constructs (Fig. 75.19), and C1 lateral
mass/C2 translaminar screw constructs ofer a biomechanical
advantage over traditional wiring techniques and should
minimize the chance of losing the fracture reduction and
maximize the chance of having a solid fusion. A fusion rate
and fracture union rate of 98% should be expected. If wiring
techniques are used, a fusion rate of 94% to 96% can be
expected, but there will be a higher chance of losing reduction.
Gallie-type constructs are biomechanically advantageous for
anteriorly displaced fractures; Brooks constructs are advantageous for posteriorly displaced fractures.
Primary osteosynthesis of the dens (Fig. 75.20) has the
theoretical advantage of preserving rotation at the atlantoaxial
joint, but the amount of motion that is preserved over a C1–C2
fusion may not be signiicant.83 To achieve successful anterior
fracture ixation, the fracture needs to be transverse, noncomminuted, and reducible. he patient’s chest anatomy and
odontoid anatomy must also be amenable to this technique.
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FIG. 75.19 This patient was involved in a motor vehicle collision and sustained multiple trauma with multiple
fractures, including this type II odontoid fracture. (A) Postinjury lateral radiograph shows a type II odontoid
fracture, which appears well aligned but to have a signiicant gap in the posterior cortex of the odontoid. With
this type of gap present between C1 and C2, it would usually not be possible to insert C1–C2 transarticular
screws and obtain adequate purchase. (B) This patient’s odontoid fracture was stabilized with C1 lateral mass
screws combined with C2 pedicle screws. The starting point for the C1 lateral mass screw is just beneath the
posterior arch of C1, and the anterior endpoint is the same as for C1–C2 transarticular screws. This screw-rod
construct combined with C1–C2 wiring is able to provide adequate compression across the fracture site to
achieve reduction and provide the best opportunity for fracture healing.

In the elderly, the use of odontoid screws is associated with a
high complication rate.84 Two large series of anterior odontoid
screw ixation show failure rates of 13% to 17%.85,86
Biplanar luoroscopy or intraoperative CT with image
guidance is essential for this technique.

Traumatic Spondylolisthesis of the Axis
Traumatic spondylolisthesis of the axis, also known as a hangman’s fracture, can be caused by a variety of mechanisms,
including combinations of extension, lexion, distraction, and
axial loading of the cervical spine. he fracture line passes
through the neural arch of the axis. hese fractures are best
classiied using the modiication of the Efendi classiication
system (Fig. 75.21).87 Type I fractures occur through the
pars interarticularis bilaterally with less than 3 mm translation and no angulation. his fracture usually results from
hyperextension and axial load. he neural arch fractures, but
the intervertebral disc and anterior longitudinal ligament are
still intact (Fig. 75.22). his fracture is associated with other
extension-type injuries, including C1 posterior arch fractures
and dens fractures.
Type II fractures are bipedicular fractures with greater
than 3 mm of displacement and angulation of C2 on C3. his
fracture results from an initial axial load, with hyperextension
of the neck causing a fracture of the neural arch followed by a
lexion moment that results in disruption of the C2–C3 intervertebral disc. his is oten accompanied by a compression
fracture of the anterosuperior corner of C3 or the posteroinferior body of C2.87 Two variants of type II fractures have been
described. he type IIA fracture shows signiicant angulation
but has minimal (rarely exceeding 2–3 mm) translation and
includes signiicant disruption of the disc and posterior longitudinal ligament. Gross disc space distraction occurs ater the

application of minimal amounts of traction (Fig. 75.23). his
injury usually results from a lexion–distraction injury. In a
type II variant described by Starr and Eismont, the fracture
line propagates through the posterior aspect of the vertebral
body with unilateral or bilateral continuity of the posterior
cortex, and is associated with a 33% incidence of neurologic
deicit (Fig. 75.24).88
Type III hangman’s fractures are unstable injuries with
severe displacement and angulation, associated with unilateral
or bilateral facet dislocations of C2 on C3. Disruption of the
posterior longitudinal ligament and the C2–C3 intervertebral
disc occurs in these injuries. hese injuries are commonly
associated with neurologic injuries. Type III injuries occur in
three basic patterns: bilateral neural arch fractures anterior to
the facet joints with bilateral facet dislocations posterior to it;
a rotational injury with fracture of the neural arch on one side
anterior to the facet joint and on the second side in the area
of the facet joint, causing a unilateral facet dislocation; and a
bilateral facet dislocation with fractures of the neural arch just
posterior to the facet joints. Type III injuries are usually the
result of lexion–distraction followed by hyperextension.
Isolated type I fractures can be treated in a rigid cervical
collar for 8 to 12 weeks. Type II fractures are treated with
initial traction in extension followed by immobilization in a
halo vest. Type IIA fractures are treated with immediate
application of a halo vest. Traction is avoided in patients with
type IIA injuries because even minimal traction can cause
severe overdistraction. All type III fractures should be treated
with surgical reduction and posterior C2–C3 fusion. Internal
ixation can be achieved with posterior pedicle screws at C2
into the C2 vertebral body and lateral mass screws at C3.
Nonunions of type II or IIA injuries are uncommon,89 but
if they occur and are symptomatic, they can be treated with
either a posterior C1–C3 fusion or an anterior C2–C3 fusion.
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FIG. 75.20 This patient fell from a moving vehicle and sustained a type II odontoid fracture. (A) Scout ilm
from the computed tomographic (CT) scan shows that his odontoid process is displaced posteriorly >1 cm. The
patient’s young age made anterior odontoid fracture ixation preferable to a posterior C1–C2 fusion. (B–C)
Midsagittal and coronal CT reconstruction images were taken at 3 months from the time of surgery. It can be
seen that the fracture was well reduced and is now well healed. It is important that the cephalad portion of the
screw penetrates through the cortex to gain optimal ixation.
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FIG. 75.21 Classiication of traumatic spondylolisthesis of the axis. (A) Type I hangman’s fracture has fractures
of the C2 pedicles bilaterally with no angulation and with as much as 3 mm of displacement. (B) Type II
fractures have both signiicant angulation and signiicant displacement. (C) Type IIA fractures show minimum
displacement, but there is severe angulation, apparently hinging from the anterior longitudinal ligament. These
fractures have disruption through the disc space and are easily overdistracted with even small amounts of
traction. (D) Type III hangman’s fracture combines bilateral facet dislocations between the second and third
cervical vertebra with the fracture of the neural arch. This group of patients will always require surgery to
reduce the dislocated facets. (From Levine AM, Edwards CC. The management of traumatic spondylolisthesis of
the axis. J Bone Joint Surg Am. 1985;67:217–226.)

Chapter 75 Injuries of the Upper Cervical Spine

1305

S E C T I O N

XI

A

B

FIG. 75.22 This patient was involved in a motor vehicle accident and sustained a type I fracture of the pedicles
of C2. He had no other injuries. (A) Lateral radiograph taken immediately after injury shows minimal angulation
and no signiicant displacement at the fracture site. The patient was treated in a rigid cervical collar for 8 weeks.
(B) There is adequate healing of the C2 fracture with good alignment of the spine. (From Eismont FJ, Currier BL,
McGuire RA Jr. Cervical spine and spinal cord injuries: recognition and treatment. In Helfet DL, Greene WB [eds].
Instructional Course Lectures, vol. 53. Rosemont, IL: American Academy of Orthopedic Surgeons; 2003:343.)

Summary
he unique anatomy of the craniocervical junction results
in unique patterns of injuries from typical mechanisms of
trauma. In this area, ligamentous structures are as important
as or more important than the bony constraints in providing
stability and mobility. Luckily, the majority of trauma to the
upper cervical spine does not result in neurologic deicit.
However, unrecognized injuries may result in severe and
permanent injury to the brain stem, upper spinal cord, and
lower cranial nerves. A high index of suspicion and meticulous
evaluation of the patient, mechanism of injury, and imaging
studies will allow early diagnosis and proper treatment of
these potentially devastating injuries.

3.

4.

5.

6.
PEARLS AND PITFALLS
1. Use of traction in type IIA hangman’s fractures and in
occipitoatlantal dislocations can lead to worsening neurologic
deicit. In these cases, a small amount of traction can be applied
during radiographic imaging under direct supervision to detect
the presence of gross longitudinal instability. These patients are
best managed with immediate application of a halo vest in
compression.
2. Odontoid screw ixation is best accomplished in patients with
good bone stock and fractures that reduce in neck extension.
Beware of patients with a large chest, as this will compromise
the angulation necessary for accurate placement of the

odontoid screw. Biplanar luoroscopy or intraoperative CT
scanning is important for safe and accurate placement of
internal ixation.
Beware of associated injuries and noncontiguous spinal injuries.
Patients with multiple bony cervical injuries without neurologic
deicit can be managed initially with application of a halo vest
to allow the majority of the bony injuries to heal, then with
delayed surgical stabilization and fusion of the remaining
unstable areas.
Prior to placing a halo on patients with head and facial injuries,
evaluate the head CT scan to rule out potential skull fractures
that may lie in an area of halo pin placement.
If the C2 nerve root needs to be sacriiced for exposure of
the C1–C2 joint, make sure that it is ligated proximal to the
spinal ganglion. Failure to do so can result in severe occipital
neuritis.
Assess preoperative imaging carefully in placement of any screw
ixation into C1 and C2, especially looking for aberrant courses
of the vertebral artery.

KEY POINTS
1. Patients who have sustained severe trauma to the head or face
caused by a high-energy mechanism have a high incidence of
upper cervical spine injuries.
2. Brain damage is more associated with upper cervical injuries
than with injuries to the subaxial spine. These intracranial
injuries must be diagnosed and treated expeditiously because
they are the most common cause of mortality in these
patients.
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FIG. 75.23 This patient was involved in a motor vehicle collision and sustained a fracture of the pedicles of C2.
She had no other signiicant injuries and was neurologically intact. (A) Lateral radiograph shows approximately
8 mm anterior subluxation with C2 anteriorly displaced on C3. The angulation of C2 on C3 is quite minimal.
One would suspect that the disc at C2–C3 is completely disrupted, however, because of the severe degree of
displacement. This is also consistent with the very large amount of anterior soft tissue swelling in front of C3,
which measures 40 mm. (B) The patient was placed in 5 lb of traction. Overdistraction at the C2–C3 disc space
is apparent. The patient remained neurologically intact. (C) The patient’s traction was discontinued, and a halo
vest was applied. Reduction was achieved under luoroscopy. The patient remained neurologically normal. She
was mobilized more slowly than most patients because of the instability that was present. (D) Lateral
radiograph taken 3 months after her injury shows that the soft tissue swelling is completely resolved. There is
calciication anteriorly at the C2–C3 disc space. This is often seen with these injuries owing to the signiicant
amount of anterior striping of the anterior longitudinal ligament from the anterior aspect of the C3 vertebral
body. With an anterior C2–C3 spontaneous fusion, posterior healing at the pedicles is unimportant.
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FIG. 75.24 This patient sustained a C2 pedicle fracture as a pedestrian when struck by a car. He had sustained
an incomplete quadriplegia noted at the time of the accident. (A) Lateral radiograph shows mild to moderate
anterior displacement of C2 on C3. By looking at the posterior aspect of the C2 vertebral body, it is apparent
that there is a fracture with part of the C2 vertebral body staying in line with the C3 vertebral body, but there is
also a fracture line just above this showing anterior displacement of the more cephalad aspect of the axis.
(B) Computed tomography scan shows that the fracture line involved the posterior aspect of the vertebral
body on the right side. This patient was treated in a halo vest and had complete resolution of his paralysis,
and his C2 fractures healed. His spine was stable when seen at follow-up.

3. Dysfunction of the lower cranial nerves (CN IX, X, XI, XII)
implicates severe injuries to the occipitoatlantal joint and the
skull base.
4. CT remains the most sensitive imaging modality to evaluate
fractures of the upper cervical spine, subaxial spine, and the
cervicothoracic junction. CT is also cost efective as a primary
screening tool, especially in high- and moderate-risk patients.11
5. Reduction and stabilization of the cervical spine is usually
accomplished by Gardner-Wells tong traction in a rotating bed.
The only contraindications to the use of traction in injuries of
the CCJ are occipitoatlantal dislocations and type IIA hangman’s
fractures in which the application of traction can result in
pathologic distraction and increased neurologic deicit.

KEY REFERENCES
1. Anderson LD, D’Alonzo RT. Fractures of the odontoid process of
the axis. J Bone Joint Surg Am. 1974;56:1663-1674.
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in occipital condyle fractures. The authors describe a classiication
scheme that allows determination of the most eicacious methods
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C H A P T E R

Lower Cervical Spine Injuries
Paul A. Anderson

Introduction
Cervical spine injuries occur in 3% to 6% of patients presenting for evaluation and should be considered in all blunt trauma
patients.1–3 he subaxial spine from C3 to C7 accounts for
two-thirds of all cervical injuries.4 Spinal cord injuries are
present in 0.8% to 1.2% of cases.1,5 he incidence increases in
patients over the age of 65 years and is less common in children. Males predominate and are twice as likely as females to
sustain cervical spine injury. he mechanism of injury is from
vehicular trauma in up to 50%, while falls account for 40% of
injuries, especially in the elderly.6 Over the past 15 years, the
incidence of spinal cord injury and death associated with
cervical spine injury has decreased by more than half due to
a lower incidence of vehicular trauma.1
his chapter reviews the evaluation and management of
subaxial trauma patients, focusing on using new classiication
systems to aid the decision treatment process.

Anatomy
Bony Anatomy
he lower cervical spine normally has a lordotic alignment,
which decreases with age. Vertebrae from C3 to T1 have
similar shapes, but are increasingly larger caudally, with C7
and T1 having large spinous processes due to attachments of
the nuchal ligaments. On the superior surface of each vertebral
body, a bony protrusion extends laterally and cranially, called
the uncinate process. With age, these may hypertrophy and
cause foraminal stenosis. Short pedicles connect the body with
the lateral masses. he pedicles are oriented outward relative
to the body from 10 to 45 degrees. he lateral masses viewed
laterally are rhomboid in shape. Each lateral mass has cranial
and caudal articular surfaces; the superior and inferior facet
joints form the zygoapophyseal joints. he articular surfaces
are lat in the coronal plane and are oriented upward 30 to 45
degrees. he laminae are bony plates connecting the lateral
masses posteriorly. he spinous processes are dorsal midline
projections from the lamina. From C2 to C5 or C6, the spinous
process is biid. he transverse process extends from the
anterior body and connects with bony projections from the
lateral masses to form the foramen transversarium.

he subaxial vertebrae articulate with each other through
the intervertebral disc and the paired facet joints. he disc is
composed of the anulus ibrosus, nucleus, and vertebral endplates. he anulus has approximately 20 layers of type I collagen ibers. he collagen layers are alternatively oriented 40
degrees from the long axis and insert in the outer ring of the
endplate. he vertebral endplates are thickened bony plate
structures lined with cartilage. he nucleus is a viscoelastic
cartilaginous structure containing cells, water, type II collagen,
and proteoglycans. he normal disc has 70% to 80% water
content, which is bound by the proteoglycans, giving the disc
its mechanical properties.

Ligamentous Anatomy
he spinal ligaments are essential to function; assessment of
their integrity is critical when evaluating injuries. he anterior
longitudinal ligaments (ALL) and posterior longitudinal ligaments (PLL) are continuous, broad, bandlike structures
extending from C2 to the sacrum along the anterior and
posterior vertebral surfaces, respectively. At each disc, the ALL
and PLL can blend with the anulus and span each intervertebral disc. he ALL ends at C2; the PLL continues above C2 as
the tectorial membrane, which attaches at the basion at the
foramen magnum. Posterior ligaments are essential to stability
and include the ligamenta lava, facet joint capsules, and the
nuchal ligaments. he ligamentum lavum is largely composed
of elastin and spans between laminae. It is not continuous and
is elastic, and rupture of it indicates that signiicant displacement has occurred. he facet capsules are redundant to allow
motion of zygapophyseal joints. he nuchal ligaments include
the ligamentum nuchae, supraspinous, and interspinous ligaments. he nuchal ligament is strongly attached at C7, T1, and
C2 and is essential to maintaining an upright head position.

Neurovascular Anatomy
he spinal cord lies within the spinal canal. It is remarkably
similar in dimensions among humans, with an average of
about an 8-mm midsagittal diameter in adults. he spinal
canal diameter should be a minimum of 13 mm; when less
than 10 mm, spinal stenosis is present. Smaller spinal canals
correlate with increased risk and severity of spinal cord injury.7
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At each level, the dorsal and ventral rootlets form a spinal
nerve in the neuroforamina. he spinal nerve root lies above
each pedicle, behind the disc and posterolateral body, and in
front of the lateral masses.
he spinal cord blood supply is from the two posterior and
single ventral spinal arteries. In addition, there are several
radicular arteries that provide important segmental blood
low, which are variable in number and location. he second
part of the vertebral artery passes into the foramen transversarium between C6 and C7 and ascends to C2. Fractures of
the transverse processes or lateral masses or subluxations may
injure these vessels.

Mechanism of Injury
he cervical spine supports the cranium and is rigidly attached
to the thoracic cavity at the cervicothoracic junction; thus, any
forces applied to the cranium will be transmitted to the cervical spine. In addition to downward or axially directed forces,
bending moments can lead to combinations of compression
and distraction injuries. An example is the lexion–axial
loading injury or teardrop fracture, in which comminution
of the body occurs from compression and tensile failure of
the posterior osteoligamentous complex from distraction.
Finally, less common, but oten the most severe, are injuries
from acceleration-deceleration forces. Because the bone and
ligamentous tissues have viscoelastic properties, short loading
times on the order of 5 to 8 ms create large accelerations/
decelerations (which occur during vehicular trauma) and
cause proportionally greater damage, especially to ligamentous tissues.
Compression forces are generally downward, centrally,
onto the vertebral bodies, but also can be projected laterally
onto the lateral masses or posteriorly to the spinous processes.
he injury type will be determined by the location of the axial
load relative to the vertebrae and the position of the vertebrae
at the time of impact. Since the cranium is mobile and may be
relatively lexed or extended, the same force can produce a
variety of fracture types.8 In addition, during loading from the
cranium, segmental motion occurs, known as snaking, so that
one vertebra may be subject to direct compressive forces while
another level is subject to distractive forces.
Distraction forces occur from bending moments or from
rapid head acceleration-deceleration. Ligamentous injuries
with or without bony avulsions can result. his is most commonly seen in hyperlexion, in which facet dislocations and
posterior ligamentous injuries occur. Extension-distraction is
being seen more commonly, especially in geriatric patients
who fall onto their heads or faces. hese injuries can result in
discoligamentous injuries combined with posterior element
fractures.
Increasingly seen as the population ages are patients who
have hyperextension injuries and sustain spinal cord injury
without signiicant bony abnormalities. he spinal column
may have subtle signs of injury, such as a discoligamentous
injury, gaps in the facet joints, or isolated spinous process
or laminar fracture. he spinal cord injury occurs due to

transient compression of the spinal cord between bulging
discs and an infolded ligamentum lavum. he patient will
usually have a narrow spinal canal and have ongoing spinal
cord compression.

Assessment of the Spine-Injured Patient
Initial Evaluation
Patients sustaining blunt trauma should be assumed to have a
potential spinal column injury. During transport, patients are
placed on a backboard and immobilized in a hard extraction
collar. he immediate primary care is to evaluate airway,
breathing, and cardiovascular functions, and begin resuscitation. he secondary exam includes visual examination of the
spinal column by log rolling the patient and palpation to
determine tenderness, crepitus, and gaps or step-ofs between
spinous processes. Hemorrhage, contusion, and abrasion on
the face, head, or dorsal spine should raise suspicion of spinal
injury. he goal of spinal evaluation is to identify patients who
require further imaging and to critically measure neurologic
function.

Clearing the Cervical Spine
he goal of this evaluation is to identify patients who have
signiicant cervical injury ater trauma. Patients can be divided
into four categories: asymptomatic, temporarily not evaluable,
symptomatic, and obtunded. Asymptomatic patients are those
who have no pain, tenderness to palpation, normal cognitive
function, and no distracting injuries. Distracting injuries are
other sources of trauma that may decrease or eliminate cervical spine signs or symptoms. Examples of distracting injuries
are fracture-dislocations, long-bone fractures, burns, shock,
chest trauma, and craniofacial trauma.

Asymptomatic Patients
Asymptomatic adult patients can be cleared of cervical spine
injury without any radiologic imaging. he National Emergency X-Radiography Utilization Study (NEXUS) screened
34,068 patients using the criteria and identiied 99.8% of all
injuries.9 Six of the eight missed cases were trivial fractures
and two were signiicant (odontoid fractures) that did not
develop a neurologic injury. he speciicity was low (12.8%),
indicating that many patients still required imaging, which
was negative. A simple modiication is the Canadian Cervical
Spine Rule (CCR), which adds 45 degrees of pain-free rotation
of the head to the examination.10 Stiell reported a 100% sensitivity using this method and improved speciicity over the
NEXUS method.10 Both of these protocols are not applicable
to children and are less accurate in geriatric patients.11

Temporarily Not Evaluable
hese patients are less well deined. However, they could be
cleared using the asymptomatic criteria, but have distracting
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Symptomatic Patients
All symptomatic patients following blunt trauma are at high
risk for cervical spine injury, thus require radiologic imaging.9
Computed tomography (CT) in adults is highly sensitive and
preferred over plain radiography.13 Magnetic resonance
imaging (MRI) is not recommended as a screening examination due to its cost and high rate of false positives.14 MRI is
indicated in patients who have unexplained neurologic deicits
(such as central cord syndrome), for patients for whom there
is suspected ligamentous injury, in patients with signiicant
degenerative or postsurgical changes, as well as to aid surgical
decision making. A negative MRI, however, does accurately
exclude the presence of a cervical spine injury.14

Perianal rectal function is determined by digital rectal
examination, assessing the initial tone and asking the patient
to perform voluntary rectal contractions. he bulbocavernosus relex and the anal wink are spinal cord–mediated relexes
at the level of the conus medullaris. he anal wink is obtained
by brushing the paraspinal area with a pin and observing for
an anal contraction. he bulbocavernosus relex is best
obtained during digital rectal examination by placing tension
on a Foley catheter and observing for a rectal contraction.
hese relexes are present in intact patients. Although they are
typically absent in acute spinal cord–injured patients, they
may return early (within 7 to 10 days ater spinal cord injury).
Intact perianal function in injuries at the conus medullaris,
such as L1 or T12 fractures, or for cauda equina injuries is a
good prognostic sign, as it indicates that the aferent and eferent neurons and the conus are functional.
Deep tendon relexes, including biceps, triceps, patella, and
Achilles, are assessed. In acute spinal cord injuries, the relexes
below the level of injury are usually absent due to spinal shock,
but will return in 10 to 21 days when they will become hyperrelexic. In addition, pathologic relexes—such as Hofman,
Babinski, and clonus—should be recorded. Priapism, if
present, is a sign of acute spinal cord injury.

Obtunded Patients
he clearance of obtunded patients remains controversial.
Maintaining spine precautions and cervical immobilization in
this patient population is associated with reduced pulmonary
function, increased intracranial pressure, and risk of skin
decubitus. hus, timely clearance is important. Two options
are available in obtunded patients: utilize results of CT or
include MRI.12 Modern helical CT is highly sensitive and
rarely have signiicant injuries been reported following CT.
Most cases are results of misreading by radiologists. MRI,
however, has been shown to identify more injuries than CT
and, in some studies, resulted in need for surgical treatment.
Like investigations regarding CT, these studies are small retrospective studies without adequate statistical power. I recommend that each institution utilize its own protocol and
continue to monitor efectiveness.

Neurologic Examination
A complete neurologic examination is performed, including
cognitive function, cranial nerve, motor sensory function in
the extremities, relexes, and pathologic relexes. In addition,
in patients with any neurologic deicits, careful evaluation of
perineal function is performed. Patients’ neurologic function
should be reported per American Spinal Injury Association
(ASIA) standards (Fig. 76.1).15 he ASIA motor score is the
summation of motor function of 10 key muscle groups, ive in
the upper and ive in the lower extremities, bilaterally; each is
graded from 0 to 5. Summation of these scores deines the
ASIA motor score and the total ranges from 0 to 100. Sensory
examination of each dermatome is recorded as intact, hypoesthesia, or absent. Perianal examination is essential, as
patients may have only sacral root sparing, which can dramatically change the prognosis.

Spinal Cord Injury Classiication
Spinal cord injuries are classiied at the level and extent of
injury. ASIA deines the level as the lowest segment with at
least antigravity (grade ≥3) motor function.15 he extent of
spinal cord injuries is how much of the cross-sectional area of
the cord is injured. Complete cord injuries are deined as
complete loss of motor and sensory function; incomplete cord
injuries have some retained motor and/or sensory function
below the zone of injury. Special attention needs to be focused
in the perineal area, as this may be the only area distinguishing
complete from incomplete injuries. Incomplete cord injuries
are important to recognize and have a much better prognosis.
he anterior cord syndrome represents loss of the anterior
two-thirds of the spinal cord, where there is paralysis of distal
motor function and loss of pain and temperature sensation.
hese patients have retained dorsal column function, so that
they may experience light touch, proprioception, and vibratory sensation, but no pinprick or motor function.
Central cord syndrome is a common cord injury in which
there is loss of gray matter and central white matter. he white
matter tracts are laminated, with cervical tracts positioned
more centrally and lumbar and sacral tracts located toward the
periphery. Because of the relative sparing of these laterally
located tracts, the central cord syndrome is manifested by
greater loss of upper than lower extremity function. he
prognosis for central cord syndrome is good, with an expectation for ambulation, but hand function may be chronically
impaired. he posterior cord syndrome is the loss of the
posterior column with sparing of the anterior cord. hese
injuries produce loss of vibration, light touch, and position
sense, but maintain pain, temperature, and motor functions.
Brown-Séquard syndrome is a hemicord injury with ipsilateral
motor paralysis and loss of dorsal column function as well as
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injuries or impaired cognitive function, such as intoxication,
that will clear or be corrected within 24 to 48 hours.12 Initially,
they are immobilized in an orthosis, then later reevaluated
based on NEXUS or CCR criteria. If negative at that time, they
may be cleared with further imaging. If clearance is required
immediately, then they should be evaluated as described later
for obtunded patients.
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A

B
FIG. 76.1 (A) American Spinal Injury Association (ASIA) system to grade the neurologic function of spinalinjured patients. (B) ASIA Impairment Scale. (Courtesy of the American Spinal Injury Association.)
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Classiication of Injuries
Many classiication systems of lower cervical spine injuries
have been described, with none being universally accepted.
hese systems are based on fracture morphology, presumed
mechanism, force vectors of injury, or ratings of severity, such
as stable versus unstable. hese all have shortcomings, including poor reliability, high complexity, utilization of out-of-date
imaging, lack of inclusion of neurologic deicits, and poor
prediction of surgical indications and prognosis. One important determinant of treatment is severity of injury, which is
diicult to quantify.

Fracture Stability
Determining fracture stability is essential for determination of
the best course of treatment. Stability has been deined as the
ability to maintain alignment and protect the neural tissues,
resulting in a long-term painless spine under physiologic loads.
his simple concept is diicult to apply in individual patients
even by experienced practitioners. Stability thus deined is
binary: stable or unstable. However, in reality, stability is a
continuum. Also, stability may be time dependent, usually
worse initially but may recover at later points in time depending on the healing potential of the tissues involved and of the
patient. Newer systems apply this concept of assessing stability
along a continuing scale rather than present or absent.

Cervical Spine Injury Severity Score
More recent systems have been developed to resolve these
shortcomings. he Cervical Spine Injury Severity Score
(CSISS) divides the spine into four columns: anterior, each
lateral column, and the posterior osteoligamentous complex.16
he severity of injury to each column is assessed using an

TABLE 76.1

Subaxial Cervical Injury Classiication System (SLIC)17
Points

Fracture Morphology
Compression
Burst
Distraction
Translation/rotation

1
2
3
4

Osteoligamentous Complex
Intact
Intermediate
Disrupted

0
1
2

Neurologic
Intact
Root injury
Complete spinal cord injury
Incomplete spinal cord injury
Ongoing cord compression in setting of neurologic deicit
Total SLIC

0
1
2
3
+1
0–9

analog scale from 0 to 5. A 0 is given for no injury and 5 for
the most severe injury possible to that column. he scale is
continuous, and each column is graded independently. he
scores from each of the four columns are summed, resulting in the CSISS, and ranges from 0 (no injury) to 20 (most
severe injury). he reliability of the CSISS is excellent. In one
study, a score of 7 or greater was associated with surgery in
100% of cases and a score less than 5 indicated nonoperative
treatment.16

Subaxial Cervical Injury Classiication System
he Subaxial Cervical Injury Classiication System (SLIC) was
developed to include both severity of injury and the neurologic
state to aid in surgical decision making.17 hree domains are
assessed and graded independently: fracture morphology, the
osteoligamentous complex, and neurologic function (Table
76.1). he morphology is graded based on a general description of the fracture mechanism: compression, burst, distraction, and translation/rotation. he osteoligamentous complex
has long been felt to be essential to maintain spine stability. In
the SLIC system, this is assessed as intact, intermediate, and
injured. he intermediate grade is allowed, as in many cases
it is impossible, even with MRI, to know the state of the osteoligamentous complex. Neurologic function is graded as intact,
radiculopathy, complete spinal cord injury, and incomplete
spinal cord injury. he incomplete spinal cord injury is given
the higher score compared to complete, as the urgency in
surgical indications are greater in this injury pattern. Each of
the three domains are scored and summed, giving a SLIC
score ranging from 0 to 9. Scores of 3 or less are treated
nonoperatively, and scores of greater than 5 are treated surgically. Scores of 4 or 5 may be treated either nonoperatively or
operatively. In many cases, an orthosis is attempted and
upright serial radiographs are obtained to assess maintenance
of alignment. If neurologic symptoms or progressive kyphosis
or subluxation develops, then surgery is warranted.

S E C T I O N

contralateral loss of pain and temperature. he prognosis for
Brown-Séquard syndrome is excellent.
he ASIA Impairment Scale (AIS) assesses the extent of
injury and is highly predictive of outcomes (Fig. 76.1B).15
Complete cord injuries with absence of distal and sensory
motor function are ASIA A. he ASIA B patient has some
sensation, but no motor function below the zone of injury.
ASIA C patients have both motor and sensory function below
the zone of injury, but the motor function is less than grade
3. ASIA D patients, like ASIA C patients, have both motor and
sensory function, but motor function is grade 4 or 5. ASIA E
patients are intact.
Patients with neurologic deicits should have neurologic
exams at least every 2 hours, which are documented in the
record. Neurologic function may change in the initial stages
ater spinal cord injury, which will be an important determinant of treatment. herefore, accurate reporting of the
neurologic exams is essential. he ASIA classiication is useful
for a comprehensive report of the neurologic examination (see
Fig. 76.1A).
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AO Cervical Spine Classiication
he AO group has been a leader in developing classiication
systems for all skeletal traumas. heir spine classiication system
is based on three basic morphologies: compression, distraction,
and translation. However, this system lacked reliability and was
too complex for clinical use. Recently, an updated AO classiication system has been developed.18 he AO system uses four
criteria: injury morphology, facet injury, neurologic status, and
case-speciic modiiers. When using the system, the user
should record level, morphology type, and secondary injuries.
In addition, modiiers such as facet injury, neurologic status,
and case-speciic variants are placed in parentheses.
he modiied AO classiication system has been updated to
simplify its use, promote better direction for treatment, and is
based on modern imaging, including MRI.18 hree basic categories describe the primary injury (Table 76.2). Type A occurs
from compressive forces with intact posterior tension band.
Type B is distractive injuries of the posterior or anterior tension
bands. Type C is injuries in which there is translational displacement in any of the primary axes, including anteroposterior
(AP), lateral, rotational, or vertical. If multiple types of injuries
are present, then the fracture is graded with its highest score.

AO Type A Injuries
AO type A compressive lesions are vertebral body injuries that
occur under axial loading forces with loss of vertical height.

TABLE 76.2
Type A

Modiied AO Classiication Cervical Spine Injuries
A0

No bony or trivial injury

A1
A2
A3

Compression fracture of only single endplate
Compression fracture involving two endplates
Burst fracture with bone retropulsion
involving only single endplate
Burst fracture with bone retropulsion
involving both endplates

A4
Type B

B1

B3

Bony injury of either anterior or posterior
tension bands
Posterior ligamentous distractive injury with
or without fracture
Anterior discoligamentous disruption

Type C

C

Translation or rotational injury along any axis

Facet injuries

F1

F3
F4

Nondisplaced facet injury with low potential
for subluxation (<1 cm and <40% facet)
Nondisplaced facet injury with low potential
for subluxation (>1 cm and >40% facet)
Fracture separation of lateral mass
Perched facets

Neurologic

N0
N1
N2
N3
N4

Intact
Transient neurologic deicit
Root injury or radiculopathy
Incomplete spinal cord injury
Complete spinal cord injury

Case-speciic
modiiers

M1
M2
M3
M4

Possible ligamentous injury
Traumatic disc herniation
Fracture in ankylosed spine
Vertebral artery injury

B2

F2

Similarly, impaction of the spinous processes can cause fracturing under compression. Compression injuries are subcategorized into ive types. Type A0 has no bony or trivial injuries,
such as fractures of the spinous process or transverse process
and patients who have spinal cord injuries without bony
fracture. Type A1 fractures are compression fractures of a
single endplate without involvement of the posterior vertebral
body wall. Type A2 are fractures that include both superior
and inferior endplates without fracture of the posterior vertebral body wall. Type A3 are burst fractures when there is
fracture of one endplate and the posterior vertebral body wall
with retropulsion of bone into the spinal canal. Type A4
injuries are comminuted burst fractures that involve both
superior and inferior endplates and sagittal split fractures that
also involve both endplates.

AO Type B Injuries
he AO type B are distractive lesions and can include disruptions of either the anterior or posterior tension bands. hese
injuries do not have associated translation. Type B1 are bony
injuries of the posterior or the anterior tension band. Type B2
are distractive injuries involving posterior ligaments, with or
without fracture. hese lesions may include nuchal ligaments,
facet capsules, and ligamenta lava. Type B3 are anterior
tension band injuries with distraction injuries to the discoligamentous complex and the ALL. he posterior tension band is
intact, which acts as a tether or center for rotation. here may
be bony avulsion fractures along the bodies.

AO Type C Injuries
Type C are translational injuries along any axis, resulting in
displacement of one vertebral body relative to the other.

Facet Fractures
Facet injuries are diicult to classify in traditional systems.
he AO system grades each facet independently. For bilateral
facet injuries, the right side is annotated before the let. If the
type of facet injury is identical between sides, BL is designated.
Injuries that are isolated to the facet articulations—without a
type A, B, or C injury—are classiied as facet injuries. F1 are
nondisplaced, inferior, or superior facet fractures that have
low potential for displacement (<1 cm, <40% of lateral mass).
F2 are inferior and superior facet fractures that involve a larger
area of the facet with increased likelihood of displacement
(>1 cm, >40% of lateral mass). Type F3 is a fracture separation
of the lateral mass, where there is an ipsilateral fracture of
the lamina and pedicle, which creates a free-loating lateral
mass.19 If this subluxes or rotates anteriorly, then vertebral
subluxation can occur at both the cranial and caudal level.
Type F4 are facet injuries, where the inferior edge of the
cranial facet lies in the perched position at the tip of the facet.
Another pathologic subluxation includes posterior diastasis of
the facets.
In the AO system, the neurologic status is graded similarly
to the SLIC. N0 is neurologically intact. N1 is a transient
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General Approach to Treatment of Injuries
Each patient is assessed clinically for signs of injury by palpation, checking for tenderness, and by a detailed neurologic
examination. A patient with tenderness or signs and symptoms
of neurologic injury should have a CT to identify injury patterns. If any ligamentous injury is suspected or unexplained
neurologic deicits are present, an MRI scan is indicated. At
this point, the injury is classiied morphologically using the
AO system. he severity is then graded using CSISS or SLIC.
Patients who have a score greater than 5 SLIC or greater than
7 CSISS are treated surgically. In patients with less severe
injuries, nonoperative treatment in orthosis is attempted.

Nonoperative Care of Subaxial Cervical Injuries
Nonoperative care is indicated for those with stable fractures
or those who are not otherwise surgical candidates. For most
lower cervical spine injuries, patients are managed in an
orthosis. Choices include sot collar, hard collar (e.g., Miami J
[Össur]; Aspen collar [Aspen Medical Products], or CervMax
[PMT Corporation]), cervicothoracic brace, and halo vest.
he general approach in all orthotic management is similar
(Box 76.1). he orthosis is itted by a trained orthotist. Pads
that wick luids away from the skin can help to prevent skin
breakdown. he brace needs to control head-mandible motion
relative to the thorax. No brace, including the halo vest, will
completely prevent segmental motion in a fractured cervical spine, as the spinal column can easily assume snakelike
intervertebral motions.20 Twice-daily skin checks are ordered
while the patient is hospitalized or in a rehabilitation facility.
Training of patients and family is essential to ensure proper
use and to avoid complications of the orthosis. In patients

BOX 76.1

Principles of Nonoperative Treatment

Appropriate indication for fracture type and patient condition
Orthotic placement by certiied orthotist
In patients >65 years, a swallow study before feeding
Twice-daily skin check
Removable pads
Proper training of patient, family, and nursing staf
Check alignment initially and at regular intervals

older than 65 years, a swallow consult is obtained to assess
aspiration risk prior to institution of diet. Occupational
therapy trains patients to use the brace and in the activities of
daily living while immobilized.
Upright radiographs are obtained ater brace placement
and scrutinized for increasing kyphosis and/or subluxation.
Any change in these, or new or worsening neurologic symptoms indicates instability, and surgery is recommended.
Follow-up radiographs are obtained at 2, 6, and 10 weeks. In
most subaxial injuries, healing will occur by 10 to 12 weeks or
earlier. Patients are initially informed that their orthosis is a
test of stability and that about 5% to 10% of patients will fail
and may require surgery. In patients without clear surgical
indication (such as SLIC scores of 4 or 5 and CSISS scores of
5 to 7), either approach can be chosen. In general, I recommend a trial of nonoperative therapy with orthosis in these
cases. In such cases, shared decision making should occur,
taking into account the patient’s preferences.

Soft Collar
Sot collars provide little stability and are used for comfort but
also to alert medical personnel that injury is present. hese are
indicated for frail elderly patients with minimal or stable
fractures or in patients who cannot tolerate even a hard collar.

Hard Collar
Many forms of hard collar are available. Use of extraction
collars and Philadelphia collars should be avoided, as these it
poorly and can lead to skin breakdown. It does not appear that
the stabilization efect among well-itting hard collars varies
by manufacturer. It is best that the orthotist use a single brand
so that personnel can become familiar with their use and
maintenance. Hard collars do not provide suicient stability
for unstable fractures, but are efective, in my experience, in
stable SLIC score less than 3 and CSISS score less than 5.

Cervicothoracic Orthosis
he cervicothoracic orthosis (CTO) has anterior and posterior
chest pads that are connected by straps under the axilla and
over the shoulder. Vertically, they are connected to occipital
and mandibular pads rigidly. he CTO brace provides greater
stability than hard collars, especially at the cervicothoracic
junction. he CTO places increasing pressure on the occiput
and chin, and should be used with caution. I do not recommend its use in spinal cord–injury patients who lack body
control or any patient with cognitive impairment due to the
risk of skin ulcerations. I recommend the CTO for patients
with injuries at the cervicothoracic junction, those with
multilevel spine fractures where multilevel fusions might
be otherwise utilized, and cervical spine injuries combined
with upper thoracic injuries. An alternative treatment for this
injury pattern is the thoracolumbosacral orthosis with chin
piece (cervical-thoraco-lumbosacral orthosis). I have abandoned its use due to risk for skin ulceration and poor patient
acceptance.
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neurologic deicit that has resolved. N2 is a radiculopathy or
nerve root injury. N3 is an incomplete spinal cord injury, and
N4 is a complete spinal cord injury.
Case-speciic modiiers are important, as they can alter
treatment. M1 is an incomplete posterior tension band injury.
CT or plain radiographs may indicate a possible ligamentous disruption, but MRI shows that the nuchal ligament,
interspinous/supraspinous ligaments are intact, although they
may have edema. M2 is traumatic herniation of the intervertebral disc behind the vertical line drawn along the posterior
wall of the caudal vertebrae. M3 are fractures in patients with
ankylosed spine. M4 is an associated vertebral artery injury.
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Halo Vest
he halo vest is the most rigid external orthosis, although
segmental motion can still occur at the fracture site. Anderson
reported in patients with unstable fractures treated in the halo
vest that 1.8 mm of translation and 7 degrees of angulation
fracture site motion occur during position change from supine
to upright.20 he use of the halo vest has declined and is rarely
used today in my experience for subaxial injuries. It is indicated for unstable fractures in which fusion is a poor alternative, such as young patients who are neurologically intact or
those with multilevel injuries. For these cases, the halo vest
may provide the best nonoperative approach, thereby avoiding
multilevel fusions.

Treatment of Acute Spinal Cord Injury
he goals of treatment of spinal cord–injury patients are to
protect the neural tissues from further injury, reduce and
stabilize fracture-dislocations, and provide a stable long-term
painless spine.

Transport
Patients presumed to have spinal cord injuries should be
transferred to institutions that are experienced in their management, have advanced imaging available, and can provide
intensive care and urgent surgical services. Treatment of spinal
cord injuries in Level 1 trauma centers is shown to reduce rates
of complication as well as shorten the length of hospitalization
and rehabilitation time.21 Spinal cord–injury patients require
intensive care to monitor neurologic state and provide hemodynamic support, assess pulmonary function (which oten
deteriorates over time), and prevent adverse events, such as
skin breakdown.

Immediate Care of the Spinal-Injured Patient
Once a subaxial fracture is diagnosed, consideration of immediate treatment is entertained. All patients with spinal cord and
nerve root injury as well as those with unstable fractures are
candidates for immediate intervention. his includes hemodynamic support, further diagnostic testing, administration
of neuroprotective agents, reduction using tong traction, and
urgent surgery. While the decision-making process for resuscitation is taking place, patients with subaxial fractures should
be immobilized in a hard collar and maintained lat on a bed
or stretcher. Although the backboard is an excellent aid for
transport to and within the hospital, it should be removed as
soon as possible to reduce the risk of skin breakdown. In addition, backboards can be associated with fracture displacement,
especially in children or in patients with thoracic kyphosis.

Hemodynamic Support
he injured or compressed spinal cord is ischemic, which can
further exacerbate the spinal cord injury. If spinal cord injury

is present, there is a loss of vasomotor tone, with resultant
hypotension and bradycardia, causing a condition known as
neurogenic shock. In addition, the spinal cord, like the traumatized brain, loses its ability to autoregulate blood low.
herefore, intramedullary blood low becomes related to the
systemic arterial pressure. Any hypotension, either from loss
of vasomotor control or from blood loss, can worsen or exacerbate the spinal cord injury. Guidelines recommend resuscitation of a spinal cord–injured patient to a systolic blood
pressure greater than 120 mm Hg (usually with pressor agents)
and maintaining the mean arterial pressure at 85 mm Hg.22 A
high FiO2 should be administered to maintain O2 saturation
greater than 95%. Ventilatory failure may be present or develop
over time and requires intubation and mechanical support.
Intubation needs to be performed carefully so that fracture
displacement is minimized. It is best that the surgical team
assist in this task by holding the head while maintaining
traction.

Magnetic Resonance Imaging in Acute Spinal Cord Injuries
Early treatment decisions may require further imaging by
MRI. Urgent MRI is indicated for unexplained neurologic
deicits, neurologic deterioration, to evaluate ligamentous
structures, or in patients with no or minimal deicits who have
facet dislocations to determine the presence of a traumatic
disc herniation. In these cases, neurologic worsening has been
reported ater open reduction when the disc lies behind the
vertebral body compressing the spinal cord ater reduction.
Several case reports have documented that disc herniation
behind the vertebral body remains in that location ater reduction, causing signiicant neurologic deicits.23 In addition, MRI
is useful for preoperative planning.

Neuroprotection
To address the secondary spinal cord injury caused by vascular,
molecular, biochemical, and/or inlammatory changes, early
treatment using neuroprotective agents has been proposed. Many
pharmacologic and cellular agents show promise in laboratory
animals. However, only methylprednisolone is approved for
current use. Methylprednisolone, when given within 8 hours of
injury, has an antioxidant efect by reducing lipid peroxidation
that occurs as part of the secondary injury pathophysiology.
he clinical evidence for use of methylprednisolone is based
on the National Acute Spinal Cord Injury Study 2 (NACISC2).
In this randomized control trial, 454 patients with blunt
traumatic spinal cord injuries were randomized to naloxone,
methylprednisolone, and placebo.24 All patients had randomization and administration of drugs within 8 hours of injury.
Naloxone was thought to have neuroprotective properties at the
time. Patients receiving methylprednisolone had a statistically
signiicant improvement of 5 points of ASIA motor level. he
impact of the NACISC2 study was signiicant; subsequently,
almost all spinal cord injuries were treated using the NACISC2
protocols. However, critical analysis of the statistical methodology, identiication of potential harms, including death, and
the minimal perceived beneits have led many to abandon or
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Fracture-Dislocation Reduction
Early fracture-dislocation reduction is important to remove
neural compression and reestablish blood low to ischemic
tissue to prevent deterioration and maximize the chance of
neurologic recovery. his can be achieved by two methods:
cranial tong traction and surgery. Cranial tong traction is a
useful and generally safe method to stabilize the spine and to
achieve realignments of fractures and dislocations.26 Indications for cranial tong traction vary and are being supplanted
by immediate surgery where reduction by traction is avoided.
In a study to evaluate the timing of surgery on the outcomes
of spinal cord injury, the authors found that only one-third of
patients were ever treated with tong traction before surgery.27
Cranial tong traction is a fast method to reestablish spinal
cord blood low through reduction. In low-energy facet dislocations, such as from sporting accidents, early reduction
within 4 hours of injury in patients with quadriplegia was
shown to have a reversible efect in 80% of cases.28

Timing of Surgery
he timing of surgery in humans remains controversial,
despite a large volume of animal data that demonstrates early
surgery correlates with greater neurologic recovery. Because
of diiculties with study design, heterogeneity, and severity of
injury, these beneits of early surgery have not been proven in
humans. A recent observational study, Surgical Timing in
Acute Spinal Cord Injury Study (STASCIS), compared neurologic improvement at 6 months based on ASIA impairment
scale between early (≤24 hours) and late (>24 hours).27 Patients
were stratiied according to whether surgery was performed
before or ater 24 hours. here was no diference for the chance
of improving one ASIA level; however, there was a statistically
signiicant and better chance of improving 2 ASIA levels if
surgery was performed within 24 hours. In patients with

spinal cord injuries, the potential for neurologic deterioration
caused by early surgery has been a concern. he mechanics of
this are unclear, but likely are due to hemodynamic changes
that occur during surgery. In the STASCIS study, only one
patient deteriorated neurologically; the authors believe that
early surgery was feasible and safe in patients treated at centers
with experience in managing spinal cord injuries.

S E C T I O N

limit the use of methylprednisolone for spinal cord injury.
Recent guidelines by the American Academy of Neurological
Surgeons and the Congress of Neurological Surgeons recommend against the use of methylprednisolone in acute spinal
cord injury.25
Unfortunately, the data from the NACISC2 study included
mostly patients who did not have surgery or even reduction
of fracture dislocations within 24 hours. Further, hemodynamic support was not utilized routinely at the time of the
original study. hus, there is a knowledge gap as to whether
methylprednisolone may have a beneicial efect when combined with other current standard practices in care. My current
recommendations are to administer methylprednisolone in
select patients with cervical cord injuries, both complete and
incomplete, and in incomplete thoracic cord injuries. Methylprednisolone is recommended only in patients without other
signiicant traumatic injuries or comorbidities. I do not recommend its use in geriatric patients with spinal cord injuries.
When used, methylprednisolone is administered as a 30-mg/
kg loading bolus over 1 hour and a continuous infusion of
5.4 mg/kg per hour for 23 hours.
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Cranial Tong Technique
Cranial tongs have a metal or carbon iber arc, two pins which
are inserted into the skull, and a hook for traction rope. he
pins are disposable, and one pin has a compression spring that
acts to measure the applied force of the pins into the skull.
Both MRI-compatible and non–MRI-compatible devices are
available. Unless heavy weights are anticipated, I recommend
the use of MRI-compatible devices.

Guidelines for Initial Closed Reduction of
Subaxial Cervical Fractures
Gelb reported guidelines based on a systematic review of the
use of closed reduction with tong traction in subaxial fractures
and dislocations.26 Based on a retrospective case series, he
recommends early reduction with cranial tong traction for
subaxial injuries in awake patients without more rostral injuries. Prereduction MRI should be obtained in patients who
cannot be examined during closed reduction or if closed
reduction fails. MRI will identify disc disruptions in up to 50%
of cases, but does not appear to inluence outcomes in awake
patients; therefore, their utility is questioned.

Cranial Tong Insertion
he location of tong insertion is 1 cm above the pin and
in line with the external auditory meatus. Placement more
anteriorly or posteriorly can change the force vectors, which
may theoretically aid reduction. For consistency, I recommend placement in line with the exterior auditory meatus.
he skin is prepared with chlorhexidine and the subcutaneous
tissue and periosteum is iniltrated with local anesthetic. No
shaving of the scalp is required. he surgeon holds the tongs
with pins located just above the correct starting point, which
are then symmetrically tightened into the skin and skull. he
pin containing the compression spring is scrutinized until it
protrudes 1 mm out from the surface of the pin. Jam nuts
along the side of the pins are tightened to prevent inadvertent
further tightening of the pins. If the traction is to be continued
(unusual today), the pins may be retightened one time at 24
hours. he rope is attached to the tongs and connected to
weights by a pulley at the head of the bed. I prefer to raise the
head of the bed 20 to 30 degrees while keeping the angle of
the rope at the same slope.

Reduction Technique
Reduction of fractures and dislocations requires a rigid protocol to maintain safety. he initial weight is selected depending
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on many factors, including body weight, level of injury, age,
and fracture pattern. For midcervical and lower cervical spine
injuries, it is recommended starting with 10 kg (20–25 lb).
Ater the weight has been attached (and ater any increase or
decrease of weight), a radiograph is obtained and a neurologic
examination is performed and documented in the medical
record. he radiograph is assessed to determine if reduction
has been achieved and for signs of overdistraction. Overdistraction is assessed by examination of the disc space and facet
joints. Overdistraction may cause excess traction on the spinal
cord and vertebral arteries, which could result in neurologic
deterioration. However, to reduce a facet dislocation in the
absence of fractures, overdistraction of 3 to 5 mm may be
required. he neurologic examination assesses any change in
perceived sensations, increasing pain, or paresthesia in the
extremities, or deterioration of sensory or motor function.
If reduction is not achieved, 5 to 7 kg of additional weight
is added as long as no neurologic deicits or radiologic signs
of overdistraction occur. A C-arm with the patient on a
stretcher or Jackson-type table can reduce the time required
to obtain the reduction. In general, once the reduction is
achieved, weights may be decreased. However, for unstable
fractures, reducing weight can result in displacement and
neurologic injury. herefore, if weights are decreased, it is
essential to repeat the neurologic examination and examine
new radiographs. Some manipulation may be required to
achieve reduction, which should only be done by experienced
surgeons. In facet dislocations, slight lexion may be required
to unlock the impacted dislocated facets. his is accomplished
by adding bolsters underneath the occiput to create neck
lexion. Another method is to manually manipulate the spine
while in traction. For bilateral facet dislocations, an attempt
to reduce each facet independently is preferred. he tongs are
grasped and a lateral bending movement and forward lexion
is applied, ideally reducing one facet. he same movements
are performed on the contralateral side.
In several conditions, cranial tong traction reduction may
lead to neurologic deicits. Distractive lesions, although
uncommon in the subaxial cervical spine, lack any longitudinal running ligaments, which provide the potential for ligamentotaxis that controls reductions. Facet dislocations have a
disrupted disc complex in almost all cases. In a few cases,
however, the intervertebral disc may be herniated behind the
cranial vertebral body. he disc may not reduce when the
spinal column is realigned and the disc behind the vertebral
body may increase compression on the spinal cord, resulting
in neurologic deicit. his appears to be a rare condition and
almost exclusively occurs during closed reductions with
patients under general anesthesia.23 Most surgeons agree that
cervical tong traction in awake patients using the method
described earlier is much safer. In patients with signiicant
neurologic deicits, I believe that the beneit of immediate
reduction exceeds the potential for worsening due to disc
herniation, and I proceed with rapid reduction when indicated. In patients who are intact or have mild deicits, it is
usually possible to obtain an MRI scan prior to reduction. If
a traumatic disc herniation behind the body of the cranial
vertebra is present, the patient should undergo anterior

discectomy and then reduction using direct vertebral manipulation or intraoperative tong traction. If reduction is achieved,
then anterior interbody fusion with a plate is performed. If
reduction is not achieved, the patient is turned prone on a
turning frame and open posterior reduction is performed.
Lateral mass ixation and bone grat is applied. he wound is
closed and the patient is repositioned supine and anterior
body fusion performed with or without addition of an anterior
plate.
Another contraindication to traction reduction is ankylosing spondylitis. hese are highly unstable injuries in which the
ALL and PLL are absent and thus do not provide ligamentotaxis. Traction in these cases can lead to loss of alignment,
overdistraction, and neurologic deicits.

Surgical Treatment of Subaxial
Cervical Spine Injuries
Surgical Goals
he goals of surgery are to decompress neural elements when
warranted, realign the spine by reduction and correction of
kyphosis, provide stabilization while minimizing the number
of segments permanently arthrodesed, minimize orthotic use
postoperatively, and to provide a long-term painless spine
(Box 76.2). In addition, patients should be able to be mobilized
as soon as possible and the surgical procedure should avoid
adverse events.

Indications
he indications for surgical treatment are unstable injuries
that have poor potential for healing, the need to decompress
the neurologic elements in the presence of neurologic deicits,
or failure of conservative treatment. In general, injuries that
have SLIC scores of 5 or greater and CSISS of 7 or greater are
treated with surgery.

Surgical Approach
he subaxial cervical spine can be approached by anterior,
posterior, or combined approaches. Many factors determine
which approach will be used, but oten are related to surgeon
preference. I recommend identifying the goals of surgery and
choosing an approach that best matches those goals. Surgical
ixation should meet the biomechanical requirements of the
injured segments.

BOX 76.2

Goals of Surgical Treatment

Decompress spinal cord and nerve roots
Reduce fractures and dislocations, and correct kyphosis
Stabilization
Minimize number of levels fused
Rapid mobilization of the patient
Minimize orthotic use
Avoid adverse events

Chapter 76 Lower Cervical Spine Injuries

and the center identiied. A starting point is placed 2 mm
medial to the center of the lateral mass with a burr. A drill or
Kirschner wire (K-wire) with a stopped drill guide creates a
pilot hole. he screw orientation is upward (parallel to facet
joint) and laterally away from the vertebral artery, 15 to 20
degrees. he hole is drilled and checked for far cortex perforation. If not perforated, the drill guide is adjusted to allow
2 mm more length, and the process is repeated. his continues
until the far cortex is reached, a length of 16 to 20 mm. Variable head screws are inserted and rods of appropriate length
are placed into screw heads, then set screws are tightened. he
posterior third of the facet joint is decorticated and packed
with bone grat. he nuchal ligaments are reconstructed and
vancomycin powder applied to the wound.

Anteroposterior Approach
Anterior Decompression and Fusion
Anterior decompression and fusion is performed using the
Smith-Robinson approach. Ater conirmation of the correct
level, the disc anulus is sectioned and discectomy performed.
If needed, the canal is decompressed directly. he endplates
are prepared by removal of cartilage and lattening. In cases
requiring corpectomy, such as burst fracture, the discs cranially and caudally are removed, the vertebral body is removed
piecemeal, and the posterior wall is removed with a burr. A
trough a minimum of 15 mm wide should be created. Reconstructive options for discectomies include allograt or autograt. Ater corpectomy, I prefer radius allograt strut grat,
although satisfactory results have been obtained using cages
illed with autogenous grat material from the corpectomy.
Stabilization is achieved with a plate and screws, either static
or dynamic. Final radiographs are obtained to assess alignment and instrumentation.

Posterior Approach
he posterior approach requires prone positioning, which is
done by either log rolling the patient onto an operating table
or use of a turning frame. In the former, the neck can be stabilized with a collar and with the surgeon holding the head. If
traction is already applied, I prefer the turning frame, in which
traction can be maintained. Ater positioning and taping the
arms caudally, the alignment is conirmed radiographically. A
midline incision is used and the spinous processes and laminae
out to the edges of the lateral masses are exposed. When dissecting, the nuchal ligamentous complex needs to be preserved
to avoid adjacent segment kyphosis.
If reduction of facet dislocation is needed, the spinous
processes may be grasped as levers and manipulated to gain
realignment. In some cases, an elevator may be placed into the
dislocated facet joint and used as a lever to achieve reduction.
Alternatively, 3 to 5 mm of the superior facet can be removed
with a burr, allowing clearing of the inferior facet into position. Kyphosis can be reduced, if present, by use of an interspinous wire ixation.
Optimal ixation is achieved with lateral mass screw and
rod constructs.29 he borders of the lateral mass are exposed

Combined AP approaches are occasionally needed when
injuries have total ligamentous disruption, are highly comminuted, when compression is located both anteriorly and
posteriorly, or when reduction cannot be achieved preoperatively or by only one approach. It is best if the patient is hemodynamically stable to accomplish this under one session of
anesthesia.

Treatment of Speciic Fracture Types
AO Compression Injuries Type A1 and A2
hese compression-type injuries rarely require surgical treatment. he important determinate is whether the posterior
ligamentous complex is intact. Several authors have noted that
compression fractures can be associated with posterior ligamentous injury, resulting in progressive kyphosis, so-called
“hidden lexion injury.”30 Careful scrutiny of CT images and
plain radiographs for disruption of facet articulations and
widening between spinous processes are clues to possible ligamentous injury. Fat-suppressed MRI is the best method to
determine the status of those ligaments. If there is associated
ligamentous injury, then this is an AO type B injury and
treated surgically, as described later.

AO Compression Injuries Type A3 and Type 4
hese are burst fractures without disruption of the posterior
ligaments and, in the absence of neurologic injury, can be
treated nonoperatively. A cervical orthosis for 10 weeks is
recommended. hese commonly occur at C7, where a CTO
should be considered. he posterior ligamentous complex
needs to be assessed as described earlier for A1 and A2 injuries. In cases of neurologic injury, reduction using cranial tong
traction reduction can be achieved. Surgically, these are best
treated by anterior corpectomy and fusion with plate instrumentation. In cases in which reduction has been achieved,
posterior fusion is also an option. he type A4 fracture has
greater comminution of the vertebral body and, therefore,
is more likely to develop progressive kyphosis, which might
require surgery.

S E C T I O N

he advantages of the anterior approach are direct decompression of the spinal cord, ease of positioning, familiarity of
the approach by most surgeons, less blood loss, lower risk of
infection, and better ability to correct kyphosis, if present. Disadvantages are that biomechanical strength of ixation is less
than posterior ixation techniques, higher rates of nonunion,
and postoperative dysphagia with aspiration risk and airway
compromise. he advantages of a posterior approach are the
ability to extend to more cranial and caudal levels, greater ease
of reduction, improved biomechanical strength, and avoidance
of anterior sot tissue complications. A combined approach
provides maximum ixation, the chance for circumferential
decompression, and less need for postoperative immobilization. However, the combined approach is associated with
more complications and longer operative times.
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AO Distractive Injuries Type B1
hese are rare bony distractive lesions from either lexion or
extension forces that oten occur in patients with an ankylosed
spine. Nonoperative treatment can be attempted in nonankylosed patients, but any change in alignment should be treated
surgically. Patients with ankylosed spines with these injuries
are best treated surgically. Posterior lateral mass ixation is the
preferred technique, as this provides the best ixation strength
and it is easier to include more levels if needed.

AO Distractive Injuries Type B2
his injury is a posterior ligamentous disruption oten associated with a minimal compression fracture. hese are inherently unstable and have a SLIC score of 5 or greater and, except
in the young, are best treated surgically (Fig. 76.2). Either an
anterior or posterior approach can be used if bony structures
are intact. During surgery, attention to achieving correction
of the kyphotic deformity is important. When performing
anterior fusion, lordosis is achieved by positioning in extension using blanket rolls placed behind the shoulders and by
placing distraction pins, which initially converge and, when
distracted, tend to lordose the spine. Posteriorly, if reduction
does not reduce kyphosis, either compression of the lateral
mass screws or use of an interspinous wire can be performed
to correct kyphosis.
Posterior ligamentous injuries are associated with various
anterior column injuries, such as compression or burst fractures. hese injuries are best treated surgically; I prefer a
posterior fusion if reduction is achieved preoperatively. A
special case is the lexion–axial loading fracture in which the
body splits, leaving a small triangular fragment at the anterior
longitudinal ligament, and the remaining body translates
posteriorly into the spinal canal (Fig. 76.3). Associated with
this injury are varying degrees of posterior ligamentous disruption, facet fracturing, and subluxation. he fracture can be
reduced but may require large weight, up to 50% to 70% of
body weight. Deinitive treatment is by anterior corpectomy
and plate ixation. An additional posterior fusion may be
indicated in the more displaced and comminuted injuries.

AO Distractive Injuries Type B3
hese are discoligamentous injuries resulting from hyperextension and may be associated with central cord syndromes.
hey oten also occur in patients with ankylosed spines. he
discoligamentous injury is oten not apparent on initial radiographs and may be hard to diferentiate from degenerative
changes (Fig. 76.4). he potential for late deformity is less than
in posterior ligamentous injuries, but these injuries can result
in posterior translation (retrolisthesis) of the cranial vertebral
body. Discoligamentous injuries without neurologic injury
can be treated in a cervical orthosis. When associated with
central cord syndrome, early decompression—either by anterior or posterior approach—and fusion is recommended.
Discoligamentous injuries in patients with ankylosed spines
should be treated surgically, usually with a posterior fusion,

although anterior discectomy and fusion in patients with
excellent bone quality can be considered.

AO Translational/Rotational Injuries Type C
Many forces can result in translational and rotational deformities in the subaxial spine. Most common are unilateral and
bilateral facet dislocations with or without facet fractures. In
addition, bilateral pars fractures can result in traumatic spondylolisthesis, which occurs most commonly at C7. Extension
forces, when severe, can cause complete disc and facet joint
disruptions and posterior translational injuries.

Unilateral Facet Dislocations
Unilateral facet dislocation occurs when the inferior facet is
translated over the superior facet, and is oten associated with
facet fracture. Radiographically, there will be up to 25% vertebral body subluxation. Biomechanical studies suggest that
signiicant posterior ligamentous and disc anulus injury is
required for this injury to occur. he ipsilateral neuroforamen
is narrowed and may be associated with a radiculopathy. Disc
disruptions occur universally and disc herniation is present in
56% of patients.31
he treatment of these injuries remains controversial. Most
agree that closed reduction should be performed. In the presence of a facet fracture, especially if it involves more than 40%
of the facet, displacement may recur.32 One treatment ater
reduction is orthotic management with an orthosis or halo
vest. Alternatively, surgery, either anterior or posterior, can be
performed. When reduction has been achieved, anterior discectomy and fusion is recommended. Posterior fusion is
indicated when vertebral body fractures are present and when
open reduction is required. Long-term outcomes have been
shown to be improved with surgical rather than nonoperative
treatment.

Bilateral Facet Dislocations
Bilateral facet dislocations are highly unstable and result in a
minimum of 50% vertebral subluxation. Spinal cord injuries
occur frequently. In addition to the facet dislocations, the
posterior osteoligamentous complex and disc anulus are disrupted. Fractures of the lamina and spinous process also occur
frequently, which may afect treatment decisions. Further, the
intervertebral disc is always disrupted and may appear displaced into the spinal canal. he disc is located in the normal
position relative to the caudal vertebra but posterior to the
cranial vertebra. In some cases, free disc fragments are located
behind the cranial vertebral body wall and may remain ater
reduction, causing increased cord compression.23
All bilateral facet dislocations should be reduced and undergo
spinal fusion (Fig. 76.5). In spinal cord–injured patients, it is
urgent that reduction is achieved to allow restitution of vascular supply and is best done by traction or early surgery.
In intact patients, there is a small incidence of neurologic
worsening from intervertebral disc herniation behind the
vertebral body ater reduction. If possible, an MRI before
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FIG. 76.2 (A) Sagittal computed tomographic (CT) image showing posterior ligamentous injury at C6–C7 in a
52-year-old man who presented with American Spinal Injury Association quadriplegia. Wide separation is noted
(arrow) between spinous processes. The disc is narrow, with suspicion of herniation into the canal. (B) Axial CT
at C6–C7 shows a right facet fracture and a displaced superior facet fracture in the neuroforamina (arrow). (C)
Magnetic resonance image showing disc herniation with signiicant cord compression. The spinal cord is
deformed and had signal changes within. The arrow points to disrupted posterior ligaments. (D) Intraoperative
luoroscopic image after placement of 20 lb of traction and extension with a roll behind the shoulders. Note
overall excellent alignment and disc distraction relative to preoperative CT. At surgery, the anterior and
posterior longitudinal ligaments and disc were disrupted. (E) The patient was treated by anterior discectomy
and fusion with dynamic plating.

reduction is recommended. If the disc appears behind the
body, then anterior discectomy and fusion is performed prior
to reduction. hen, reduction can be obtained by manipulation
and interbody fusion with placement of bone grat and plate. If
reduction cannot be achieved, the patient can be turned prone
and an open reduction and posterior fusion performed. Finally,

an anterior interbody fusion is performed. Alternatively, a
closed reduction can be attempted if the patient is awake and
cooperative by carefully monitoring the neurologic function
as increasing weight is added. his protocol can be done safely
and has not been associated with neurologic deicits in awake
patients.33
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FIG. 76.3 (A) A 20-year-old man was a C5 complete quadriplegic from a diving accident. The sagittal
computed tomographic (CT) image shows a lexion–axial loading injury (AO B2). There is a teardrop fracture of
the anterior-inferior corner of C5, and the posterior aspect of C5 is rotated into the spinal canal. The posterior
osteoligamentous complex is disrupted (arrow). The fracture is unstable and has a Subaxial Cervical Injury
Classiication System score of 9. (B) Axial CT demonstrating comminuted body and posterior element fracture
with narrowing of the spinal canal. (C) After application of 80 lb of traction, excellent reduction was achieved.
(D) The patient was treated with a posterior fusion of C4–C6. The postoperative magnetic resonance image
shows severe cord edema, hematoma at the site of the injury, and posterior ligamentous disruption.
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FIG. 76.4 (A) A 56-year woman had a hyperextension injury from a fall. She presented to an outside hospital
complaining of weakness in both arms. Twelve hours later, she deteriorated and was transferred with central
cord syndrome. Sagittal computed tomography (CT) showed multilevel degenerative disease, cervical kyphosis,
and nondisplaced fracture of C5 (arrow). (B) Short tau inversion recovery magnetic resonance imaging showed
spinal cord edema opposite C5 and edema in posterior osteoligamentous structures (arrow). No evidence of
discoligamentous injury was present. (C) The patient was positioned in neutral alignment in 20 lb of traction.
The lateral radiograph shows signiicant C5–C6 disc distraction. The traction weight was reduced and an
anterior C5 corpectomy was performed. (D) Postoperative CT after corpectomy at C5 and reconstruction with
radius allograft and plate.
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In patients who do not require decompression, either
anterior or posterior fusion can be performed.34 Despite the
high degree of instability, anterior fusion with instrumentation provides adequate stability without the need for additional
posterior surgery unless vertebral body fractures are present.

Traumatic Spondylolisthesis

A

Hyperextension forces can result in bilateral pedicle or pars
fractures. With continued forces, the disc anulus is disrupted
and vertebral subluxation occurs. he spinal canal becomes
larger despite subluxation and spinal cord injuries are less
frequent. his injury is unstable, requiring reduction and
stabilization. Traction reduction is attempted, but complete
reduction is diicult to obtain. Either an anterior or posterior
approach can be utilized; in some cases, a combined approach
is required. Instrumentation of two levels will be required.

Hyperextension Subluxations

B

Hyperextension forces can cause disruption of the disc anulus,
facet capsules, and even posterior ligaments, resulting in
posterior vertebral body subluxation. he spinal cord may be
compressed and exiting nerve roots are compressed. Treatment may be traction initially but may result in overdistraction, as these injuries may have signiicant ligamentous
disruptions. Deinitive treatment is anterior discectomy and
fusion.

AO Facet Fractures F1 and F2

C
FIG. 76.5 (A) A 22-year-old man rated as a complete quadriplegic
sustained bilateral facet dislocations from a diving accident. The left and
right sagittal computed tomographic sections show facet dislocations. There
is 80% anterior translation of C4 on C5, with a fracture of the posterior
inferior corner of C4 displaced into the spinal canal. (B) Cranial tong traction
of 50 lb reduced the right facet, but the left facet (black arrow) remained
dislocated. In the center panel, the vertebral bodies realigned with only 25%
residual subluxation, and reduction of one of the facet dislocations is seen
(white arrows). The patient underwent posterior open reduction and lateral
mass ixation. The patient was turned supine, and anterior decompression
and fusion were performed. (C) Postoperative lateral radiograph (left)
demonstrating excellent reduction from combined anterior-posterior fusion.
The MRI (right) conirms excellent canal decompression. Unfortunately, the
cord appears to be transected (arrow) and spinal cord edema is seen from
C2–C5.

he cervical facets are essential to prevent anterior projection
translation due to their upward coronal plane orientation.
When incompetent from injury, anterior translation may
result, with the potential for pain and neurologic injury. Stability models such as the SLIC and CSISS scoring systems oten
fail to predict behavior.35
he treatment goals are to maintain alignment and prevent
late instability. Better clinical and radiographic outcomes
appear to be associated with surgery.35 Aarabi studied 25
patients with unilateral nondisplaced facet fractures.35 In the
10 surgical patients, alignment was maintained and no further
treatment was required. Nine of the 15 nonoperatively treated
patients developed increased subluxation or kyphosis and
needed surgical repair. In a systematic review, Kepler found
that 88% of operative compared to 43% of nonoperatively
treated patients maintained reduction.36 Anterior instrumentation had a higher success rate, 92% compared to only 64%,
with posterior fusion. However, many posterior fusion patients
were treated with outdated wire ixation. Brodke et al.34 and
Kwon et al.37 noted no diference in results between anterior
and posterior fusion.
he treatment of F1 and F2 isolated facet fractures without
initial displacement is attempted nonoperatively with a collar
or CTO. If subluxation or kyphosis develops, then anterior
fusion is recommended. Posterior fusion is an alternative and
occasionally needed if there is a displaced facet fracture
causing radiculopathy requiring foraminotomy.

Chapter 76 Lower Cervical Spine Injuries
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Vertebral Artery Injury

his fracture, called “fracture separation of the lateral mass,”
occurs when the pedicle and lamina are fractured, creating a
free-loating lateral mass.19 he lateral mass can rotate forward
and lead to anterior subluxation of both the cranial and caudal
vertebral levels. Oten, the foramen is narrowed and radiculopathy is present. Suicient anterior subluxation can cause
spinal cord compression. Manoso reviewed 60 cases and
found that 38% had radiculopathy and 18% had spinal cord
injury.38
Nondisplaced F3 injuries can initially be treated nonoperatively with an orthosis. However, fracture separations are
likely to develop subluxation, and careful follow-up is required.
In Manoso’s study, two-thirds of patients treated nonoperatively developed subluxation.38
hose patients with initial displacement should be reduced
and undergo arthrodesis. An important consideration is
whether both segments should undergo fusion or just the level
with subluxation. If alignment of the facets can be achieved,
then a single-level arthrodesis can be attempted with either
the anterior or posterior approach. However, failure can occur
when the nonfused segment develops subluxation. Alternatively, a two-level arthrodesis can be performed.

Vertebral artery injuries are common, and may occur in up
to 11% of cervical trauma patients.41 Indications for screening
with CT angiography speciic to the subaxial cervical spine
injury are fractures involving the foramen transversarium,
lateral mass fractures, and fracture dislocations. he treatment
remains controversial since the majority of patients are asymptomatic. Patients with documented vertebral artery injuries are
to be treated with antiplatelet therapy.21 Symptomatic patients
or those who have strokes related to vertebral artery injury
may need endovascular repair or revascularization.

Central Cord Syndrome

Hyperlexion causes disruption of the posterior osteoligamentous complex from the posterior to the anterior direction. As
the vertebra rotates in lexion, the cranial inferior facets slide
upward and may become perched in an almost dislocated position. Perched facets indicate substantial injury to the nuchal
ligaments, ligamenta lava, and likely the disc anulus, thus
should be considered unstable.
Most patients with perched facets should be treated surgically with either anterior or posterior fusion. In younger
patients, nonoperative treatment can be attempted with a collar.

here is an increasing incidence of patients sustaining hyperextension injuries from falls who present with central cord
syndrome. At the time of injury, there is transient compression
of the spinal cord, resulting in a central cord injury. Clinically,
patients present with worse neurologic deicits in their arms
compared to the legs. Bony injury may be absent, but fractures
of spinous processes and laminae, disc distraction, and retrolisthesis of vertebral bodies are oten present. MRI shows
spinal stenosis, oten at multiple levels, and spinal cord edema.
he treatment of central cord injuries remains controversial. Nonoperative treatment may be appropriate in patients
making rapid recovery. Decompression is warranted in patients
with signiicant deicits, instability, or progressive worsening.
he surgical approach will depend on the degree of skeletal
injury, number of levels requiring decompression, and location of cord compression. I oten recommend laminoplasty for
patients with normal or lordotic alignment and multilevel
compression (Fig. 76.7). he timing of decompression of
central cord syndrome has been recently evaluated in a systematic review.42 Anderson reported that patients having
decompression within 25 hours of injury had better neurologic
outcomes than those decompressed ater 72 hours.42

Special Cases

Traumatic Disc Herniation

AO Facet Fractures F4

Fractures in Patients With Ankylosed Spines
An increasing number of patients who have ankylosed spines
due to ankylosing spondylitis, difuse idiopathic skeletal
hyperostosis, severe degenerative disease, or from surgical
fusion are sustaining cervical fractures.39,40 hese injuries
usually occur from hyperextension and are highly unstable.
he most common injury patterns are hyperextension through
the disc space.
Displacement, neurologic deterioration, and progressive
deformity occur with nonoperative treatment; therefore,
surgery is recommended in most cases (Fig. 76.6). Caron et al.
reviewed 122 cases and found that delay in diagnosis was
common, resulting in neurologic deicits in 81% of those
cases.39 hey found that posterior instrumentation three levels
above and below was most successful. Fusion of additional
levels is immaterial, as these patients are already fused by their
disease.

Rarely, a patient with head or neck trauma sustains a traumatic
disc herniation with spinal cord compression. hese are oten
the result of sporting accidents in younger patients. Treatment
can be nonoperative in the absence of neurologic deicits.
hose with spinal cord injury are best treated by early anterior
cervical discectomy and fusion.

Adverse Events
Adverse events are common in patients with cervical spine
trauma. A commitment to patient safety at all stages of care is
required to minimize the chance and severity of complications.

Neurologic Deterioration
Delay in diagnosis and subsequent neurologic deterioration is
still frequent, occurring in 0.21% of patients presenting to
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FIG. 76.6 (A) A 58-year-old man with ankylosing spondylitis fell and was seen in an outside hospital
complaining of back pain. Computed tomography (CT) showed ankylosing spondylitis with opening across the
C6–C7 disc space, indicating hyperextension injury. There is preexisting kyphosis. The diagnosis of injury was
missed. (B) Sagittal CT 1 month later showed displacement of the C6–C7 injury, and increased kyphosis (double
arrow) between the C6–C7 spinous processes. At T4–T5, there is chronic spondylodiscitis (chronic nonfusion).
(C) Parasagittal CT demonstrating C6–C7 facet fracture. (D) The patient was treated by posterior
instrumentation occiput–T6, as seen on lateral radiograph. His C1–C2 segment was also unstable, requiring
extension to the occiput.

trauma centers.2 he most common cause is insuicient
imaging or misreading of images. Careful attention to screening criteria described earlier and critical review of all images
by an experienced radiologist can minimize these changes.
At-risk groups are the elderly, unconscious, or those with
impaired mentation and patients with ankylosed spines.2
Neurologic deterioration ater hospitalization occurs in 2%
to 3% of patients with known spinal fractures.2 Patients with
complete spinal cord injury are at higher risk, reported by
Harrop et al. as 6% neurologic deterioration in 186 cordinjured patients.43 he early cause of deterioration was instability and fracture displacement, deterioration occurring in 2
to 7 days likely being from hypotension, with later deterioration from vertebral artery injury.

Wound Infections
Posterior cervical fusion in trauma patients has a high incidence of surgical site infection (SSI). Cooper reported 4%,
while Caroom reported a 15% incidence of SSI. Eforts to
minimize these risks include avoiding the use of methylprednisolone and using intrawound vancomycin powder. In studies
speciic to posterior cervical wound, the use of vancomycin
powder can reduce infection by 50% to 75%.44,45

Loss of Reduction
he use of modern ixation methods has signiicantly reduced
the cases of loss of reduction. In nonoperatively treated
patients, I estimate that 5% of cases will develop increased
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FIG. 76.7 (A) A 58-year-old woman sustained central cord syndrome after a ground-level fall. Sagittal
computed tomography shows severe degenerative disc disease with larger osteophytes projecting into the
spinal canal causing canal narrowing from C4–C7. (B) Sagittal short tau inversion recovery magnetic resonance
imaging (MRI) demonstrated severe cord compression at C4–C6 with cord signal changes. There was no
evidence of acute ligamentous or disc injury. She was treated by C3–C7 laminoplasty. (C) Axial MRI at C5–C6
showed severe cord compression. (D) Laminoplasty of C3–C7 was performed with reconstruction with
laminoplasty plates.
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subluxation or kyphosis requiring fusion. herefore, careful
attention to upright radiographs and follow-up is needed to
identify these cases and treat them surgically before neurologic
changes. Matching the construct to the biomechanical requirements and rigid methods of ixation reduce the risk of loss of
reduction.

Venous Thromboembolism
Venous thromboembolism (VTE), including DVT and pulmonary injuries, are known complications associated with
spinal cord injury that oten result in death. he combination
of stasis from muscle paralysis, intimal damage, and hypercoagulable state increases the risk of VTE in patients with spinal
cord injury. Guidelines recommended that all spinal cord–
injured patients receive anticoagulant prophylaxis, although
the optimal method is not clear.46 Patients treated with fractionated heparin are four times less likely to develop VTE than
without prophylaxis. Treatment should start within 72 hours
of injury. It is not clear whether the risk of VTE in neurologically intact patients is suicient to warrant anticoagulation,
but, given the risk of epidural hematoma, anticoagulation
prophylaxis is not routinely recommended.

Pulmonary Events
Pulmonary adverse events occur frequently in spinal cord–
injured patients as a result of impaired ventilation, poor cough,
and absence of accessory muscles for respiration, leading to
atelectasis and luid collection. Early surgery reduces pulmonary complications, length of hospitalization, and overall
complications.47 Prolonged traction and bed rest should be
avoided. Respiratory therapy and pulmonary toilet should be
routine in spinal cord–injured patients. A swallow study
should be performed before feeding quadriplegics to assess the
risk of aspiration.

Summary
Cervical spine injuries occur in 3% to 5% of all blunt trauma
patients. Assessment in all patients must include determination of whether signiicant cervical spine injury is present
utilizing evidence-based protocols. Essential to the determination of treatment is neurologic function and fracture stability.
Initially, patients are immobilized in collars; then, injury is
classiied for stability and fracture type using systems such as
SLIC and the modiied AO cervical spine system. he more
stable injuries are treated nonoperatively with an orthosis. An
important component is to critically assess eicacy using
upright radiographs to identify maintenance of alignment.
Surgical care is warranted for injuries having SLIC grade 5 or
greater and most AO types B and C. In addition, surgery is
indicated when decompression is required in neurologically
impaired patients, for progressive neurologic deterioration,
and for failure of nonoperative treatment. Either anterior or
posterior approaches may be utilized but depend on the goals
of treatment. Rarely is a combined AP approach warranted.

PEARLS
1. Determine stability of injuries based on CT and MRI, then tailor
surgery or orthotic management to the biomechanical needs of
the injury pattern.
2. Early reduction and surgery is warranted for patients with spinal
cord injury or highly unstable fractures.
3. The choice of surgical approach depends on the morphology of
injury and should provide excellent stabilization while
minimizing the number of spinal segments permanently fused.
4. Decompression is required in neurologically impaired patients
when the neural elements are compressed.
5. Early mobilization of spinal-injured patients reduces risk of
complications.
6. Regardless of treatment choice, monitor spinal alignment with
upright radiographs on a regular basis.
PITFALLS
1. Delay in diagnosis secondary to inadequate interpretation or
misinterpretation of radiologic imaging of spinal injury is
associated with signiicant risk for neurologic deterioration.
2. When attempting nonoperative treatment, fracture
displacement may occur in 5% to 10% of patients, who may
require surgical treatment.
3. Diminish orthosis-related complications with optimal itting by a
certiied orthotist and by using the most appropriate orthosis
for the patient and the patient’s injury pattern.
4. Fracture comminution may weaken the surgical construct.
Consider using an alternative approach in areas with adequate
bone stock.
5. Avoid posterior cervical surgical wound infections by meticulous
aseptic technique, intravenous antibiotics, and possibly by
intrawound administration of vancomycin powder.
6. Vertebral artery injuries should be investigated by CT
angiography when fractures involve the foramen transversarium,
fracture dislocations, and lateral mass fractures. If present,
antiplatelet treatment is recommended.

KEY POINTS
1. Critical evaluation by history and physical examination is
needed to identify trauma patients with potential cervical injury.
Cervical CT is indicated for symptomatic patients, those who
cannot be evaluated, and for those who have distracting
injuries.
2. Injuries are assessed for stability and classiied using the SLIC
and updated AO system.
3. Successful nonoperative treatment requires selection of an
appropriate orthosis. An upright radiograph is assessed to
determine eicacy of treatment. Progressive deformity,
translation, or neurologic change warrants surgical
consideration.
4. Surgery is indicated for unstable injuries, those with SLIC >4, or
for most B and C type AO lesions.
5. Early reduction with tong traction in quadriplegic patients with
facet dislocations and burst-type fractures should be considered.
6. Fractures in patients with ankylosed spines should be treated
with posterior instrumentation.
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Thoracic and Lumbar Spinal Injuries
Joseph P. Gjolaj
Seth K. Williams

he treatment goals for patients with injuries to the thoracic,
thoracolumbar, or lumbar spine are primarily to maintain or
restore spinal alignment and stability, preserve neurologic
function, assist appropriate management of other injuries, and
mobilize the patient as soon as possible. Controversy persists
over the choice of operative versus nonoperative treatment of
certain fractures, but there is agreement on the basic principles
in the diagnosis and management of thoracic and lumbar
spinal injuries.

Incidence
he thoracolumbar junction is the most common injury site
for thoracic and lumbar trauma. Most patients are young
males involved in high-energy accidents. More than half of
fractures occur between T11 and L1, and another 30% occur
between L2 and L5.1–3 More than 50% of injuries are sustained
in motor vehicle accidents, and another 25% are sustained in
a fall from greater than 6 feet. Complete neurologic injuries
occur in about 20%, and incomplete neurologic injuries occur
in about 15% of patients. Associated injuries—including
fractures, head trauma, pulmonary injuries, and intraabdominal injuries—occur more than 50% of the time. Noncontiguous spine injuries remote from the site of the primary injury
occur in 5% of patients.1–3

Anatomic Considerations
Considerable anatomic diferences exist throughout the thoracolumbar spine, contributing to the diferences in spinal
injury patterns in the thoracic spine, thoracolumbar junction
(T11–L2), and lower lumbar spine. he thoracic spine is
kyphotic and has the greatest amount of intrinsic stability
because of the rib cage, but it also has a relatively narrow canal
that gives little reserve for neural element protection ater
spine trauma.4 Axial rotation is greater in the thoracic spine
than the lumbar spine because of the coronal alignment of the
facets. he lower lumbar spine is lordotic and has the greatest
amount of lexion and extension capabilities due to the sagittal
facet joint orientation.5,6 he human body’s center of gravity

is anterior to the thoracic and thoracolumbar spine, which
places compressive forces on the vertebral bodies and tensile
forces on the posterior ligamentous structures in the upright
position. he center of gravity is located more posteriorly
in the lower lumbar spine, in part due to the greater degree
of regional lordosis; the posterior elements, in particular
the osseous components, experience signiicant compressive
rather than tensile forces in the upright position.7–10 he
posterior osteoligamentous complex consists of the lamina,
facets, facet joint capsules, and interspinous ligaments. hese
structures are commonly referred to as the posterior ligamentous complex (PLC), relecting the key role of the ligaments
in maintaining spinal stability when there is injury to the
vertebral body and intervertebral discs. he lower lumbar
spine is inherently stable and somewhat protected from injury
due to its lordotic coniguration, distribution of compressive
forces across the vertebral bodies and posterior elements, and
relatively large vertebral bodies. he thoracolumbar junction
is the transition zone from the rigid, stable kyphotic thoracic
spine to the mobile, lordotic, relatively stable lower lumbar
spine. herefore, it is particularly susceptible to injury.

Mechanisms of Injury
horacic and lumbar spinal injury patterns can usually be
explained by the application of one or two force vectors. hese
forces cause relatively consistent injury types that serve as the
basis for the main classiication schemes, which are described
later. he most common primary forces are axial compression, lateral compression, lexion, extension, distraction,
shear, and rotation (Fig. 77.1A–E). he most common force
combinations are lexion-rotation and lexion-distraction
(Fig. 77.1F–G).

Initial Evaluation and Management
Any patient with a known or suspected spine injury should be
evaluated in a systematic fashion, starting with assessment of
the airway, breathing, and circulation as per standard Acute
Trauma Life Support protocol. Spine injury precautions are
1333
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FIG. 77.1 (A) Axial compression forces usually result in compression or
burst fractures. (B) Flexion forces may result in compression or burst
fractures or, if the force is severe, Chance injuries. (C) Lateral compression
forces usually result in lateral wedge fractures, which are asymmetrical
compression and burst fractures. (D) Shear forces tend to produce unstable
injuries, such as fracture-dislocations. (E) Extension forces usually cause
injuries in ankylosed spines, but occasionally may cause injuries in patients
with normal spinal anatomy. (F) Flexion-distraction combined forces cause
Chance fractures and Chance variant injuries. (G) Flexion-rotation forces
cause a variety of fracture patterns involving vertebral body fracture and
disruption of the posterior elements. (From Eismont FJ, Garin SR, Abitbol JJ.
Thoracic and upper lumbar spine injuries. In Browner B, Jupiter J, Levine A,
et al. [eds]. Skeletal Trauma: Basic Science, Management, and Reconstruction.
4th ed. St. Louis: Elsevier; 2009.)

usually instituted in the ield by emergency medical personnel
and should be continued as long as there is suspicion of spine
injury. he patient is maintained in the supine position on a
rigid backboard, and the cervical spine is immobilized with
a prefabricated collar. he airway is secured, hemodynamic
status is addressed, and extremity injuries are splinted. A team
of three or more people should roll the patient to the lateral
decubitus position, with the lead physician immobilizing the
cervical spine and the other two controlling the torso to move
the body as a unit to prevent any displacement of the spine
injury. he back is then inspected for any signs of trauma such
as lacerations, ecchymosis, localized tenderness, swelling, and
deformity, such as a step-of between adjacent spinous processes. he patient is then rolled back to the supine position.
If additional transfers are necessary for computed tomography
(CT) scans or magnetic resonance imaging (MRI) scans, the

patient may be let on the backboard until the trauma evaluation is complete. Subsequent spinal immobilization depends
on the severity of the spine injury; it may be necessary to place
the patient in a rotating bed and institute measures to prevent
skin breakdown.
In patients with spinal cord injuries, attention must be
made to minimizing the secondary cascade of injury caused
by hypoperfusion. Hypotension may occur secondary to hemorrhagic or neurogenic shock. It should be treated aggressively
with luid and blood replacement and vasopressive medication
or interventions if necessary.
Associated injuries are common, which can include chest
and abdominal injuries, as well as orthopaedic injuries,
including pelvis and extremity fractures, head trauma, and
contiguous and noncontiguous spine injuries.11,12 he potential
for these injuries must be kept in mind and reassessed periodically, especially in the early stages and in obtunded or severely
injured patients who cannot direct attention to their injuries.
he initial assessment and subsequent surveys should be
systematic and thorough from head to toe, realizing that even
in the highest volume and most experienced trauma centers,
injuries in the spine and elsewhere sometimes go undetected
and can have signiicant functional consequences.3,13–15
he use of pharmacologic agents in spinal cord injury as
part of the initial resuscitative protocol has been extensively
studied and debated. he rationale is to minimize the harmful
secondary cascade of events, such as the inlammatory response
and oxidative cell injury that occurs ater mechanical injury to
the spinal cord. he National Acute Spinal Cord Injury Studies
(NASCIS II and III) examined methylprednisolone, naloxone,
and tirilazad for this purpose. If administered within 8 hours
of injury, there may be improvement in long-term neurologic
function with high-dose methylprednisolone. he study
dose was a bolus of 30 mg/kg, followed by a 5.4 mg/kg per
hour infusion for 23 hours if therapy is initiated within 3
hours of injury or 48 hours if initiated at 3 to 8 hours ater
injury. here are signiicant potential complications—such as
pneumonia, postoperative wound infection, gastrointestinal
bleeding, and sepsis—with the use of steroids.16–18 Steroids
have not been shown to be efective in purely lower motor
neuron lesions. GM-1 ganglioside has been studied as well.19
he use of steroids has not been universally accepted and
remains controversial, but can be considered as a treatment
option, as can GM-1 ganglioside.20 here is interest in systemic
hypothermia ater spinal cord injury, but clinical data are
limited.21

Initial Neurologic Evaluation
Neurologic injury may have a profound efect on a patient’s
ultimate function, and the presence or absence of a neurologic
deicit oten guides subsequent injury management, including
operative versus nonoperative treatment. A detailed neurologic examination is therefore critical. It consists of testing
both motor and sensory function as well as relexes in a
sequential and systematic manner. Findings should be carefully documented to enable accurate assessment of neurologic
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Neurologic Injury Classiication
he most basic delineation of neurologic injury is a complete
versus an incomplete lesion. A complete neurologic injury is
a total lack of sensory and motor function below the level of
injury once spinal shock has resolved. An incomplete neurologic injury means that there is some residual spinal cord and/
or nerve root function below the level of injury. Incomplete
lesions involving the spinal cord usually manifest in distinct
patterns that are a relection of the speciic anatomic region of
the spinal cord that is afected and are named accordingly,
with one exception (central, anterior, and posterior cord
syndromes and Brown-Séquard syndrome). Because the
spinal cord typically transitions at the thoracolumbar junction
to the lower motor neurons of the cauda equina, these four
incomplete injury patterns apply to injuries in the cervical and
thoracic spine. Injuries involving the conus medullaris and
cauda equina (or lumbosacral nerve roots) may be complete
or incomplete, and are usually classiied descriptively according to the level of nerve roots involved.
Central cord syndrome usually involves an injury to the
cervical spine in older patients. It is characterized by upper
extremity weakness, with relative sparing of the lower extremities and sacral nerves. Although this injury pattern usually
applies to cervical spine injuries because of the upper extremity involvement, Bohlman described a central cord injury
pattern in thoracic spine trauma with a greater degree of
muscle weakness in the trunk and proximal muscle groups,
with relative sparing of the distal muscle groups and preserved
bowel and bladder function.22 Although central cord syndrome
is the most common of the incomplete patterns when considering all spinal cord injuries, it is rare when cervical injuries
are excluded and thoracic injuries alone are considered.
Anterior cord syndrome is the most common incomplete
pattern in thoracic spine injury, characterized by loss of all
motor and most sensory function below the level of the lesion,
with sparing of the vibratory and position sense via the posterior columns.22 his has a poor prognosis for recovery and
is a debilitating injury pattern. Posterior cord syndrome is rare
and involves loss of vibratory and position sense. Patients
cannot rely on tactile lower extremity feedback for spatial
orientation and must use visual cues when ambulatory. hey
have preserved bowel and bladder function. Brown-Séquard
syndrome is usually a result of cord hemisection by penetrating trauma and is characterized by ipsilateral loss of motor
function and contralateral loss of pain, temperature, and light
touch sensation. Patients typically have preserved bowel and
bladder function, are ambulatory but may require assistive
devices, and have the best prognosis for recovery from incomplete spinal cord injury syndromes. he conus medullaris
marks the anatomic transition from the upper motor neurons
of the spinal cord to the lower motor neurons of the cauda
equina, and is usually found at the T12–L1 levels. he conus
medullaris injury pattern is characterized by laccid paralysis,
loss of relexes, and sensory loss of the lower extremities with
bowel, bladder, and sexual dysfunction. Injury to the cauda
equina below the conus medullaris is a purely lower motor
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deterioration or recovery. Motor function is assessed in the
main muscle groups in the upper and lower extremities, which
can sometimes be diicult in an injured extremity, but every
attempt should be made under these circumstances. Motor
function should be graded on a 0 to 5 scale. A score of 5 is
normal, with full range of motion (ROM) against gravity and
resistance; 4 is full ROM against gravity and slight resistance;
3 is full ROM against gravity only; 2 is full ROM only with
gravity eliminated; 1 is palpable or visible contraction of a
muscle without joint motion; and 0 is a muscle without any
function. Rectal sphincter tone and volitional control should
be tested as well. Sensory function should be assessed in a
dermatomal distribution. his should include testing of the
perineal region because sparing of the sacral dermatomes
may provide an indicator for functional recovery in patients
sustaining a spinal cord injury. Temperature, pain, and light
touch are spinothalamic tract functions that can be assessed
with a sterile needle and an alcohol swab. Vibration and position sense are posterior column functions that can be assessed
with a tuning fork and limb or digit positioning. Relexes
include supericial abdominal (stroking of the abdominal skin
causes the umbilicus to be drawn toward the stimulated area,
above the umbilicus T7–T10, below the umbilicus T11–L1);
cremasteric (in males, stroking of the inner thigh causes
the scrotum to be drawn upward, T12–L1); patellar tendon
(quadriceps relex or knee jerk, L3–L4); Achilles tendon
(ankle jerk, S1); anal wink (anal sphincter contraction with
stimulation of the perineal skin, S2–S4); and bulbocavernosus
relex (described later, S2–S4). Pathologic relexes indicating
an upper motor neuron lesion include clonus and an abnormal
Babinski test. he Babinski test is normal when a stroke along
the lateral plantar aspect of the foot results in down-going
toes and is abnormal with up-going toes. Paralysis may be
secondary to spinal shock, which is a physiologic disruption
of spinal cord–mediated function and is characterized by
absence of all motor and sensory function and relexes below
the level of spinal cord injury. It is only ater spinal shock has
resolved that an accurate neurologic assessment can be made
because some patients will have spontaneous recovery of function. Spinal shock resolves within 24 to 48 hours in almost all
cases, heralded by the return of spinal cord–mediated relexes
below the level of injury. he bulbocavernosus relex is the
irst to return because it is the lowest cord-mediated relex.
Brief traction on the Foley catheter or placing pressure on
the clitoris or penis should result in contraction of the anal
sphincter around the examiner’s gloved inger. When this
bulbocavernosus relex occurs, there is an intact relex arc,
spinal shock is not present, and the degree of neurologic injury
can be accurately assessed. If the bulbocavernosus relex is
absent, spinal shock is present and spinal cord injury severity
cannot yet be accurately determined.
Spinal shock should not be confused with abolition of the
bulbocavernosus relex with injury at the level of the conus
medullaris and cauda equina. hese involve injury to the lower
motor neurons that are part of the relex arc; thus, the bulbocavernosus relex may be permanently extinguished. It is
important to recognize that patients in this condition are not
in spinal shock.
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neuron injury and presents with the same types of indings as
with conus medullaris injury, except that there is a higher
incidence of asymmetric involvement and can occur at any
level below the conus medullaris. hese injuries may be complete or incomplete.23,24

Radiologic Evaluation
Suspected spine trauma requires radiologic evaluation. he
primary goal is to detect a spine injury, with the secondary
goal to determine the stability of the injury pattern in order
to guide subsequent treatment. he main imaging modalities
are conventional radiography, CT, and MRI.
Anteroposterior (AP) and lateral conventional radiographs
of the thoracic and lumbar spine are the most basic imaging
modalities available. A swimmer’s view of the upper thoracic
spine may be necessary to visualize the vertebral bodies
through the shoulder region. he lateral radiograph is used to
examine the height, width, and alignment of the vertebral
bodies, pedicles, spinal canal, neural foramina, facets, and
spinous processes. he cortical margins of the vertebral bodies
should be smooth and contiguous and, when viewed in conjunction with adjacent vertebral bodies, should form a gently
arcing line both at the anterior margin (anterior vertebral
body line) and posterior margin (posterior vertebral body
line). he AP radiograph allows assessment of coronal alignment, interpedicular distance, and alignment of the spinous
processes, and best visualizes the ribs and transverse processes.
Anterior wedging of the vertebral body with a break in the
anterior cortical margin signiies a compression fracture. Loss
of posterior vertebral body height, a break in the posterior
vertebral body cortical margin, spinal canal narrowing, and
widening of the interpedicular distance signiies a burst fracture.25 he posterior vertebral body angle can also be used to
distinguish subtle burst fractures from compression fractures.26
Facet widening; spinous process splaying or malalignment;
fracture lines in the pedicle, lamina, facets, and spinous processes; and vertebral body translation signify injury to the
posterior elements, including possible ligamentous injury, and
are radiographic markers of potential instability.27 Conventional radiography of the thoracolumbar spine has technical,
logistical, and diagnostic limitations; therefore, CT has become
a key modality in evaluating thoracolumbar trauma.
Many trauma centers now use screening spiral CT of the
chest, abdomen, and pelvis as part of the standard trauma
evaluation. hese images include collateral thoracic and
lumbar spine information. As a result, some centers are adopting CT protocols as the initial screening radiologic modality
for spine trauma.28–30 Studies have shown that CT scans have
a higher sensitivity than conventional radiographs in the
detection of thoracic and lumbar spine fractures, although
this applies mainly to stable rather than unstable fractures.31–33
CT is better than conventional radiography at discerning
compression fractures from burst fractures; misdiagnosis may
occur in up to 25% of injuries when relying on conventional
radiography alone.34–36 Screening CT scans may decrease
the incidence of missed, delayed, or incorrect diagnoses of

thoracic and lumbar trauma, especially in obtunded and
multiply injured patients, but the clinical signiicance of this
has not been determined. hus, it is not standard in all trauma
centers to obtain screening CT scans. he typical protocol for
a trauma-screening CT scan consists of sequential 5-mm axial
images with or without reconstructions, whereas a dedicated
spine CT protocol consists of 2- to 3-mm axial images with
sagittal and coronal reconstructions. It may be necessary to
obtain a dedicated spine protocol CT scan if it seems that
some important detail may not have been imaged during the
screening examination. If the thoracic or lumbar spine injury
is initially diagnosed on conventional radiographs alone and
a high-energy mechanism is known or suspected, a dedicated
spine protocol CT scan should be considered. he main limitation of CT is the limited ability to visualize the sot tissues,
for which an MRI scan may be useful.
MRI allows for high-resolution imaging of sot tissues,
making it particularly important in the evaluation of spinal
cord injury because the neural elements can be visualized.
his helps to delineate the presence of edema, hemorrhage,
hematoma, compression, and transection of the neural elements. MRI indings may contribute to the understanding of
injury severity, including the potential for spinal instability
and the need for surgical intervention, and may be useful for
predicting the potential for neurologic recovery.37 Hemorrhage within the spinal cord and edema extending over
multiple cord levels are correlated with poor prognosis for
neurologic recovery.38–40 he posterior ligamentous structures
can be reliably evaluated with MRI.41–44 Unless contraindicated, MRI should be considered in all cases with neurologic
injury and in cases for which further evaluation of the PLC is
necessary in deciding between operative versus nonoperative
treatment. he main limitations for MRI are logistics, cost,
and the inferior visualization of the bony elements; thus, MRI
is usually complementary to CT rather than a substitute.

Concept of Spinal Stability and Its Role
in Fracture Classiication Systems
Spinal mechanical stability refers to the structural integrity of
the spinal column. In its simplest form, it is the ability to resist
physiologic loads without progressive deformity or damage to
the neural elements.45 Spinal neurologic stability refers to the
presence or absence of a neurologic deicit. he concept of
mechanical stability serves as the basis for the main recognized
fracture classiications; more recently, attempts have been
made to incorporate neurologic stability into the classiication
schema. Classiication systems are potentially useful for communication, research, determining prognosis, and guiding
treatment. With respect to thoracic and lumbar spine injuries,
certain fracture patterns and associated injury mechanisms
have been recognized. As a result, terminology has evolved to
form a core group of speciic injuries with relatively consistent
nomenclature, even though there is not a universally accepted
classiication system. he majority of fractures can be grouped
into these main well-recognized categories, but some injuries
are of a mixed pattern and are not readily classiiable. he
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underlying theme of modern classiication systems is to
determine whether or not an injury is mechanically stable; the
lack of universal acceptance of one classiication system
relects the great diiculty in assessing stability in some cases.
As the injury severity increases, so does the degree of instability. his occurs along a continuum, however; thus, it is not
always possible to determine the point where the transition
from a stable injury to an unstable injury occurs. Despite
intense work in this area, assessment of mechanical stability
remains a judgment call at times. his mainly explains the
disparity in treatment approach for certain injuries (especially
burst fractures) from one surgeon to the next.
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Fracture Classiication Systems
Classiications have evolved since their introduction in the
mid-twentieth century. Descriptions of thoracic and lumbar
injuries irst appeared in print publications in the mid1900s.46–48 Nicoll49 credited these early authors and classiied
injuries as anterior wedge fractures, lateral wedge fractures,
fracture-dislocations, and isolated neural arch fractures in
1949. Holdsworth50 expanded on this classiication and
detailed the traumatic forces causing distinct fracture patterns, described as lexion, lexion and rotation, extension, and
compression. He conceptualized the two-column theory of
spinal stability, with the anterior column resisting compressive
loads and the posterior ligamentous complex resisting tensile
forces. Wedge compression and compression burst fractures
were considered stable due to preservation of PLC integrity,
whereas dislocations, extension fractures and dislocations,
and rotational fracture-dislocations were considered unstable.
Kelly and Whitesides51 built on Holdsworth’s work and formally presented the two-column theory as a conceptualization
of spinal stability as it relates to spine trauma. hese classiication systems did not incorporate the extent of neurologic
injury; other authors focused on this aspect of the injury.52,53
he application of CT to spine imaging marked a major change
in the understanding of the various fracture patterns, contributing to the evolution of the modern classiication systems.
Denis54 analyzed 412 thoracic and lumbar spine injuries with
CT scans, classifying major injuries as compression fractures,
burst fractures, lexion-distraction injuries, and fracturedislocations (Figs. 77.2 to 77.5). He proposed a three-column
theory of spinal stability and delineated the concepts of
mechanical instability and neurologic instability. In this
scheme, the anterior column is composed of the anterior
longitudinal ligament (ALL), anterior anulus, and the anterior
portion of the vertebral body. he middle column is composed
of the posterior vertebral body, posterior anulus, and posterior
longitudinal ligament. he posterior column is composed of
the ligamentum lavum, neural arch, facet joints and facet
capsules, and the PLC. Mechanical instability begins to occur
with failure of two of the three columns.54,55 he three-column
theory was later validated with biomechanical cadaver
studies.56 Injuries with neurologic deicit were deemed by
Denis to have neurologic instability. Neurologic instability was
felt to be an important concept because injuries severe enough

FIG. 77.2 Denis classiication of thoracolumbar compression fractures.
These injuries may involve (A) both endplates, (B) the superior endplate
only, (C) the inferior endplate only, or (D) a buckling of the anterior cortex,
with both endplates intact.

A

C

B

D

E

FIG. 77.3 Denis classiication of thoracolumbar burst fractures. The fracture
may involve (A) both endplates, (B) the superior endplate only, or (C) the
inferior endplate only. (D) A combination of a burst fracture with rotational
forces, with vertebral body translation best appreciated in the coronal plane.
(E) An eccentrically loaded fracture, also best appreciated in the coronal
plane.

to cause neurologic injury are usually also mechanically
unstable. Subsequent classiication systems and current treatment algorithms are based on the perceived mechanical stability of the injured spine and the presence or absence of
neurologic injury. Mechanical stability is a continuum—great
controversy exists in determining at what point a “stable”
injury becomes “unstable.” his controversy is most evident
with burst fractures.
McAfee described a classiication based on analysis of the
CT scan appearance of 100 fractures. Six basic injury patterns

1338

A

SPINE TRAUMA

B

a

b

b
C

D

FIG. 77.4 Denis classiication of lexion-distraction injuries. These may
occur (A) at one level through bone; (B) at one level through ligaments and
disc; (C) at two levels, with the middle column injured through bone; or (D)
at two levels, with the middle column injured through disc.

were proposed: wedge-compression, stable burst, unstable
burst, Chance, lexion-distraction, and translational.57,58
Ferguson and Allen59,60 combined the three-column theory
with the forces causing the injury and proposed a mechanistic
classiication. Fracture types included compressive lexion,
distractive lexion, lateral lexion, translational, torsional
lexion, vertical compression, distractive extension, and isolated transverse process fractures. he Arbeitsgemeinschat
für Osteosynthesefragen (AO) system was an attempt at
comprehensively classifying spine injuries. hree main injury
types were recognized: vertebral body compression, anterior
and posterior element injury with distraction, and anterior
and posterior element injury with rotation. Multiple subtypes
exist within each group.61,62 Most recently, the Spine Trauma
Study Group has integrated key concepts of these various classiication systems to create a more simple and reproducible
schema. Neurologic status is included in the classiication,
with the goal of generating a more standardized thoracic and
lumbar spine injury treatment approach. he horacolumbar
Injury Classiication and Severity Score (TLICSS) is based
on three categories: injury morphology, integrity of the PLC,
and neurologic status. Injuries are analyzed and point values
assigned to subgroups within each category. More severe
injuries receive higher injury scores; therefore, treatment
theoretically may be guided by calculating the injury score.63–67

Description and Diagnosis of
Speciic Fracture Types
here is no universally accepted classiication system, but
these design eforts over the years have resulted in the

c

a

a

b

FIG. 77.5 Denis classiication of fracture-dislocations. These may occur at
one level through bone (top, a–b); at one level through ligaments and disc
(middle, a–c); or at two levels, with the middle column injured through the
bone or through the disc (bottom, a–b).

development of relatively consistent terminology used in the
literature and among spine surgeons to describe the main
fracture types. he pathoanatomy and diagnosis of these
injury types are described in this section, with treatment
described in the following sections.

Sprains
Injuries to the spinal column involving the ligaments and musculotendinous units that do not cause facet joint subluxation,
fracture, or listhesis are considered sprains and are stable.68
his tends to be a diagnosis of exclusion based on the history,
physical examination, and imaging studies. With a reliable
history, mild physical examination indings, and otherwise
normal spine anatomy, plain radiographs may be suicient
to rule out spinal instability and diagnose a sprain. If there
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Disc Herniations
Traumatic disc herniations caused by high-energy mechanisms are relatively rare as an isolated injury. Fractures are
oten associated with disc disruption, and the displaced disc
material may contribute to neurologic injury. he category of
injury described here, however, refers to an otherwise intact
spinal column in association with a disc herniation that
appears to be traumatic on the basis of the patient’s history,
symptoms, and physical examination combined with correlating imaging studies. Disc herniations are commonly associated with minor trauma such as that which occurs with liting
a heavy object, but the disc herniations considered here are
due to high-energy trauma such as motor vehicle accidents
that also caused or had the potential to cause other signiicant
injuries. Diagnosis is made with MRI. here may be other
imaging or clinical evidence of injury to the spinal column,
such as a sot tissue injury that would otherwise be called a
sprain. However, in order to be considered an isolated disc
injury, there must not be any facet subluxation or traumatic
listhesis. he classiication scheme is anatomically descriptive
and identical to that used in atraumatic disc herniations:
bulging, protruded, extruded, or sequestered.69,70 It may be
diicult to deinitively establish a disc herniation as traumatic
rather than preexisting because disc herniations are common
in the asymptomatic population and it is a rare luxury to have
the availability of preinjury magnetic resonance images. From
a clinical perspective, it is not so important to establish a disc
herniation as traumatic or preexisting because management
of the disc herniation depends primarily on the presence or
absence of neurologic symptoms (radicular pain), the physical
examination indings (sensory and motor deicits), and the
apparent temporal sequence in which these signs and symptoms developed. he spinal column itself is usually stable, with
isolated disc injuries.

Minor Fractures
Transverse process fractures and spinous process fractures
usually represent an avulsion injury due to indirect trauma, but
they are also caused by direct trauma and can occur as a single
fracture or as multiple fractures. Transverse process fractures
are best visualized on AP radiographs; spinous process fractures are more readily detected on lateral radiographs, though
CT will show these fractures clearly. Isolated pars fractures,
lamina fractures, and articular process fractures can also be
considered minor injuries and are best detected by CT. hese
fractures are stable provided that they are not associated with
signiicant ligamentous injury. his can be demonstrated by
maintenance of spinal alignment on upright radiographs once

the patient has mobilized. L5 transverse process fractures may
be associated with vertical-shear sacral fractures; CT images
should extend through the pelvis when an L5 transverse
process fracture is detected.

Compression Fractures
Compression fractures result from axial compression through
the vertebral body, with failure through the anterior column.
he fracture may involve the superior or inferior endplate
alone, both endplates, or buckling of the anterior cortex with
endplate preservation. he posterior column is usually not
involved, but occasionally is. When this is the case, what
appears to be a compression fracture may be a more signiicant lexion-distraction injury, described later as a Chance
fracture (Fig. 77.6). he main distinguishing feature of the
compression fracture is predominant failure of the anterior
column in compression, whereas the lexion-distraction
injury is characterized by predominant failure of the posterior
column in tension. Plain radiographs are usually diagnostic,
but CT scans may be necessary to conirm the diagnosis
because extension into the middle column may be subtle
and burst fractures may be misdiagnosed as compression
fractures 25% of the time on the basis of plain radiographs
alone.36

Burst Fractures
Burst fractures, like compression fractures, are caused by axial
compression through the vertebral body. he fracture may
involve the superior or inferior endplate alone, both endplates,
or rarely with preservation of the endplates. Lateral compression forces may cause an injury variant that is asymmetrical
in the coronal plane. he posterior column may or may not
be involved, though more frequently it is involved when
compared with compression fractures. In more severe injuries,
the distinction between a burst fracture and a compression
fracture is clear, with retropulsion of the fractured middle
column fragments into the spinal canal being the hallmark
of a burst fracture. In less severe injuries, the distinction
between compression and burst fractures is less clear and
practically speaking may be in nomenclature alone, such as
when the middle column fracture is minimally displaced and
barely extends into the posterior cortex and there is minimal
retropulsion of the middle column fragments (Fig. 77.7). he
generally accepted diferentiation between compression and
burst fractures occurs at the middle column, which is spared
in compression fractures and involved with burst fractures.
Practically speaking, the transition from compression fracture
to burst fracture represents a continuum of injury rather
than distinct injury patterns because the same force vector
is responsible. Plain radiographs are oten diagnostic, but
CT scans are usually necessary to distinguish compression
fractures from subtle burst fractures.36 For classiication and
descriptive purposes, if CT conirms that the fracture extends
into the posterior cortex of the vertebral body, regardless
of the degree of displacement, it is referred to as a burst
fracture.

S E C T I O N

is a high-energy mechanism, unreliable history, signiicant
physical examination indings (such as obvious swelling or
neurologic injury), or abnormal anatomy (such as with ankylosing spondylitis or congenital anomaly), advanced imaging
studies are warranted. CT followed by MRI are oten necessary
under these circumstances to diagnose a sprain rather than a
more signiicant injury.
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FIG. 77.6 Unstable ligamentous Chance injury variant masquerading as a
compression fracture. (A–B) Computed tomography cuts and (C) a lateral
radiograph showing what appears to be a compression fracture. There is
subtle splaying of the spinous processes of L1 with respect to L2 in (B), but
minimal focal kyphosis and L2 height loss. (D) Upright radiograph in a brace
shows an obvious increased distance between the spinous processes of L1
and L2 with focal kyphosis. (E) Subsequent magnetic resonance imaging
demonstrates the ligamentous injury through L1–L2 posteriorly. (F–G) The
deformity was reduced, and the posterior tension band was restored with
short-segment posterior instrumented fusion.

Flexion-Distraction Injuries (Chance
Fractures and Chance Variants)
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Flexion-distraction injuries are characterized by primary distractive forces on the spine, rather than crushing forces as seen
with compression and burst fractures. hese distractive forces
cause tension failure of the PLC and associated injuries to
the anterior and middle column, either involving the disc or
vertebral body. he axis of rotation is within or just in front
of the anterior column, and at times the height of the anterior
column can be relatively well maintained. he injury may be
entirely osseous or entirely discoligamentous, or a combination of osseous and ligamentous (Fig. 77.8). Chance described
the purely osseous lesion as a horizontal fracture extending
through the spinous process, through the lamina and pedicles,
and into the vertebral body.57 hese injuries are commonly
referred to as Chance fractures. Variants of this injury involve
disc and ligamentous disruption with or without fracture. Anterior column disruption occurs through the disc space, not the
vertebral body, and posterior column disruption is manifested
as facet dislocation and ligamentous rupture, rather than fracture through the pedicle. hese discoligamentous injuries are
commonly referred to as Chance variants. If the axis of rotation
is anterior to the spine, the vertebral body may be completely
intact without fracture; if such an injury is severe, all the spine
ligaments including the ALL may be disrupted, resulting in
a severely unstable injury. If the axis of rotation is within the
anterior column, there may be a vertebral body fracture with
radiographic indings consistent with a compression or burst
fracture If attention is not paid to the posterior elements
and the distractive nature of the injury is not appreciated,
underdiagnosis as a compression or burst fracture may occur.
he diagnosis of a lexion-distraction injury may be made
with plain radiographs, but CT is helpful in deining the
precise anatomy of the osseous injury and identiies minimally
displaced and nondisplaced injuries. Facet dislocations have a
characteristic appearance on axial CT images, known as the
“naked facet” or “empty facet” sign.71 his was irst described
in Chance variant injuries but is probably seen more commonly with fracture-dislocations.72 MRI is particularly good
at detailing the extent of ligament and disc involvement with
Chance fractures and Chance variants.

Fracture-Dislocations
Fracture-dislocations may be caused by a variety of mechanisms, including shear, rotation, distraction, lexion, and
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FIG. 77.7 Axial compression injury continuum. These axial computed tomography images show increasing
injury severity and the transition from compression fracture to mild burst fracture to severe burst fracture. (A) A
compression fracture, with maintained integrity of the posterior wall of the vertebral body. (B–F) Burst fractures.
(B) Minimal retropulsion of one side of the posterior vertebral body is seen. (C–F) Increasing retropulsion is
apparent, with almost complete obliteration of the spinal canal (F).

extension. Oten, the injury mechanism involves a combination of these force vectors; thus, it is diicult—if not
impossible—to discern the precise nature of the injury. he
unifying theme with this fracture pattern is a high degree of
spinal instability. All three spinal columns are disrupted via
some combination of fracture, disc disruption, and ligamentous injury. he hallmark is unilateral or bilateral facet disruption due to fracture, subluxation, or dislocation, with anterior,
posterior, or lateral translation of the cephalad vertebral body
on the adjacent caudal vertebral body. When facet dislocation
and vertebral body listhesis are present, this diagnosis may be
readily apparent. Sometimes, there has been spontaneous
reduction of the listhesis and the main clue to the extent of
the injury is subtle facet subluxation. his type of injury is
particularly dangerous in a neurologically intact patient
because the degree of instability may be overlooked and
neurologic deterioration may occur during routine patient
care. Any time there is subluxation of one facet or both facets
and/or vertebral body translation, this diagnosis must be
strongly considered.
Diagnosis can oten be made on plain radiographs. he AP
view may show lateral translation, whereas the lateral view

may show anterior or posterior translation. CT scans will
better quantify the bony injury and oten demonstrate the
“naked facet” or “empty facet” sign (Fig. 77.9).71,72 MRI should
also be performed to assess the degree of disc and ligament
injury and to visualize the neural elements.

Extension and Extension-Distraction Injuries
Injuries caused by an extension mechanism are relatively rare
and are most commonly seen in patients with an ankylosed
spine such as ankylosing spondylitis (AS) or difuse idiopathic
skeletal hyperostosis (DISH). he ankylosed spine is immobile
and oten demonstrates a kyphotic deformity. he discs and
ligaments are ossiied; thus, the spine acts as a single contiguous
segment. Fractures do not follow typical patterns and come to
resemble long-bone fractures more than vertebral fractures
(Fig. 77.10). hese fractures are usually unstable. Extension
injuries can also occur in the otherwise normal spine.
Conventional radiography provides the irst clue to the
diagnosis, not necessarily because the fracture is readily
identiied, but because AS and DISH should be readily apparent. If there is displacement, the cephalad segment may be
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column seen in lexion and axial-load type injuries.73 he
facets may be dislocated with the axial CT images, demonstrating the “naked facet” sign.72

Penetrating Injuries
Gunshot injuries to the spine are the most common form of
penetrating injury. hese injuries are almost always inherently
stable. Radiographs and CT scans are usually suicient to
characterize the injury. he use of MRI when the bullet is in
the spinal canal is controversial because of the potential risk
of neurologic deterioration if the bullet migrates due to the
pull of the MRI magnet. Bullet migration has been reported,
but appears to be quite rare.74–77
A

C
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D

FIG. 77.8 Chance fracture. (A–B) Axial and sagittal computed tomography
images of a fracture involving the vertebral body extending through the
right pedicle and the left pars interarticularis. (C) Magnetic resonance image
showing the increased signal intensity through the posterior ligaments of
the involved level. (D) The fracture was stabilized with posterior pedicle
screws.

located posterior to the caudal segment due to the extension
nature of the injury. Fractures in the AS and DISH population
must be treated with caution because of the high degree of
instability associated with these injuries, even if there is
minimal displacement and the plain radiographs appear relatively innocuous. herefore, any patient who presents with
trauma and the potential for spine injury with evidence of AS
or DISH on conventional radiographs must be treated with a
high index of suspicion and CT scans must be obtained. CT
scans will identify and characterize the injury. Because the
discs and ligaments are ossiied and this injury is purely
osseous in nature, MRI is used primarily to visualize the
neural elements. It is also useful for detecting epidural hematomas, which occur more frequently in this group of patients.
In those circumstances in which an extension injury is
evident radiographically but AS or DISH is not present and
the spine is otherwise normal, MRI is helpful to characterize
the disc and ligamentous injury. hese injuries are typically
due to an extension-distraction mechanism and are rare,
identiied by gapping in the anterior and middle spinal
columns rather than the more typical gapping in the posterior

General Treatment Principles:
Operative and Nonoperative
he decision to treat a fracture surgically with internal ixation
with or without neural element decompression, or nonsurgically with a brace, depends on several factors. Indications for
surgery are clear in some cases but controversial in others and
include spinal mechanical instability, neurologic deicit, signiicant spinal deformity, and multiple injuries complicating
the ability to brace.
A nonoperative treatment option that is less commonly
considered in the era of modern spinal ixation systems is
prolonged bed rest.52,78,79 his is a consideration in the setting
of a spinal injury that is too mechanically unstable to treat
with a brace, but surgery is contraindicated or refused by the
patient. his approach is most likely to be successful when the
injury is primarily bony in nature and is not associated with
signiicant deformity. However, prolonged bed rest is oten
associated with complications such as deep vein thrombosis
(DVT), pulmonary embolism, pneumonia, and decubitus
ulcers. Because this treatment approach is so rarely employed
and is usually a result of necessity rather than surgeon preference, the discussion hereater centers on bracing principles
and surgical principles.

Bracing Principles
Fractures that are mechanically stable in neurologically intact
patients without signiicant spinal deformity can usually be
treated successfully by bracing. Bracing helps stabilize the spine
by providing relative immobilization above and below the level
of injury. For upper lumbar and mid-to-low thoracic injuries,
a standard thoracolumbar orthosis is appropriate. his may
consist of a Jewett-type hyperextension brace for sagittal-plane
injuries or a custom-molded, total-contact brace for injuries
with coronal or rotational components. Lower lumbar injuries
are more diicult to immobilize because the lumbosacral
junction must be incorporated in the brace in order to stabilize
the spinal segment below the level of injury. Options include
a thoracolumbosacral orthosis, possibly with incorporation of
one of the thighs to maximize stability in fractures below L3.
Similarly, fractures above T6 usually require a cervicothoracic
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FIG. 77.9 Fracture-dislocation. (A–B) Sagittal computed tomography (CT) images showing listhesis of L1 on L2,
with dislocation of the facets. (C) Lateral radiograph showing the listhesis of L1 on L2. (D–E) Sagittal magnetic
resonance images (T2-weighted and short tau inversion recovery [STIR], respectively) clearly demonstrate the
injury, including the involvement of the posterior ligamentous complex, which is particularly evident on the
STIR images. (F–G) Axial CT images showing the dislocated facets, which are shown in their reduced anatomic
position (H). (G) “Empty facet” or “naked facet” sign.
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L1: Inferior L1 facets
L2: Superior L2 facets
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FIG. 77.10 Extension-distraction injury. (A) Sagittal computed tomography image showing an ankylosed spine
with distraction across adjacent vertebral bodies (white arrow). (B) Sagittal T1-weighted magnetic resonance
image through the level of injury. (C) Sagittal T2-weighted magnetic resonance image through the level of
injury.
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orthosis in order to control the spinal segment above the level
of injury. Regardless of the level and type of injury, once the
brace is it, upright radiographs should be obtained to make
sure the fracture is stable in the brace.
he brace is worn whenever the patient is out of bed, and
the patient should not perform any activities that involve
bending or twisting through the spine or liting more than
10 pounds. his may be a relatively conservative regimen and
under certain circumstances may be modiied, but only with
caution. he typical brace duration is approximately 3 months,
perhaps somewhat shorter with mild compression fractures
and up to 4 to 6 months for three-column burst fractures.
Typically, the patient is evaluated in the brace in the clinic
2 weeks and 6 weeks ater injury with upright radiographs,
to make sure that the brace is being properly worn and the
fracture remains stable. Ater the second visit, subsequent
clinic visits are made at 6- to 8-week intervals. Brace weaning
is initiated once there is clinical and radiographic evidence of
fracture healing. Once the brace is discontinued, lexion and
extension radiographs are obtained. Provided that these show
no evidence of instability, the patient can slowly start to resume
the usual activities once pain-free motion and strength have
been restored.

Surgical Principles
Injuries that are not believed to be amenable to bracing should
be treated surgically. he goals of surgery are to achieve and
maintain anatomic reduction, minimize construct length
while providing suicient stability to allow for early mobilization, achieve neural element decompression when indicated,
avoid complications, and proceed within the most appropriate
time frame.

Surgical Principle Number 1: Achieving and Maintaining
Anatomic Reduction and Stability—Surgical
Approach and Instrumentation Choice
In order to achieve and maintain anatomic reduction, the
forces that caused the injury must be counteracted by the
instrumentation construct, which should be robust enough
to withstand physiologic loads until the injury heals.
Posterior pedicle screw and rod constructs are more rigid
than anterior constructs, thus have become the mainstay of
spinal instrumentation in thoracic and lumbar trauma.80 he
posterior approach is quite versatile, allowing for powerful
reduction techniques. However, the anterior spine performs
the majority of the axial load bearing, which must be taken
into consideration. Anterior approaches are primarily used
for neural element decompression and structural restoration
of the anterior column. he integrity of the anterior column
may be restored by performing a corpectomy of a highly
comminuted vertebral body fracture followed by reconstruction with structural bone grating or a structural device, such
as a titanium cage.81 Anterior internal ixation devices may
provide additional stability and may obviate the need for
additional posterior instrumentation. his requires further
exposure to place the internal ixation device in the intact

vertebral bodies above and below the fractured level, which
may be diicult and risky anteriorly, especially in the lower
lumbar spine and at the thoracolumbar junction.82–85 In cases
in which an anterior approach is performed as the primary
component of the fracture treatment, consideration may be
given to supplementing the anterior construct with posterior
pedicle screw instrumentation. his is especially true if the
PLC is disrupted because the combined construct is stronger
than either construct alone and more reliably handles the load
demands of early mobilization.86

Surgical Principle Number 2: Decompression
Neural element decompression is generally reserved for
patients with neurologic deicits, irrespective of the degree of
spinal canal compromise. Neurologically intact patients with
signiicant canal compromise of 50% or more do not beneit
from decompression. It has been shown that resorption of
retropulsed bone occurs naturally, and late spinal stenosis
has not been shown to be a problem provided that there is
maintenance of spinal alignment.87–90 Patients with neurologic
deicit may beneit from decompression, either indirectly or
directly. Indirect decompression is best achieved within the
irst 48 hours ater injury and relies on ligamentotaxis to
reduce retropulsed fragments as the fracture is reduced and
spinal alignment restored.91–94 Direct decompression may be
performed anteriorly or posteriorly. Posterior decompression
via laminectomy is useful when a piece of fractured lamina or
infolded ligamentum lavum is protruding into the canal or a
single nerve root requires decompression. Retropulsed vertebral body fragments in the spinal canal cause most neurologic
deicits; these require a direct decompression. Because the
compression is anterior to the thecal sac, an anterior approach
is the most direct method to efect the decompression. In some
instances, the decompression may be achieved via a posterolateral transpedicular approach, especially in the lumbar spine
at the nerve root level, where the dural tube may be retracted
more safely than at cord level.95 he ofending bone fragments are identiied and either removed or tamped anteriorly.
Posterior pedicle screw instrumentation is then performed to
achieve stability.

Surgical Principle Number 3: Minimization
of Construct Length
Minimization of construct length is more important in the
mobile lumbar spine than the thoracic spine. Classically,
long-segment constructs consisted of instrumentation 2 or 3
levels above and below the injured level.96,97 With the advent of
modern pedicle screw systems, constructs now typically include
one or two levels above and below the injured level, provided
that the bone quality is normal. he addition of sublaminar
hooks at the same level as the terminal screws may improve
the biomechanical performance of the construct while minimizing the construct length.98–100 Short-segment ixation is the
term used to describe a construct limited to one level above
and below the injury. Initial reports with this technique were
disappointing due to relatively high rates of instrumentation
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patient’s medical and social history, associated injuries, and
the lack of a preoperative outpatient medical evaluation to
identify and optimize any medical conditions. Extra efort
must be exerted in ascertaining the patient’s history and
involving other medical and surgical disciplines to help identify and manage these potential problems.

Contemporary Concepts in Surgical Treatment
of Thoracolumbar Spine Injuries
Spinal Stabilization Without Fusion

Surgical Principle Number 4: Appropriate Surgical Timing
he optimal timing for surgical decompression and
stabilization in patients with neurologic injury is not well
established.110–112 he potential beneit of early decompression
must be weighed against other factors, such as medical optimization, management of coexisting injuries, and operating room
conditions, such as availability of neurophysiologic monitoring
and the appropriate anesthesia team and operating room personnel. hose patients with a progressive neurologic deicit should
certainly be taken to surgery as quickly as possible.

Surgical Principle Number 5: Avoidance of Complications
he main complications associated with surgery include dural
tear, iatrogenic neural injury, pseudarthrosis, failure of ixation, iatrogenic lat back, infection, and medical complications.
Burst fractures with associated lamina fractures have a high
incidence of dural tear, especially in the setting of a neurologic
deicit.113 he surgeon must be aware of the possibility of nerve
roots entrapped in the lamina fracture and must be prepared
to repair dural tears or place a cerebrospinal luid drain, if
needed. Iatrogenic neural injuries may occur during prone
patient positioning or from direct injury during surgery. Great
care must be taken when positioning patients with unstable
injuries. Consideration should be given to performing awake
positioning in patients with severe spinal instability and intact
neural function or incomplete neural injuries. he patient may
be able to self-protect the spine to some degree with muscle
tone, and the surgeon can directly and continuously monitor
the patient’s neurologic function.
If neurophysiologic monitoring deteriorates during surgery,
standard measures—such as the reversal of any recently performed reductions, assessment of potential implant malpositioning, and treatment of hypotension—are employed. If the
patient emerges from surgery with a new neurologic deicit,
the decision must be made whether to immediately reoperate
if the deicit is believed to be a result of hematoma or screw
malpositioning or proceed directly to MRI or CT myelography
to try to determine the cause.
Infection, pseudarthrosis, instrumentation failure, and
iatrogenic lat back are related to patient factors and surgical
technique. he surgeon should take the necessary steps to
minimize the risk of these complications while achieving the
primary goals of reduction, decompression, and stabilization.
Medical problems may occur due to unfamiliarity with the

he concept of spine fracture stabilization without fusion
has theoretical advantages, such as the ability to achieve and
maintain fracture reduction and healing without permanent
stifening associated with spinal fusion. his technique is most
oten used with minimally invasive surgery but has its origin
in traditional open techniques.106,114–117 he preservation of
joint motion by avoiding fusion is a widely accepted notion in
orthopaedic extremity fracture care and increasingly adopted
in the treatment of spinal fractures. Before pedicle screw
instrumentation, Harrington rods were used to instrument
the spine two to three levels above and below the injured
segment. To avoid long-segment fusions, the “rod long fuse
short” method was utilized, which involved local fusion
limited to the injured levels and subsequent rod removal 1
year later.118 Dekutoski and colleagues retrospectively studied
this method, noting that the unfused segments regained 5 to
6 degrees of lexion-extension motion ater instrumentation
removal, with good-to-excellent overall results in all study
patients. However, they noted that kyphosis increased by an
average of 9 degrees by inal follow-up.119 Another study by
Ko et al.120 reported on 60 patients who underwent fusionless
instrumentation for unstable thoracolumbar burst fractures
and noted maintenance of spinal motion and alignment ater
instrumentation removal. here are select fracture types that
have excellent bony healing potential, thus should be considered for fusionless instrumentation. Patients with fractures
through an ankylosed spine, most commonly with AS or
DISH, have a clear indication for fusionless instrumentation,
especially percutaneous pedicle screws and rods, due to the
fact that the fracture can be stabilized without concern about
the efect on adjacent spine segments because the spine is
immobile. Chance variant fractures with the posterior element
injury through the spinous process also have excellent primary
bony healing potential and are particularly well suited to
fusionless techniques. he role of fusionless instrumentation
is not as clear in lexion-distraction injuries, burst fractures,
compression fractures, and multilevel spine fractures. In
the case of AS or DISH, fractures through ankylosed spine
segments have been noted to heal rapidly once adequately
stabilized.121,122 If instrumentation is solely performed across
ankylosed segments, there is no role for performing a fusion;
in actuality, the concept of a fusion does not apply because
the spine is already fused. Because of this, there is no need
to remove the instrumentation once the fracture has healed
unless the instrumentation is prominent, which is unusual.
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failure and loss of reduction.101–104 As techniques, implants,
and indications have been reined, short-segment ixation may
be used with a similar success rate as long-segment ixation
in certain injury patterns, which maintains as much native
spinal motion as possible.105,106 Placement of screws in the
injured level when technically possible may provide enough
additional rigidity to allow for short-segment ixation in cases
that would have been traditionally treated with long-segment
ixation.107–109 he surgeon may choose to support the instrumentation construct with an orthosis depending on individual
patient factors such as screw purchase and patient compliance.
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Flexion-distraction and Chance variant (bony Chance type)
fractures also heal rapidly, in particular if the posterior element
injury is predominantly bony, thus should be considered for
fusionless instrumentation. Grossbach and colleagues found
no diference in clinical and radiographic outcomes when
treating lexion-distraction injuries with fusionless technique
versus open fusion.133 hey identiied advantages, including
shortened operative time and less blood loss with the fusionless technique. his technique may also have a larger role in
pediatric patients who more promptly heal posterior ligamentous complex (PLC) injuries.122–124 Fusionless instrumentation
in adults with lexion-distraction injuries and Chance fractures with a posterior element injury that is predominantly
ligamentous depends on ligamentous healing. he role of this
technique is still being established.
Regarding burst fractures treated with the fusionless instrumentation technique, Dai and colleagues reported minimal
diference in clinical and radiographic outcomes in their randomized trial of short-segment posterior instrumentation with
or without fusion for stable burst fractures at the thoracolumbar
junction.106 A meta-analysis by Tian and colleagues117 comparing fusion to nonfusion for thoracolumbar burst fractures
found that patients treated without fusion had shorter operative
times and less blood loss, but the second procedure of hardware removal was not included in their analysis. hey found
no diferences in radiographic results besides greater vertebral
height loss ater instrumentation in the fusion group and no
diferences in clinical outcomes or instrumentation failure rates.
he disadvantages of fusionless surgery include recurrent
kyphosis ater instrumentation removal, instrumentation
failure (loosening or breakage), possible need for removal of
instrumentation, and/or facet arthrosis. Gardner and colleagues found autofusion (facet arthrosis) in only 2 of 75 facet
joints traversed by rods but not fused ater utilizing “rod long
fuse short” treatment of lumbar burst fractures.124 In contrast,
Kahanovitz found that stabilization using Harrington rods
across a mobile facet joint might lead to facet arthrosis based
on a canine study and biopsy of eight human facet joints
obtained during instrumentation removal.125,126 However, it is
not known whether these indings apply to pedicle screw ixation and timely instrumentation removal, nor if the development of facet joint arthrosis is clinically relevant. Additional
disadvantages include the theoretical need for hardware
removal with fusionless instrumentation treatment and the
associated costs of a second procedure. However, some advocate that instrumentation removal is unnecessary in certain
circumstances, such as when performed in the thoracic spine
across relatively immobile segments, and more obviously in
cases of AS or DISH, as discussed previously. Despite these
disadvantages, our experience shows that patients tolerate
instrumentation removal well with a low complication rate,
and that it can usually be performed on an outpatient basis.

Minimally Invasive Stabilization Using
Percutaneous Instrumentation
he concept of fusionless spine surgery for thoracolumbar
fracture treatment and the technique of percutaneous pedicle

screw placement certainly have a synergistic relationship.
Although percutaneous pedicle screw placement was initially
applied to degenerative spinal conditions, this technique has
more recently been increasingly utilized in spine trauma care.
he construct is biomechanically analogous to those placed
in open techniques, but the percutaneous approach relies on
muscle splitting rather than muscle stripping, as is typical
of the open approach. Minimally invasive stabilization can
be performed either with paired parasagittal Wiltse-style
approaches or through multiple small incisions large enough
to accommodate the pedicle screws. he overall goals are to
stabilize the spinal injury while minimizing blood loss, surgical time, and complications, such as surgical site infection,
while decreasing the physiologic burden of surgery. While
percutaneous instrumentation is most oten placed without
the addition of a fusion, in cases in which arthrodesis is felt
to be necessary, a facet arthrodesis can be performed through
the same percutaneous incisions that are utilized for pedicle
screw placement.
he indications for percutaneous stabilization and the
necessary construct length are similar to open instrumentation, with potential contraindications including incomplete
neurologic injury that necessitates direct decompression of
the spinal cord or nerve roots, fracture-dislocations in the
neurologically intact patient who may have a risk for neurologic deterioration without an open direct reduction, and
in cases of delayed ixation in which postural reduction is
not expected to restore adequate spinal alignment. As with
open fusionless techniques, percutaneous instrumentation is
ideally suited to fractures through ankylosed spine segments
(Fig. 77.11) and lexion-distraction injuries with a primarily bony component (see Fig. 77.8). Additional indications
include unstable burst fractures in the neurologically intact
patient (Figs. 77.12 to 77.14) and multiple-level fractures
(Figs. 77.12 to 77.15) in which percutaneous instrumentation
over multiple segments are possible with much less blood
loss and surgical time compared to open procedures, while
avoiding a long fusion and the potentially long-term deleterious consequences associated with fusion, including loss of
spine lexibility and adjacent-segment degeneration. he
polytrauma patient with stable thoracolumbar fractures can
be diicult to manage with orthoses, especially when pelvic,
abdominal, and/or chest trauma makes bracing impractical.
Percutaneous stabilization may facilitate immediate patient
mobilization and the avoidance of skin breakdown from the
orthosis or prolonged bed rest. Percutaneous stabilization can
also be considered for spine fracture-dislocation patients with
complete neurologic injury, with the intention to restore stability and indirectly decompress the spinal canal. Furthermore, a
focal direct decompression through a small midline incision
can be performed in tandem with percutaneous instrumentation placement several levels above and below the level of
injury in those cases in which decompression is necessary.
his is particularly useful in cases of ankylosing spondylitis
with neurologic compression related to fracture displacement
and/or epidural hematoma. Percutaneous instrumentation can
also be used to provide additional stability ater an anterior or
anterolateral corpectomy and arthrodesis, a technique that is
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FIG. 77.11 Extension injury through an ankylosed spine stabilized with posterior percutaneous
instrumentation placement. (A) Lateral radiograph shows an ankylosed spine with a fracture gap anteriorly, also
seen on (B) sagittal computed tomography imaging and (C) magnetic resonance imaging. (D–E) The fracture
was reduced with intraoperative positioning, a focal decompression was performed, and the fracture was
stabilized with posterior percutaneous pedicle screw instrumentation.

most commonly performed in patients with a thoracolumbar
burst fracture and neurologic injury.
Multiple authors have shown that percutaneous stabilization techniques can be performed safely and eiciently with a
low rate of complications compared to open techniques.127–132
Percutaneous stabilization may also have the added beneit of
avoiding the need for or an alternative to brace immobilization in certain patients.133 Grossbach et al. retrospectively
compared open versus percutaneous techniques for treatment

of lexion-distraction injuries and found similar clinical and
radiographic outcomes but shorter operative times and less
blood loss in the percutaneous group.133 Furthermore, no
diference in the rate of adverse events was found between
the two groups. Other authors have reported comparable
indings.134–137 Ni et al. successfully treated 36 burst fracture
patients using percutaneous instrumentation, with an average
operative time of 78 minutes and an average blood loss of
75 mL.138 Additionally, percutaneous pedicle screw placement
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FIG. 77.12 Flexion-distraction injuries with a primarily bony component stabilized with posterior percutaneous
instrumentation placement. (A) Sagittal computed tomography image and (B) T2-weighted magnetic
resonance image show a lexion-distraction injury associated with vertebral body compression. (C–D) The
fracture was successfully reduced intraoperatively and was stabilized with posterior percutaneous pedicle screw
instrumentation.
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FIG. 77.13 Unstable burst fracture in a neurologically stable patient with idiopathic scoliosis. (A) Sagittal
computed tomography image shows an L1 burst fracture with unilateral perched facet. Note that the spinal
deformity complicates the imaging interpretation. Surgical stabilization with posterior percutaneous
instrumentation placement is shown on (B) lateral and (C) anteroposterior radiographic images.
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FIG. 77.14 Multiple-level burst fractures treated surgically with posterior percutaneous instrumentation
placement. (A) Sagittal computed tomography shows consecutive burst fractures at L2 and L3, with the patient
unable to tolerate mobilization using a thoracolumbar brace. Surgical stabilization with posterior percutaneous
pedicle screw instrumentation is shown on (B) lateral and (C) anteroposterior radiographic images.
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FIG. 77.15 Compression fractures treated in a brace. The compression fractures of L2 and L4 are shown in (A)
the lateral radiograph, (B) sagittal computed tomography images, and axial computed tomographic images
(C is L2 and D is L4). (E) Two years later, the fractures are healed.

using conventional luoroscopic techniques has been shown
to be highly accurate in the trauma setting.139–141

Balloon-Assisted Reduction and Cement
Augmentation of Thoracolumbar Fractures
Several authors have reported percutaneous balloon-assisted
reduction techniques with or without vertebral body
augmentation.142–151 his technique can be utilized in combination with open surgery or percutaneous pedicle screw
instrumentation. he theoretical advantages include aiding
in fracture reduction and providing anterior column support
through a minimally invasive approach, avoiding the added
surgical physiologic burden associated with an open reduction, which would typically require an anterior or combined
AP approach. Using the balloon-assisted reduction and
cement augmentation technique combined with percutaneous stabilization for thoracolumbar spine fractures, Zairi et al.
have shown the technique to be a viable option associated with
stable long-term clinical and radiographic results.152 Singer
et al. reported similar results when applied to the pediatric
population.153 Overall, the role of this technique is not
yet clear.

Treatment of Speciic Injuries
Sprains and Minor Fractures
Sprains and isolated minor fractures are not associated with
neurologic deicits or spinal instability; they can usually be

treated symptomatically, with or without bracing.154,155 If a
brace is chosen for comfort, it need not be rigid. he main
concern with these injuries is misdiagnosis and undertreatment of a more serious spinal injury, such as with disruption of the PLC, or sacral fracture associated with an L5
transverse process fracture. Consideration must be given to
the mechanism of injury and clinical examination; if there
is doubt, advanced imaging techniques should be used to
assess for more signiicant occult injury. It should also be
kept in mind that patients with minor spine fractures may
have more signiicant intraabdominal injuries.156 Patients
with isolated sprains and minor fractures should be able to
mobilize readily, and full recovery is expected over a 6-week
to 6-month period depending on the extent of the injury, with
most patients returning to unrestricted activities within 6 to
12 weeks.

Traumatic Disc Herniations
Isolated disc herniations secondary to high-energy trauma
are suiciently rare that it is not possible to comment on
the rate of neurologic injury, appropriate treatment, or longterm outcomes. Terhaag157 found only four traumatic disc
herniations in his series of 1771 patients with disc lesions.
he literature is scarce on this subject.158–160 Treatment protocols are similar to that of nontraumatic disc herniations,
with an initial trial of nonoperative management and early
mobilization. Bracing is not necessary. Preference may be
given to early surgical intervention if there is severe radiculopathy or a dense nerve root motor deicit caused by
the disc herniation. Emergency surgery would be indicated
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Compression Fractures
Compression fractures are usually intrinsically stable and
rarely cause neurologic deicits. hey occur most frequently
due to a low-energy mechanism in elderly osteopenic patients,
but also occur due to higher-energy mechanisms in patients
with normal bone. his discussion is directed toward fractures
in patients with normal bone—osteoporotic compression
fracture treatment is discussed in more detail in Chapter 89.
Compression fractures were classically treated with postural
reduction and plaster cast immobilization.161,162 he use of
plaster casts gave way to less cumbersome brace treatment;
these fractures can be reliably treated with bracing the vast
majority of the time, using either a three-point hyperextension
type or a custom-molded orthosis (see Fig. 77.15).163,164
he prognosis is generally favorable, though some patients
will complain of persistent back pain long ater the fracture
has healed. Several clinical reviews did not ind a correlation
between the initial injury severity and the degree of residual
pain.49,165,166 Other studies, however, have shown a correlation
between the severity of injury and back pain.167–172 It is from
these studies that the degrees of vertebral body height loss and
traumatic kyphosis became criteria for surgical treatment in a
small proportion of these fractures.
Surgical stabilization may be considered when there is
signiicant traumatic kyphosis and/or vertebral body height
loss, especially in the setting of PLC compromise. It is diicult
to say with certainty at what point the degree of deformity is
deemed signiicant and the transition should be made from
brace to surgical treatment, but commonly cited numbers are
30 degrees of traumatic kyphosis and 50% vertebral body
height loss, with these fractures thus deemed unstable.169
Individual patient factors and overall spinal alignment need
to be considered as well. Posterior pedicle screw instrumentation with fusion is the usual mode of surgical treatment, either
short-segment or long-segment depending on the circumstances. Provided that the fracture is treated surgically within
the irst 7 to 10 days of injury, signiicant reduction can usually
be achieved posturally and additional correction may be
achieved with distraction through the pedicle screws with the
intact ALL preventing overdistraction. An anterior approach
is not necessary for decompression because there is no retropulsion into the canal, but it may be considered when there is
a residual bone void anteriorly ater the fracture is reduced or
in delayed fracture treatment when an anterior release is
necessary to achieve a reduction. Fractures treated surgically
generally have a good prognosis, similar to stable compression
fractures treated in a brace. here are no meaningful randomized trials comparing surgery with brace treatment in these
“unstable” high-energy compression fractures. Osteoporotic
compression fractures are generally stable and may be treated
in a brace, although persistent pain may be an indication for
vertebroplasty or kyphoplasty. he eicacy of vertebroplasty is
a source of controversy, which is discussed more thoroughly
in Chapter 89.173,174

Burst Fractures
Burst fractures range in severity from those that are barely distinguishable from stable compression fractures to devastating
unstable injuries causing paralysis. Although the three-column
theory of spinal stability proposes that all burst fractures are
by deinition mechanically unstable because two of the three
columns are disrupted, in reality, this is not always the case.
Stability is a continuum; thus, the concept of “stable burst
fractures” and “unstable burst fractures” has evolved. Stable
burst fractures are treated with bracing, and unstable burst
fractures are treated with surgery, but considerable controversy
surrounds the transition from a “stable” fracture pattern to an
“unstable” fracture pattern. he factors guiding treatment are
the presence or absence of a neurologic deicit, extent of spinal
canal compromise, degree of deformity (vertebral body height
loss and angular kyphosis) at the site of injury, and integrity
of the posterior osteoligamentous complex.
As with compression fractures, there is controversy regarding the role of imaging measurements in guiding operative
versus brace treatment. he commonly cited radiographic
measurements are the degree of kyphotic deformity, percent
of vertebral body height loss, and percent of canal compromise. It is unclear as to the role that these variables play in
actual fracture stability. he historical signiicance of these
measurements dates to the pre-MRI era and is based on their
association with posterior ligamentous injury. Investigators
postulated three radiographic parameters that were associated
with posterior osteoligamentous complex disruption and thus
were unstable injuries: kyphosis greater than 30 degrees, vertebral body height loss of 50%, and canal compromise of 50%.
As MRI was introduced and the PLC could be more reliably
imaged, it became clear that this was not necessarily true.
Canal compromise in particular has not been associated with
adverse long-term outcomes in the absence of a neurologic
deicit, especially because we know that signiicant resorption
of retropulsed bone occurs over time. High degrees of canal
compromise, well in excess of 50%, can be asymptomatic
neurologically below the level of the conus. It is possible to
have even 80% of the spinal canal illed with bone fragments
yet have the patient remain intact neurologically. Similarly,
vertebral body height loss of greater than 50% can be tolerated,
provided that there is no neurologic injury and no signiicant
traumatic kyphosis. Of these classic three parameters, the one
that seems to be best associated with instability and may be
the best indication for surgical treatment is the degree of
traumatic kyphosis.
Brace treatment has been established as appropriate for
neurologically intact patients with less than 30 degrees of
traumatic kyphosis, less than 50% vertebral body height loss,
and no or minimal injury to the posterior ligamentous
complex.175–181 A few authors have even advocated brace treatment for burst fractures with greater than 50% height loss and
in some instances when kyphosis exceeds 30 degrees, provided
that the injury is otherwise stable.177 Another group of authors
have suggested that a subset of stable burst fractures (AO type
A3) without neurologic injury may even be treated without
brace immobilization.180 However, it is important to consider
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if the patient presented with or developed a cauda equina
syndrome.
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FIG. 77.16 Burst fracture treated surgically. (A) Lateral radiograph. (B) Axial computed tomography (CT) image
showing canal compromise of approximately 75%. The patient was neurologically intact. (C) Sagittal CT image.
(D) Axial and (E) sagittal T2-weighted magnetic resonance images showing compression of the neural
elements. (F) Lateral postoperative radiograph showing short-segment pedicle screw instrumentation.

individual patient factors and overall sagittal alignment in
deciding on operative versus nonoperative management with
or without bracing, rather than relying on strict radiographic
criteria to make the decision.
Burst fractures with a neurologic deicit are deined as
unstable because of the neurologic injury, regardless of the
extent of deformity or the integrity of the posterior elements,
and are best treated surgically. his gives the best chance of
neurologic recovery and prevents neurologic deterioration in
incomplete injuries by stabilizing the fracture, as well as allowing early mobilization of the patient with paralysis. Exceptions
can be made for mild isolated nerve root injuries in an otherwise mechanically stable fracture pattern, with a high rate of
neurologic recovery under these circumstances.181 he dorsally
displaced fragments from the vertebral body usually cause the
neural element injury, typically necessitating direct decompression. Laminectomy alone is contraindicated because it
tends to be destabilizing and does not efectively decompress
the neural elements.22,164 Direct decompression is most reliably
accomplished via an anterior approach, but it can also be
performed via a posterior transpedicular approach.94,182–185

Burst fractures with PLC disruption are mechanically
unstable, thus are best treated with surgery. Posterior pedicle
screw instrumentation, either open with fusion or percutaneously without fusion, restores the posterior ligament tensionband efect and is the treatment of choice in neurologically
intact patients (Fig. 77.16).186,187
In cases with a highly comminuted vertebral body and/or
loss of greater than 50% of the vertebral body height, consideration may be given to performing anterior surgery to restore
the integrity of the anterior column (Fig.77.17).
Exceptions to surgical management of burst fractures with
posterior column injury should be made when the posterior
injury consists of isolated sagittal lamina fractures, minimally
displaced facet or spinous process fractures, and minimal facet
opening. Under these circumstances, the PLC may retain its
integrity; these injuries are therefore potentially stable. Consideration should be given to nonoperative treatment. True
disruption of the PLC means that the tension-band stabilizing
efect of the posterior elements is lost, as may occur with facet
subluxation, dislocation, and fracture-dislocation. his leads
to progressive instability; surgery is therefore indicated for
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FIG. 77.17 Burst fracture treated surgically, with a staged anteroposterior procedure. It was believed that the
degree of vertebral body height loss and angular kyphosis was best treated with restoration of the anterior
column followed by posterior pedicle screw instrumentation. (A–D) Injury ilms. (A) Sagittal computed
tomography. (B) Axial computed tomography. (C) Sagittal T2-weighted magnetic resonance image. (D) Lateral
radiograph. (E) Postoperative radiograph.

stabilization purposes. In those fractures with posterior
element injury, the diiculty lies in discerning the extent and
signiicance of this component of the injury and its implications on stability. When the signiicance of a posterior element
injury is borderline, it is usually safe to carefully mobilize a
neurologically intact patient in a brace and closely assess for
progressive instability with serial upright radiographs.
Long-term outcomes are mainly related to the extent of
neurologic injury. For patients who are neurologically intact,
the prognosis is generally favorable.188–192 Rates of residual
pain and disability as well as the ability to return to vigorous
work are similar in surgically and nonsurgically treated
patients. here are few prospective randomized studies on
these rates, however, which show conlicting results.188,190 If a
kyphotic deformity reduction is performed surgically or with
bracing, some loss of correction can be expected on long-term
follow-up.191,192 Radiographic parameters—including residual
kyphosis, vertebral body height loss, and canal compromise—
have not been deinitively shown to be associated with longterm outcomes (Fig. 77.18).177,178,188,190,192
Of these three measurements, kyphosis greater than 30
degrees is the least desirable and is probably most commonly
believed to be a predictor of long-term back pain.1

Flexion-Distraction Injuries (Chance
Fractures and Chance Variants)
he incidence of neurologic deicit in lexion-distraction
injuries is relatively low, perhaps 10% to 15%.193,194 he injury
classically occurs with lap-belt car restraints and is associated
with a high incidence of intraabdominal injury.195 he deforming forces occur in the sagittal plane, with displacement

manifesting as focal kyphosis due to gapping of the posterior
elements. Injuries through bone may be acutely unstable, but
tend to heal reliably via primary osteosynthesis. Injuries
through the PLC do not heal as well and carry a more guarded
prognosis. Brace treatment therefore is more likely to be successful in stable bony injuries. Minimally angulated bony
injuries may be treated in a brace. Minimally angulated ligamentous injuries may also be considered for brace treatment,
but need to be followed closely to make sure healing occurs.
Ligamentous injuries are more likely to require surgery than
a purely osseous injury. Caution should be used when declaring these injures minimally angulated because the kyphotic
deformity may reduce with gravity when the patient is imaged
in the typical supine position. Swelling and tenderness over
the spinous processes is potentially indicative of such a situation. MRI will show the extent of posterior injury in questionable cases. Unstable injuries of both the bony and ligamentous
types are best treated surgically. he main diiculty with this
type of injury is determining stability. Although a minimally
angulated fracture may be obviously stable, and a large focal
kyphotic deformity may be obviously unstable, it is the cases
that fall between these extremes that pose a dilemma. LeGay
et al.’s series of 18 patients showed an association of initial
kyphotic deformity greater than 17 degrees with a poor prognosis.195 Glassman et al.’s series of 12 cases in children showed
that brace treatment failed when the initial kyphotic deformity
was greater than 20 degrees.196 hese numbers are consistent
with biomechanical studies that show substantial structural
injury, with potential instability occurring somewhere between
12 and 17 degrees of traumatic focal kyphosis, and deinite
instability beyond 19 to 22 degrees of focal kyphosis.197–200
hese numbers are helpful in guiding treatment in borderline
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FIG. 77.18 This burst fracture was treated with bed rest and bracing
because the patient was unable to undergo surgery. (A) Injury sagittal
computed tomography image. (B) Axial computed tomography image.
(C–E) Radiographs almost 2 years after the injury. The fractures have healed,
and there is spontaneous fusion across T12–L1 anteriorly. (F) Though there is
residual kyphosis of greater than 30 degrees on the lateral radiograph, the
patient’s clinical appearance is normal. He has no back pain and has
returned to full activities.

A

B

C

D

cases. It is also reasonable under borderline circumstances to
brace and cautiously mobilize the neurologically intact patient
and obtain serial radiographs to see if instability becomes
apparent.
Surgery typically consists of posterior pedicle screw instrumentation and fusion across the injured level (Fig. 77.19). his
serves as a tension band and efectively counteracts the distractive forces across the posterior elements. Instrumentation
may cross two or three levels depending on the anatomy of
the injury. Consideration may be given to performing percutaneous pedicle screw instrumentation without fusion in a
primarily bony injury, allowing the fractures to heal, then
removing the instrumentation 6 to 9 months ater injury. It
should be noted, however, that this technique has not been
proven. Whatever technique is chosen, the goal is to achieve
anatomic reduction and stabilization, which under most circumstances is readily achieved because this injury occurs as a
result of tensile forces, thus tends to be less destructive than
those injuries that occur secondary to compressive forces.
Careful intraoperative patient positioning on a standard spine
frame with support under the hips and chest usually results in
excellent reduction of the injury, and the native anatomy is
restored. Long-term prognosis therefore tends to be favorable
in neurologically intact patients.195,196,201,202

Fracture-Dislocations
Fracture-dislocations are highly unstable injuries and result in
neurologic injury in 75% or more of patients.1,54 here is no
role for bracing. Surgical treatment should proceed as soon as
possible. If surgery must be delayed, the patient should be
carefully transferred to a rotating bed. Awake positioning is
usually well tolerated with proper patient coaching before
surgery and may be considered in patients with a normal
neurologic examination or incomplete neurologic injury. his
allows the patient to maintain muscle tone and self-protect
against further spinal subluxation. It also allows for real-time
monitoring of neurologic status. Posterior pedicle screw
instrumentation and fusion can usually be limited to two
levels above and below the injury, though longer constructs
may be required (Fig. 77.20).
Anterior procedures are usually not necessary. Prognosis
depends primarily on neurologic status.

Extension and Extension-Distraction Injuries
E

F

Extension injuries are rare, thus it is diicult to comment on
the incidence of neurologic deicit, but it is high, perhaps
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FIG. 77.19 Flexion-distraction injury (Chance fracture). (A–B) Computed tomography images showing the
vertebral body compression fracture component of the injury. (A) A subtle minimally displaced fracture through
the pedicle is seen. (B) A possible subtle nondisplaced pars fracture can be appreciated. (C) Sagittal
T2-weighted magnetic resonance imaging shows disruption of the posterior ligamentous complex. Because
the injury ilms showed normal spinal alignment, bracing was attempted. (D) Subsequent upright radiograph
shows loss of vertebral body height, distraction posteriorly (arrow), and focal kyphosis. (E) Alignment was
restored with posterior pedicle screw instrumentation, and the posterior element distraction is reduced, as
shown by the arrow.

75%.73,160 hese injuries tend to be unstable, especially in the
AS and DISH populations, but also when there is posterior
element disruption in an otherwise normal spine. Brace treatment may be considered when the injury is minimally displaced in an otherwise normal spine, but this injury pattern is
unusual. Otherwise, surgery is indicated. he spine should be

assumed to be highly unstable and consideration given to
awake positioning. In the ankylosed spine, multiple points of
ixation are necessary because of poor bone quality, usually
three levels above and below the injury. Percutaneous pedicle
screw instrumentation is ideal because the spine is immobile
and fusion is not necessary (see Fig. 77.11), but may be
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FIG. 77.20 Fracture-dislocation. (A) Lateral radiograph showing listhesis and facet dislocation, better
demonstrated by the (B–D) sagittal computed tomography images. (E–F) Sagittal T2-weighted magnetic
resonance images. (G) Axial T2-weighted magnetic resonance image. (H) The dislocation was reduced
intraoperatively, and a posterior instrumented fusion was performed.

technically challenging for a variety of reasons, including the
degree of kyphosis and diiculty visualizing the pedicles on
luoroscopy. Healing reliably occurs via primary osteosynthesis. Prognosis depends primarily on neurologic status.

Penetrating Injuries: Gunshot Wounds
Penetrating injuries are usually secondary to gunshot wounds
and are rarely mechanically unstable, even in the setting of a
neurologic deicit. Neurologic injury is common, with gunshot
wounds being the third leading cause of spinal cord injury
ater motor vehicle accidents and falls.203 Injuries involving a
single spinal column do not require bracing, but those involving two or three columns should be braced for 6 to 12 weeks.
Instability is seen in those rare cases with signiicant comminution of the vertebral body with extension of the injury
through the posterior elements. his is the rare type of gunshot
wound to the spine that may require surgical stabilization.
Low-velocity (handgun) wounds are the most common type
of injury in the civilian population; local wound care in this

population can usually be performed in the emergency
department. High-velocity (rile) gunshot wounds are less
common in the civilian population, for which debridement
should be performed in the operating room.
Surgery may be indicated to remove a bullet from the spinal
canal if it is causing compression of the neural elements and
there is a neurologic deicit. Below the level of the conus,
signiicant motor improvement may be seen, although this
does not seem to be the case above T12.204 With a stable
neurologic deicit, surgery should be performed at 7 to 10 days
ater injury to allow the dura and surrounding sot tissues to
heal, thus simplifying the operation.205 Cerebrospinal luid
cutaneous istulas occur 6% of the time ater laminectomy to
remove the bullet, but delaying surgery 7 to 10 days ater
injury may decrease the incidence.205 With a progressive
neurologic deicit, surgery should be performed as soon as it
is safe to proceed. Instrumentation is usually not required
unless instability is created during decompression to remove
the bullet. Surgery may also be considered to remove a bullet
from the disc space if mechanical symptoms occur and to
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Summary
Treatment of thoracic and lumbar spine injuries should be
guided by an understanding of spinal anatomy, the biomechanics of spinal stability, neurologic status, and overall
medical condition of the patient, including other injuries. he
goal is to achieve neural element decompression in the case of
a neurologic deicit, maintain or restore spinal stability and
alignment, and mobilize the patient expeditiously while minimizing the risk of complications. he majority of thoracic and
lumbar injuries in the neurologically intact patient can be
managed nonoperatively with bracing. he most common
exception to this is the unstable Chance fracture, which has a
low incidence of neurologic injury but is oten mechanically
unstable. Most injuries with an associated neurologic deicit
are best treated surgically. Unstable spine fractures, with or
without neurologic deicit, are usually best treated surgically.
he management of certain injuries continues to be controversial, especially burst fractures of moderate severity in the
neurologically intact patient. It is diicult to determine the
degree of instability with these fractures; consequently, they
may be treated operatively in one surgeon’s hands and nonoperatively in another’s. Across all thoracic and lumbar spine
injury types, the greatest diiculty in decision making occurs
in neurologically intact patients with radiographic parameters
that fall in the transition zone between what are classically
considered to be stable and unstable injuries. It is uncertain
what is the best approach in these cases; multiple factors must
be considered in determining the most appropriate course of
action.
PEARLS
1. Thoracic and lumbar burst fractures without signiicant posterior
column disruption can usually be treated nonoperatively with
bracing and early mobilization in neurologically intact patients.
Signiicant posterior column disruption may be directly

2.

3.

4.

5.

diagnosed with bilateral facet joint widening and should be
suspected when there is focal kyphosis of greater than 30
degrees, 50% loss of vertebral body height, or interspinous
process widening.
Traditional radiographic indicators of spinal instability are not
strongly supported by the literature. Consideration may be
given to treatment with a brace on a case-by-case basis in the
neurologically intact patient with radiographic measurements in
excess of 50% canal compromise and/or 50% vertebral body
height loss.
Surgical decompression and stabilization are usually indicated in
thoracic and lumbar spine injuries associated with a neurologic
deicit attributable to the injured level.
Percutaneous pedicle screw stabilization is promising (but
unproven) in the treatment of thoracic and lumbar spine
fractures, especially in cases of ankylosing spondylitis and
Chance fractures because healing of these injuries occurs by
direct osseous union.
Intravenous methylprednisolone is an option, but not a
guideline, in cases of blunt spinal cord injury and may be dosed
in accordance with the NASCIS protocol. There are risks
associated with administration of high-dose steroids, which
must be balanced with the potential beneits on a case-by-case
basis.

PITFALLS
1. Spine injuries are noncontiguous in 5% or more of cases;
radiographic investigations should therefore usually include the
entire spine once a signiicant spine injury is diagnosed.
2. Spine injuries are often missed on initial examination, especially
noncontiguous injuries in patients with multiple injuries.
3. Short-segment pedicle screw ixation is efective in some cases
and has the beneit of sparing fusion levels. The literature is
mixed, with relatively high rates of failure reported in some
series. These constructs should be used with caution, especially
when there is loss of anterior or middle column support.
4. Contemporary techniques, such as percutaneous pedicle screw
stabilization, have an increasingly important role in the
treatment of thoracolumbar fractures associated with spinal
ankylosis for which arthrodesis is arguably not necessary.
However, their role in stabilization of thoracolumbar fractures in
a nonankylosed spine is still evolving.
5. Neurologic injury in burst fractures is typically caused by
anterior neural element compression from the retropulsed
vertebral body. In these cases, laminectomy alone as a
decompressive procedure is not efective and may further
destabilize the spine. The ofending vertebral body fragment
must be directly addressed, which may be done reliably from an
anterior or lateral approach, or in some cases via a posterior
approach.
6. In patients with neurologic injury, an accurate assessment of
neurologic status can only be made after the patient has
recovered from spinal shock. This almost always occurs within
48 hours of injury.

KEY POINTS
1. The most controversy in the management of thoracic and
lumbar spine injuries involves surgical versus nonsurgical
treatment of burst fractures.
2. Thoracic and lumbar spine burst fractures in neurologically
intact patients can usually be treated nonoperatively with
bracing.

S E C T I O N

avoid potential lead poisoning. Lead toxicity may result from
a bullet bathed in synovial luid, which may also be true with
a bullet in the disc space.206
Spine infections following gunshot wounds are well recognized, most commonly following injury to a hollow viscus,
such as the colon. For gunshots not involving visceral injury,
prophylactic parenteral antibiotics should be administered for
72 hours, with a low incidence of subsequent spine infection.
For gunshots involving contaminated visceral injury, broadspectrum parenteral antibiotics should be administered for
7 to 10 days, although a shorter course may be adequate.207
Infection rates may range from 5% to 10% with these
regimens.205,207,208
It is common for patients with spinal cord injuries secondary to a gunshot wound to experience local and referred pain
radiating into the paralyzed extremities. Surgical decompression does not seem to help.204,206 Pain usually slowly resolves
with time; medications such as nonsteroidal antiinlammatory
drugs, amitriptyline, carbamazepine, gabapentin, or pregabalin may be of beneit.
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3. Surgery is usually appropriate in patients with neurologic injury
and/or signiicant spinal instability.
4. The goal of surgery is to achieve neural element decompression
in the case of a neurologic deicit, restore spinal stability and
alignment, and allow for patient mobilization while minimizing
the risk of complications.
5. The entire spine should be imaged when a spine fracture is
detected, especially when a neurologic deicit is present,
because noncontiguous spine injuries occur up to 5% of the
time.
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with neurologic deicit showed improvement.
2. Cantor JB, Lebwohl NH, Garvey T, Eismont FJ. Nonoperative
management of stable thoracolumbar burst fractures with early
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Sacral Fractures
Carlo Bellabarba
Richard A. Lindtner
Richard J. Bransford

he sacrum acts as a keystone at the junction of the pelvis and
the spinal column. It protects lumbosacral neurologic function and maintains pelvic and spinal column alignment.
Accordingly, sacral fractures can potentially compromise
stability of the pelvic ring, the spinopelvic junction, or both.
Injuries to the sacrum may result in deformity, chronic pain,
and loss of lower extremity, bowel, bladder, and sexual function. Consequently, treatment of sacral fractures needs to
optimize both structural and neurologic outcome and requires
a thorough understanding of neural decompression and
skeletal reconstruction techniques. he severity of sacral
fractures varies widely from insuiciency fractures in osteopenic patients to complex fracture patterns seen in high-energy
injury mechanisms, such as motor vehicle collisions or falls
from signiicant heights. Care of these patients must take into
consideration the associated injuries in the trauma patient and
the underlying medical conditions in patients with metabolic
bone disease. Coordination of diagnostic and treatment eforts
between the spine surgeon and other surgical, medical, critical
care, and rehabilitation specialists is necessary to obtain
optimal results.

Anatomic and Biomechanical Considerations
he sacrum is the lowest functional portion of the spinal
column and provides an anchor for the mobile lumbar spine.
Lumbosacral motion occurs through the lumbosacral intervertebral disc and the paired zygapophyseal (facet) joints. In
addition to the usual intervertebral stabilizing structures, the
lumbosacral articulation is further stabilized by the iliolumbar
ligaments connecting the L5 transverse processes to the crest
of the ilium and the sacrolumbar ligaments that have an origin
contiguous with the iliolumbar ligament and insert into the
anterosuperior aspect of the sacrum and sacroiliac joint.1
hese structures make the L5–S1 motion segment inherently
more stable than the more cephalad lumbar motion segments.
he sacrum has an inclination that is balanced by a cascade
of lumbar lordosis, thoracic kyphosis, and cervical lordosis
so that a plumb line from C7 typically passes through the

posterior aspect of the L5–S1 intervertebral disc. he sacral
inclination angle, deined as the angle between a tangent to
the dorsal surface of the sacrum and a vertical reference line,
varies between 10 and 90 degrees and is usually between 45
and 60 degrees.2,3 Pelvic incidence measures the orientation of
the lumbosacral junction relative to the pelvis and approximates 50 degrees in the general population.4 It is normally
referred to in the context of sagittal plane deformities and is
valuable in determining sagittal alignment when treating
sacral fractures. Sacral fractures that signiicantly alter spinal
sagittal alignment, usually by shiting the C7 plumb line
anteriorly, may result in diiculty in maintaining an erect
posture, compensatory hyperlordosis, and associated functional deicits5 (Fig. 78.1).
he sacrum forms the posterior segment of the pelvic ring
through the sacroiliac joints. Forces transmitted through the
lumbosacral articulation into the upper sacrum propagate
laterally across the sacroiliac joints to the pelvis (Fig. 78.2).
Because of these load-transferring properties, the sacrum
has been described as the keystone of the pelvic ring.6 More
speciically, the sacrum functions as a “true keystone” in the
pelvic outlet plane, in which the orientation of the sacrum
relative to the ilium is such that axial forces lock the sacrum
into the pelvic ring and further stabilize the sacroiliac articulation. In the pelvic inlet plane, the sacrum is shaped like a
“reverse keystone” and its position in this plane is inherently
unstable, permitting pelvic ring motion (Fig. 78.3). his pelvic
ring instability necessitates substantial intrinsic and extrinsic
ligamentous stabilization of the sacroiliac joints. Intrinsic stability is provided by the substantial interosseous ligaments and
posterior sacroiliac ligaments as well as the relatively weaker
anterior sacroiliac ligaments. Extrinsic stability is provided
by the sacrospinous and sacrotuberous ligaments of the
pelvic loor.7
he sacrum itself is composed of ive kyphotically aligned
vertebral segments. he upper two sacral segments are similar
in size to the lumbar vertebrae, whereas the lower three sacral
segments rapidly diminish in size.8 Intersegmental fusion
begins between the lowest two segments around the age of 15
years and proceeds in a cephalad direction until the sacrum is
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FIG. 78.1 Sagittal plane malalignment after malunited AO type C3 sacral fracture. Because of its caudal
location, malunited fractures of the sacrum can have highly deleterious efects on spinal alignment. (A) Lateral
spine radiograph and (B) sagittal computed tomographic (CT) image of the lumbosacral spine after L4 pedicle
subtraction osteotomy had been done in an unsuccessful attempt at treating severe sagittal malalignment due
to kyphotically malunited AO type C3 sacral U fracture (arrow). (C) Persistent, severely positive sagittal plane
deformity. (D) Sagittal CT image and (E) lateral radiograph after L2 pedicle subtraction osteotomy largely
restored physiologic sagittal plane alignment (F). Stabilizing sacral fractures in acceptable alignment helps
prevent the need for more complex and risky reconstructive operations in the future.
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FIG. 78.2 Weight-bearing axis of the spinal column and pelvic ring.

he upper sacral body, which constitutes the base of the
mobile spine, consistently has the highest density of cancellous
bone, with the S1 segment adjacent to the superior endplate
having the greatest density overall. he ventral aspect of the
upper S1 body that projects anteriorly and superiorly into
the pelvis is termed the sacral promontory. he sacral ala, the
lateral portion of the sacrum that articulates with the ilium
through the sacroiliac joints, is largely cancellous and is
formed by the coalescence of the sacral transverse processes.
here is wide variability in sacral alar morphology among
individuals, and the ala can be substantial broad shoulders of
bone or narrow, partially segmented structures. he cancellous alar bone is hypodense, particularly in older individuals,
and an alar void is a consistent inding in middle-aged and
older adults.11,12 he relative diference in bone density between
the upper and lower sacral body predisposes this transitional
area to fracture. he hypodense ala are predisposed, particularly in the older and osteopenic person, to fracture line
propagation. his efect is accentuated by the relative strength
of the sacroiliac joint ligaments that stabilize and prevent their
displacement or disruption. Similarly, younger individuals
injured before complete ossiication of the sacrum are predisposed to disruption at the S1–S2 level owing to relative weakness at that interval. he relatively sparse alar bone density
must also be taken into consideration when planning reconstructive procedures.
he posterior surface of the sacrum is convex and is formed
by the coalescence of posterior elements. Accordingly, the
middle sacral crest corresponds to the spinous processes, the
intermediate sacral crests correspond to the zygapophyseal
joints, and the area in between corresponds to the laminae.
he lowest one or two sacral segments have incompletely
formed bony posterior elements, resulting in an aperture into
the sacral spinal canal known as the sacral hiatus. Enlargement
of the sacral hiatus may relatively weaken the sacrum and
predispose it to fracture.13

FIG. 78.3 Keystone and reverse keystone coniguration of the sacrum in the pelvic ring.
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completely fused by 25 to 30 years of age. Signiicant variability in upper sacral anatomy can exist in the form of transitional vertebrae and sacral dysplasia. Forms of transitional
vertebrae include a sacralized lumbar segment, an incomplete
congenital fusion of L5 to the sacrum that is usually unilateral,
and a lumbarized sacrum identiied by a persistent articulation between the S1 and S2 segments.9 Complete or bilateral
sacralization may result in dysplastic sacral morphology with
the upper sacrum located cephalad relative to the iliac crests.
Because upper sacral variability results in signiicant alteration
in the relationships among the sacrum, pelvis, and spinal
column, as well as their adjacent neurovascular structures,
anatomic variations must be recognized during the evaluation
and treatment of sacral fractures, particularly if surgical treatment is considered.10
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Sacral pedicles and laminae form the lateral and posterior
borders of the spinal canal as it tapers in size distally from a
triangular cross-section at the S1 level to a lat and narrow
cross-section at the most caudal segments. he dural sac typically ends at the S2 level and the ilum terminale attaches its
caudal end to the coccyx. At the junction of the body and the
sacral ala are four paired ventral and dorsal neuroforamina
through which the ventral and dorsal sacral nerve root rami
pass, respectively. he relative space available to the sacral
nerve roots in the ventral foramina is lowest at the S1 and S2
levels, where the nerve roots occupy one-third to one-fourth
of the foraminal area compared with the S3 and S4 levels,
where the nerve roots occupy one-sixth of the available
foraminal space. It follows that the lower sacral roots are less
likely to be impinged upon in injuries involving displacement
and narrowing of the neuroforamina.14
Numerous structures positioned adjacent to the sacrum
may be injured in sacral fracture-dislocations. he majority
are neurovascular structures, with the rectum being the only
visceral structure in close proximity. Below the rectosigmoid
junction, located at the S3 level, the mesentery disappears and
the rectum lies directly adjacent to the sacrum.15
he dorsal nerve roots exit through their respective posterior neuroforamina to supply motor branches to the paraspinous muscles and cutaneous sensory branches that form the
cluneal nerves. Anteriorly, the L5 nerve root is intimately
associated with the sacrum as it passes underneath the inferior
edge of the sacrolumbar ligament and drapes over the anterosuperior aspect of the sacral ala. It anastomoses with the L4
ventral ramus and, in passing caudally, adjacent to the sacral
ala, is joined by the exiting ventral sacral nerve roots to form
the sacral plexus.16 Branches of the sacral plexus include the
sciatic nerve, pudendal nerve, superior gluteal nerve, and
inferior gluteal nerve. In addition, the sympathetic chain lies
directly on the ventral sacrum immediately medial to the
neuroforamina. At each level, it distributes a gray ramus communicans to the ventral nerve root. herefore, the sacral
plexus mediates major lower extremity function, as well as
bowel, bladder, and sexual function. he dual innervation of
the perineal structures from both the let and right sacral
plexus is protective of bowel, bladder, and sexual function.
hese functions are largely preserved in the event of transection of the sacral nerve roots unilaterally, whereas bilateral
transection causes complete loss of function.17
he presacral area has an extensive vascular network that
is highly variable. he middle sacral artery typically courses
ventrally along the midline of the L5 vertebral body, across the
L5–S1 disc space and the sacral promontory and down the
sacrum ater branching from the aorta at the common iliac
bifurcation. he common iliac arteries subsequently give rise
to the internal iliac arteries that lie anterior to the sacroiliac
joints and give of both superior and inferior lateral sacral
arteries. he superior lateral sacral artery traverses the upper
sacroiliac joint and proceeds caudally just lateral to the sacral
foramina, giving of spinal arteries that pass through the S1
and S2 ventral foramina to the spinal canal. he inferior lateral
sacral artery traverses the inferior aspect of the sacroiliac joint
before anastomosing with the middle sacral artery and giving

of spinal arteries that pass through the S3 and S4 ventral
foramina.9 he internal iliac veins lie posteromedial to the
internal iliac arteries and course caudally. hey are located
medial to the sacroiliac joint directly adjacent to the sacral
ala.15 he internal iliac veins are the repository of an extensive
presacral venous plexus. his plexus is formed by extensive
anastomoses between the lateral and middle sacral veins and
receives transforaminal veins that communicate with epidural
veins in the spinal canal.1,8,18 his extensive vascular network
renders anterior exposures to the sacrum impractical and
perilous.

History and Classiication
Sacral fracture classiications have prioritized several diferent
features over time and have evolved over the past 70 years to
emphasize variables that are currently believed to have the
most impact on treatment and prognosis: the presence of
neurologic deicits, posterior pelvic instability, and spinopelvic
instability.
Bonnin reported the irst classiication of sacral fractures
in 1945.19 He divided sacral fractures by mechanism of injury
into those occurring as a result of either direct or indirect
forces. Direct force injuries occurred from a projectile or a fall.
hese were isolated injuries to the sacrum and had minimal
or no impact on either spinal or pelvic instability. Conversely,
with indirect injuries resulting from the transmission of forces
through a disrupted pelvic ring, he described several anatomic
patterns of injury, including the propensity of the sacrum to
fracture through the S1 and S2 neuroforamina at the junction
of the ala and the body, resulting in a “broken link in the solid
connections between the ilium and the vertebral column.”
In addition to pelvic ring and/or spinal column instability,
anatomic patterns of injury that included the neuroforamina
or spinal canal were noted to be associated with possible
neurologic deicit. Speciically, S1 or S2 nerve root injury
was common in his cases. Bowel and bladder dysfunction
as a result of lower sacral nerve root injury was sometimes
also seen.19
Several other classiication schemes based on the identiication of additional injury patterns were subsequently proposed.20,21 None was widely adopted until 1988, when Denis
and colleagues,14 based on a series of 236 sacral fractures,
formulated a simpliied anatomic classiication that correlates
fracture location with the incidence of neurologic injury. his
classiication divides the sacrum into three zones (Fig. 78.4).
In zone 1, or the alar zone, fractures remain lateral to the
neuroforamina throughout their course. In zone 2, or the
foraminal zone, fractures are located in the transition area
between the sacral ala and body and involve one or more
neuroforamina while remaining lateral to the spinal canal. In
zone 3, or the central zone, fractures involve the spinal canal.
he key relationship is that the incidence and the severity of
neurologic injury increases as fractures are more centrally
located. Accordingly, in the series of Denis and colleagues,
zone 1 fractures had a 5.9% incidence of neurologic injury,
primarily to the L5 nerve root as it coursed over the ala. Zone
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FIG. 78.4 Denis and coauthors14 categorized sacral fractures according to
the location of fractures relative to the sacral foramina (zones 1, 2, and 3).
More medially located fractures have a higher risk of neurologic deicits and
a worse prognosis.

FIG. 78.5 Descriptive classiication of sacral fractures: Sacral U variants with
spinopelvic instability include (clockwise from top left) H, U, Y, and lambda
fractures.

2 fractures had a 28.4% incidence of associated neurologic
injury occurring as a result of either foraminal displacement
and resulting impingement on the exiting nerve root or of
the “traumatic far-out syndrome,” in which the L5 nerve
root is caught between the L5 transverse process and the
displaced sacral ala. Zone 3 fractures had a 56.7% incidence
of neurologic injury resulting from injury at the level of the
spinal canal, with 76.1% of these individuals having bowel,
bladder, and sexual dysfunction. Denis and colleagues14 noted
a spectrum of zone 3 sacral fracture-dislocations, including
both transverse and longitudinal fracture line orientations,
and described a subtype that they termed a sacral burst fracture, consisting of retropulsion of the sacral body with intact
sacral laminae.
Gibbons and colleagues22 subsequently considered 44 cases
of sacral fracture according to the Denis classiication system.
hey found a 34% incidence of neurologic injury overall. Six
of 25 patients (24%) with zone 1 injuries had L5 and/or S1
nerve root injuries. Two of seven patients with zone 2 injuries
similarly had L5 and S1 deicits. No patient with zone 1 or
2 injuries had bowel or bladder dysfunction. hree of ive
patients with zone 3 injuries had neurologic injury, two with
bladder dysfunction. Gibbons and colleagues22 used these
indings as a basis for a classiication of neurologic injury from
sacral fractures. Neurologic injuries were classiied as follows:
1, no injury; 2, lower extremity paresthesias only; 3, lower
extremity motor deicit with intact bowel and bladder function; or 4, impaired bowel and/or bladder control. hey also
noted that signiicant neurologic deicit is rare in transverse
sacral fractures below the S4 level. his classiication system,
while simple, does not address incomplete injuries or sexual
function.

Huittinen,23 in a postmortem study of 42 individuals with
posterior pelvic ring disruptions, studied the incidence and
anatomic basis of nerve injuries. A total of 40 lumbosacral
nerve injuries were identiied in 20 of the autopsies. A total of
53% were traction injuries and 38% were ruptures. Compression injuries, the most amenable to surgical intervention, were
present in only 20% of the nerve injuries.
Because of the high potential for neurologic injury, as well
as spinal column instability, sacral body (Denis zone 3) fractures have been speciically considered by several investigators.
Early case reports oten characterized the injury pattern as
solely a transverse fracture, possibly owing to imaging
limitations.24–26 Computed tomography (CT) demonstrates
that most transverse fractures of the upper sacrum have
complex fracture patterns. he majority of these injuries are
now understood to consist of a transverse fracture of the
sacrum with associated longitudinal or “vertical” injury components, usually in the form of bilateral transforaminal fractures that extend as far rostrally as the lumbosacral junction,
the so-called sacral “U” fracture. Variations in fracture line
propagation include the “H,” “Y,” and “lambda” fracture patterns (Fig. 78.5). here is also a high incidence of L5 transverse
process fractures, indicating disruption of the iliolumbar
ligament.27
Roy-Camille and colleagues28 reviewed their experience of
13 patients with transverse sacral fractures, 11 as a result of
attempted suicide by jumping. hey classiied the fractures as
type 1, lexion deformity of upper sacrum (angulation alone);
type 2, lexion deformity with posterior displacement of the
upper sacrum on the lower sacrum (angulation and posterior
translation); and type 3, anterior displacement of the upper
sacrum without angulation (anterior translation alone). On
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the basis of cadaveric studies, they hypothesized that types 1
and 2 were caused by impact with the lumbar spine in lexion,
whereas type 3 fractures were caused by impact with the
lumbar spine and hips in extension.28 Strange-Vognsen and
Lebech29 subsequently reported a case of comminution of the
upper sacrum without signiicant angulation or translation
that they termed a type 4 injury relative to the Roy-Camille
classiication. hey hypothesized that in type 4 injuries the
lumbar spine was in the neutral position at the point of impact
(Fig. 78.6). A type 5 injury, which consists of segmental comminution of the sacrum, has been proposed by Schildhauer
and coauthors.30 All of these injuries are caused by indirect

1

2

3

4

FIG. 78.6 Roy-Camille classiication of sacral fractures. The Roy-Camille
classiication,28 as modiied by Strange-Vognsen and Lebech,29 categorizes
AO type C345 fractures according to sagittal plane angulation and
displacement.

A

C

forces to the lumbosacral junction. Unfortunately, the location
of the transverse component of the sacral body fracture is not
speciied by this classiication system. Deining the transverse
sacral fracture as high (involving S2 or above) or low (involving S3 or below) can be helpful from both a biomechanical
and neurologic standpoint.24
Other patterns of sacral fractures have been identiied as
resulting from speciic mechanisms or having predictable
patterns of associated injuries. In particular, in contrast to
transverse Denis zone 3 sacral fractures, midline longitudinal
Denis zone 3 sacral fractures have a low incidence of neurologic injury and constitute a very diferent injury from the
standpoint of treatment and prognosis (Fig. 78.7).31-33 his
injury, in which the sacrum is disrupted through a sagittal
plane fracture, was originally reported by Wiesel and colleagues in 1979, who suggested that these fractures may
have a lower incidence of neurologic injury than transverse
fractures because the nerve roots are displaced laterally
instead of being subjected to the compression or possibly even
transection that can result from shear forces associated with
displaced transverse fractures.33 Bellabarba and colleagues31
subsequently described this injury as a variant of the anteroposterior compression pelvic ring injury. In their series of 10
patients, none had neurologic deicits in contradistinction to
the high incidence of neurologic injury reported in patients
with predominantly transverse sacral fractures through the
spinal canal.31
Even in the absence of a transverse fracture line, sacral
fractures can be associated with spinal column instability. Isler

B

D

FIG. 78.7 (A–B) An unusual Denis zone 3 variant that is usually not accompanied by neurologic deicits
consists of a longitudinal fracture of the sacral vertebral bodies that does not extend into the neuroforamina
(arrows). Because this is typically the most benign of the longitudinal sacral fracture patterns, it has been
designated as AO type B1. (C–D) After treatment with iliosacral screw ixation and symphyseal plating.
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described variations of longitudinal sacral fractures through
the S1 and S2 neuroforamina that result in L5–S1 motion
segment instability owing to facet joint disruption (Fig. 78.8).34
Injuries with the fracture line lateral to the S1 articular process
are not associated with instability of the lumbosacral articulation because the L5–S1 articulation remains continuous with
the stable fracture component of the sacrum. Fracture that
extends into or medial to the S1 articular process, however,
may disrupt the associated facet joint and potentially destabilize the lumbosacral junction (Fig. 78.9). Complete displacement of the facet joint can cause a locked facet joint, making
sacral fracture reduction diicult with closed methods alone.
Facet disruption may also cause posttraumatic arthrosis and
late lumbosacral pain.
In contrast to sacral fractures that occur as a result of highenergy mechanisms of injury, the precipitating event in sacral
insuiciency fractures is oten not identiiable or may be
related to a fall onto the buttocks from a standing or sitting
position. Insuiciency fractures occur in weakened bone, and
these injuries typically occur in postmenopausal women due
to osteoporosis. Conditions contributing to the suboptimal
bone quality, such as chronic corticosteroid use or a history of
radiation therapy to the pelvis, are oten present (Fig. 78.10).35
he presenting symptoms are oten vague and frequently
consist of poorly localized low back pain that may be exacerbated by sitting and standing, possibly with lumbosacral
radiculopathy. hese fractures are typically oriented vertically
and occur through the ala adjacent to the sacroiliac joint.
here may also be a transverse component resulting in more
complex sacral “U”-fracture variants. Because of the predisposition of these patients to osteoporotic fractures, there is
high association with insuiciency fractures at other sites,
most commonly the pubis and thoracolumbar vertebrae.
Neurologic deicits are uncommon in most series.36,37 Cauda
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Type 1
Lateral to L5–S1
facet joint

Type 2
Through L5–S1
facet joint

Isler 1990

Lumbosacral
injuries

Type 3
Medial to L5–S1
facet joint
FIG. 78.8 Isler classiication of sacral fractures.34 Isler classiied vertical sacral
fractures according to the location of the fracture relative to the L5–S1 facet
joint. Fracture patterns that extend medial to the L5–S1 facet joint (types 2
and 3) result in spinopelvic instability.

C

FIG. 78.9 (A) Displaced Denis zone 2 sacral fracture associated with (B–C) dislocation of the L5–S1 facet joint,
Isler type 3. (D–E) After open reduction and triangular osteosynthesis.
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FIG. 78.10 (A–B) Sacral U insuiciency fracture in a patient with a history of radiation therapy to the pelvis for
cervical cancer who had recently developed severe low back pain and progressive loss of bowel and bladder
function. (C) After treatment with decompression and lumbopelvic ixation, her bowel and bladder function
returned and she was able to resume pain-free normal activity.

equina dysfunction has been reported, however, and neurologic status must be carefully considered.38
Mechanical factors related to the transfer of forces from the
lumbosacral spine to the pelvis may also cause sacral insuiciency fractures in the patient predisposed to osteoporosis.29
Speciically, unilateral sacral insuiciency fractures have been
identiied contralateral to the convex side of lumbar scoliosis.36
Pelvic stress concentration as the result of lumbosacral spine
fusion has also been described39; sacral insuiciency fractures
caudal to previous lumbar fusions are also increasingly being
reported. hese fractures probably represent failure of the
sacrum to withstand forces concentrated there as a result of
the large cephalad lever arm.40–44
Stress fractures of the sacrum, as opposed to insuiciency
fractures, occur in bone that is not weakened by a pathologic
process. hey are seen in individuals whose activity level
causes repetitive stress that exceeds the bone’s reparative
ability. High-demand individuals, such as endurance athletes
and military recruits, are particularly susceptible. As with
individuals with insuiciency fractures, these patients may
present with vague and nonspeciic low back pain. Other areas
of stress fracture may cause additional symptomatic areas;
femoral neck fractures, in particular, must be considered in
the instance of groin pain. In some instances, the etiology of
low-energy sacral fractures may be related to both repetitive
stress and insuiciency. In particular, sacral fractures in female
athletes with amenorrhea may result from both overuse and
osteopenia.
A recent AO Spine–led efort has categorized sacral fractures based primarily on the following: (1) the extent and type
of instability; (2) the severity of neurologic injury; and (3)
associated injuries or conditions that may inluence treatment
or prognosis.45 his was done with the goal of combining the
various existing classiications and other published observations described earlier into a comprehensive classiication
system that helps guide treatment and correlates with prognosis (Fig. 78.11). his system is designed to complement the
separate AO Trauma pelvic fracture classiication. Type A
fractures range from inconsequential injuries to severely displaced transverse fractures that occur below the sacroiliac
joint, and therefore result in neither posterior pelvic nor

spinopelvic instability. Type B fractures are longitudinal or
“vertical” fracture patterns that result in posterior pelvic
instability without compromise of the spinopelvic junction.
Type C injuries result in spinopelvic instability with or without
posterior pelvic instability. Type A and type B fractures are
each divided into three subtypes, and type C injuries are
divided into four subtypes, categorized according to injury
severity based on greater risk of neurologic deicit or of instability. Neurologic injury is classiied according to the same
system used by the AO Spine classiication throughout the
entire spine: NX, patient not examinable; N0, no neurologic
deicit; N1, transient neurologic deicit; N2, nerve root injury;
N3, incomplete spinal cord injury or cauda equina syndrome
(either complete or incomplete); N4, complete spinal cord
injury. Because sacral fractures do not occur at the spinal cord
level, they cannot cause neurologic injuries more severe than
N3. Modiiers that may afect treatment or prognosis include
the following: M1, sot tissue injury (either an open or a closed
degloving injury); M2, metabolic bone disease; M3, anterior
pelvic or acetabular fracture; M4, sacroiliac joint injury.

Evaluation
Sacral fractures occur in two distinctly diferent patient groups.
Most commonly, sacral fractures are the result of high-energy
trauma. As noted previously, they are also increasingly being
seen in patients with metabolic bone disorders that predispose
to pathologic fractures. In both groups of patients, but more
frequently in patients with insuiciency fractures, diagnosis is
frequently delayed, which may result in further displacement
or neurologic deterioration. In their retrospective analysis
of 236 patients with sacral fractures, Denis and colleagues14
found that in neurologically intact patients, the diagnosis of
sacral fractures was made during the initial hospitalization
only 51% of the time. he presence of a neurologic deicit
increased the diagnostic accuracy to only 70%. As in most
cases of diagnostic delay, the etiology of missed sacral fractures is multifactorial and ranges from the relative diiculty in
identifying these fractures on screening anteroposterior pelvis
radiographs combined with the presence of associated injuries

TYPE
A.

General Description
Lower Sacral
(Coccygeal)
Injuries (Below
SI Joint)

No Impact on
Pelvic Ring or
Spinopelvic
Instability

Specific (Injury Types)

Images

A1. Coccygeal or Lower Sacral
Compression or
Ligamentation
Avulsion Injury

A2: Nondisplaced
Transverse Fractures
Below SI Joint

A3: Displaced Transverse
Fractures Below SI Joint

B.

Posterior Pelvic
Injuries

Posterior Pelvic
Ring Instability
Without SpinoPelvic Instability

B1: Central Longitudinal
Sacral Fracture Without
Foraminal Involvement

B2: Unilateral Longitudinal
Transalar Fracture Without
Foraminal Involvement

B3: Unilateral Transforaminal
Fracture

FIG. 78.11 AO Spine sacral fracture classiication. SI, sacroiliac. In addition to the morphologic classiication
shown in the igure, neurologic status is indicated according to the AO Spine Neurologic Injury Scale. NX,
unable to assess neurologic status; N0, no neurologic deicits; N1, transient neurologic deicits; N2, nerve root
injury; N3, cauda equina syndrome or incomplete spinal cord injury; N4, complete spinal cord injury (does not
apply to sacral fractures). Modiiers are also added for speciic conditions that may afect treatment or prognosis
as follows: M1, signiicant soft tissue injury; M2, metabolic bone disease; M3, anterior pelvic ring injury; M4,
sacroiliac joint injury; M5, transitional lumbosacral segmentation; M6, lumbosacral spine fusion above sacral
fracture.
Continued
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Spino-Pelvic
Injuries

Spino-Pelvic
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C0: Sacral U-Type
Insufficiency Fracture

C1: Unilateral B-Type
Fracture That Detaches
SI Superior Facet

C2: Bilateral Type B
Injuries Without
Transverse Fracture

C3: Displaced HighEnergy U-Type
Fracture

FIG. 78.11, cont’d

in the trauma patient to low clinical suspicion in patients with
insuiciency fractures.14,46 With the increased use of full-body
CT scans to evaluate polytrauma patients, delayed diagnosis
of sacral fractures has become much less common in patients
with high-energy injuries.
In trauma patients, the transfer of energy resulting in a
fracture of the sacrum oten causes other injuries, including
life-threatening head and thoracoabdominal trauma. In these
patients, emergent resuscitation is the top priority. Accordingly, Advanced Trauma Life Support protocol begins with a
primary survey during which conditions that are immediately
life threatening are addressed. Resuscitation is focused on
maintaining cardiopulmonary and hemodynamic stability.
Only ater this primary goal has been achieved should the
secondary survey be completed, composed of examination of
the patient to identify additional injuries.47
he secondary survey includes screening evaluation of
both the spinal column and pelvic ring. Precautions to maintain spinal column integrity are necessary; patients should be

initially maintained on a lat surface and log-rolled side to side
to prevent spinal column displacement. Evaluation includes
inspection and palpation of the patient’s back from the occiput
to the coccyx. Sacral fractures commonly have overlying skin
discoloration or lacerations, palpable step-ofs or crepitus,
localized tenderness, and hematomas, any of which can indicate the presence of a sacral fracture. Signiicant sot tissue
contusion or internal degloving, analogous to Morel-Lavallee
lesions seen with acetabular fractures, can have implications
on subsequent treatment.48 Manual compression over the iliac
crests, both anteroposteriorly and laterally, may also help
identify a sacral fracture. Perforations of the rectum or vagina
can represent open sacral fractures, which can be detected
with rectal and vaginal digital examination as well as the use
of a speculum and proctoscope.
Because pelvic ring disruption may be associated with signiicant intrapelvic hemorrhage, temporary methods of pelvic
ring stabilization may be necessary to reduce pelvic volume
and provide provisional stability. hese methods include the
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postvoid residuals or cystometrography are useful diagnostic
aids.
Careful scrutiny of the anteroposterior pelvic radiograph,
if available, allows for a majority of sacral fractures to be
identiied. Nevertheless, with the use of plain radiographs
alone, sacral fractures can be easily missed, owing to a variety
of circumstances. Because of its sagittal inclination and the
juxtaposition of the iliac wings, sacral fractures can be diicult
to visualize on the anteroposterior radiograph. his is particularly true of injuries with less obvious deformity of the pelvic
ring that present mainly with displacement of the transverse
sacral component and spinopelvic instability. Osteopenic
bone and sacral dysmorphism can also obscure landmarks,
making the identiication of fractures more challenging.
he increasingly routine use of more sophisticated imaging
techniques in the initial assessment of the trauma patient’s
visceral injuries, such as CT of the abdomen and pelvis, has
facilitated the detection of previously under-recognized sacral
fractures. he identiication of a sacral fracture on these
studies mandates complete radiographic evaluation, including
a dedicated CT scan of the sacrum with 2-mm or less axial
cuts and sagittal and coronal reformations to allow the detail
required for determining the fracture coniguration, resulting
instability pattern, and extent of sacral canal and neuroforaminal compromise (Fig. 78.12).58 hree-dimensionally reformatted CT scans may add insight into fracture morphology for
less experienced clinicians or in the case of highly complex
fracture conigurations.
Several additional plain radiographic projections can yield
important information. he pelvic inlet and outlet views,
obtained with 45-degree caudal and 60-degree cephalad tilt,
respectively, are standard techniques for evaluating pelvic ring
injuries. he Ferguson view, a coned-down true anteroposterior view of the sacrum, is obtained with a 30-degree cranially
inclined projection. A lateral radiograph is useful in evaluating
sacral inclination and the presence of a transverse fracture.
Useful radiographic indicators of sacral injuries include
abnormalities in the contour of the sacral foramina and sacral
arcuate lines and the presence of a “paradoxical inlet” view of
the sacrum on the anteroposterior pelvic view. heir presence
strongly suggests a sacral fracture, and further investigation
should be done. hese radiographic projections can also be
obtained from three-dimensional reconstruction of the initial
posttraumatic CT image, limiting the need for additional
imaging studies.
Magnetic resonance imaging is not usually helpful except
in cases of unclear neurologic deicits or discrepancies between
skeletal and neurologic levels of injury, although it may
provide early evidence of lumbosacral nerve root avulsion.59
Recent advances in magnetic resonance imaging neurography
allowing for visualization of lumbosacral plexus injuries may
be of some help in their evaluation, although at this point it is
neither a reliably efective nor a practical diagnostic tool.

General Principles
Decision making in sacral fracture treatment is primarily
based on the fracture pattern and location and neurologic
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application of a circumferential pelvic antishock sheet,10 pelvic
clamp, anterior external ixator, or skeletal traction, depending
on the pelvic ring fracture pattern. Associated vascular injury,
particularly to the hypogastric arterial system, may require
embolization to adequately control arterial hemorrhage.49
Determining the patient’s neurologic status is of paramount
importance in patients with sacral fractures.50–52 A rectal
examination is performed early in the workup of all multiply
injured patients, even in the absence of obvious sensorimotor
deicits in the extremities, to evaluate perianal sensation, anal
sphincter tone, and voluntary perianal contraction and to
assess for presence of anal wink and the bulbocavernosus
relex. he bulbocavernosus is a polysynaptic relex that is
generally useful in testing for spinal shock and gaining information about the state of spinal cord injuries, but is particularly
useful in evaluating sacral root function. he test involves
monitoring anal sphincter contraction in response to squeezing the glans penis or clitoris, or tugging on an indwelling
Foley catheter. he relex is spinal mediated and will be absent
with injury to the S2–S4 spinal nerves. he absence of the
relex without sacral root or conus medullaris trauma indicates
spinal shock. A straight-leg raise test may be useful in the
cognitively unimpaired patient to assess for entrapment of the
lumbosacral plexus. Overall severity of neurologic injury is
graded according to the American Spinal Injury Association
modiication of the Frankel grading system. Extremity motor
function is further graded on a scale of 0 to 5 to establish the
American Spinal Injury Association motor score, and a
sensory level is obtained. Neurologic examination can only
distinguish injuries to the L5 and S1 levels, however, and
injuries to the lower sacral roots cannot be more speciically
identiied beyond obtaining a perianal sensory level.
Fracture displacement can cause neurologic injury from a
variety of mechanisms, including angulation, translation, and
direct compression by displaced bone fragments. Potentially
reversible injuries include contusion, compression, and traction. Recovery of transected or avulsed nerve roots cannot be
expected. Delayed neurologic deicit can occur from epidural
hematoma, late fracture displacement, or callus formation19
and should be promptly reinvestigated to determine its cause.
here are multiple adjunctive methods for the evaluation
of the neurologic status in a patient with a sacral fracture.
Electrodiagnostic studies may be of value in the evaluation of
cognitively impaired patients and in diferentiating upper
motor neuron injuries or spinal cord injury from cauda equina
injury in patients with head or more rostral spinal column
injury, in the evaluation of patients with urinary tract injury,
and for intraoperative monitoring.53 Conventional electromyography (EMG) and somatosensory-evoked potentials may be
useful for the evaluation of L5 and S1 function, while pudendal
somatosensory-evoked potentials and anal sphincter EMG
can be used to evaluate the sacral roots below the S1 level.
hese electrodiagnostic techniques are typically not used in
the setting of acute injuries, however.54–57 EMG is particularly
limited in the acute setting because abnormalities may take
weeks to develop. Possible abnormalities on sphincter EMG
include detrusor arelexia, uninhibited sphincter relaxation, or
denervation. For patients with neurogenic bladder, serial
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FIG. 78.12 Reduction and stabilization of AO type C3, Roy-Camille type 2 sacral fracture. (A) Despite severe
sacral fracture displacement with cauda equina syndrome after a 10-foot fall, this anteroposterior view of the
pelvis appears deceptively benign in the absence of pelvic ring deformity. (B) This sagittal computed
tomographic (CT) image illustrates kyphosis, retrolisthesis, and spinal canal compromise consistent with
Roy-Camille type 2 variant of AO type C3 fracture. Note the distended urinary bladder due to loss of sacral root
function. (C) Intraoperative radiographs demonstrate reduction techniques, which include mobilization of
impacted fracture fragments with an elevator and direct manipulation of the fracture fragments with Schanz
pin joystick placed in the upper sacral fracture fragment. (D) After acceptable fracture reduction, provisional
stabilization is achieved with transiliac-transsacral screw ixation, which is then supported by spinopelvic
ixation. (E) Postoperative anteroposterior reconstruction of the pelvis. (F) Axial CT image, and (G) sagittal CT
reformation of the sacrum demonstrate restoration of acceptable alignment and decompression of the sacral
spinal canal and foramina. This patient regained sacral root function.
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disruption of the weight-bearing axis.28,64–66 Weight bearing on
either lower extremity may cause displacement in these
instances. Conversely, transverse fractures below the sacroiliac
joint (AO type A) have no implication on the weight-bearing
axis and therefore on either posterior pelvic or spinopelvic
instability, as long as they are not associated with secondary
fracture lines extending rostrally.67
Neurologic deicit needs to be correlated with fracture
anatomy. Residual compression of nerve roots at the level of
the spinal canal or neuroforamina due to impingement by
bony fragments or malalignment of the spinal canal at the
fracture site with the cauda equina draping over a kyphotic
ridge should be identiied. Possible neurologic deterioration
from persistent fracture instability should also be considered.
Although the presence of a neurologic deicit is an indication for operative intervention, the efectiveness of surgery in
improving neurologic outcomes ater fracture of the sacrum
remains unproven since the literature on this topic consists primarily of small, heterogeneous case series without consistent
grading and deinitions of neurologic dysfunction.14,20–22,24,26,27
herefore, each case needs to be individually considered; our
opinion is that surgical decompression, which usually can
also be achieved with fracture reduction and stabilization,
should be considered in the presence of a potentially reversible
neurologic injury.
Functional outcome studies have demonstrated that a
minority of sacral fracture patients returned to their preinjury
vocational status over a year ater injury. Although the vast
majority of patients sustained long-term physical and mental

B

D

FIG. 78.13 (A) Right AO type B3 (Denis zone 2) sacral fracture treated with (B) closed reduction and
percutaneous iliosacral screw and superior pubic ramus ixation. (C) Early fracture displacement required (D)
revision with the triangular osteosynthesis variant of lumbopelvic ixation.
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status. Surgical indications include the presence of instability,
malalignment, and neurologic deicit. Other key factors are
the patient’s general medical condition and additional injuries,
particularly in the trauma patient. Hemodynamic instability
or compromised pulmonary function may preclude early
surgical stabilization in critically injured patients. Conversely,
the beneits of early mobilization in trauma patients with
pulmonary injuries may make early surgical stabilization
advisable.60,61 Surgical timing in patients with closed-head
injuries in particular is controversial, and skilled perioperative
management is essential to prevent secondary brain injury.62,63
Isolated sacral fractures in the patient who is otherwise healthy
may be amenable to a period of recumbency followed by
protected weight bearing. Chronic medical conditions also
need to be considered and may require an initial period of
nonoperative stabilization before surgical intervention while
medical conditions are optimized.
Careful examination of the fracture pattern is essential in
determining if the sacral fracture is associated with instability
of the weight-bearing axis and whether this involves posterior
pelvic instability, spinopelvic instability, or a combination of
the two. Unilateral longitudinal fractures through the ala (AO
type B2) or foraminal (AO type B3) zone maintain continuity
of the contralateral weight-bearing axis, allowing weight
bearing on that side (Fig. 78.13; also see Fig. 78.9). Bilateral
displaced longitudinal fractures (AO type C2), as well as
transverse fractures with associated bilateral longitudinal
fractures through the upper sacrum (AO type C3), dissociate
the spinal column from the pelvic ring and represent complete
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impairment, the severity of these impairments did not correlate directly with fracture characteristics but was more a
function of associated injuries and sacral root function.68,69

Nonoperative Treatment
he traditional treatment of sacral fractures was by nonoperative means. Nonoperative treatment consists of a period of
recumbency followed by protected weight bearing and possibly bracing to minimize load transfer to the sacrum. he
period of recumbency varies considerably, depending on the
extent of fracture instability. Recumbency is usually required
in insuiciency fractures for pain control; in unstable fractures, it is required to allow for callus formation and to
decrease the possibility of displacement. Displaced fractures
are treated with skeletal traction to improve alignment and
bifemoral traction has been used to improve alignment in
complex sacral fractures with bilateral involvement.
Nonoperative treatment in displaced, high-energy sacral
fractures can be problematic, however, and contradicts
modern trauma principles of early mobilization of patients
with multiple injuries. Although surgical complications can be
avoided by using closed treatment methods, potential disadvantages include life-threatening pulmonary and thromboembolic events that are associated with prolonged recumbency in
patients with multiple injuries, the development of decubitus
ulcers, the inability to reliably relieve sacral canal and neuroforaminal compression, and the potential for late instability
causing neurologic deicits and ixed deformities that are dificult to correct (see Fig. 78.1).70
Nonoperative treatment is most attractive in patients with
minimally displaced, unilateral sacral fractures without associated neurologic deicits. Mobilization is usually with a walker
or crutches enabling toe-touch weight bearing on the injured
side. hese patients must be followed carefully for fracture
displacement, which may warrant surgical stabilization. Insuficiency or stress fractures are also usually amenable to nonoperative treatment in spite of frequent bilateral involvement.
Along with activity modiication and correction of underlying
metabolic conditions, nonoperative treatment has a high
likelihood of success in the majority of insuiciency and stress
fractures and is usually the treatment of choice in these fractures. However, if patient mobility or pain control is suiciently
compromised, operative intervention, preferably with percutaneous techniques, may be the better option (Fig. 78.14).38

Operative Treatment
he goals of surgical treatment are twofold: (1) neurologic
decompression in cases of neurologic deicit and (2) realignment and stabilization of the bony architecture in cases of
signiicant displacement or instability. he timing of surgical
intervention is dictated by many factors. he presence of
an open fracture, either externally or into the alimentary or
genital tracts, requires expeditious operative intervention with
irrigation and debridement followed by surgical stabilization
in cases with the potential for recurrent or persistent fracture
displacement through the open wound. Neurologic deicit

also suggests the need for immediate surgical decompression,
though associated injuries and the patient’s physiologic state
may dictate the feasibility of doing so, given that decompression within 2 weeks of injury appears to be an acceptable
time frame. Severe angulation of a transverse sacral fracture
may also tent the overlying sot tissues and cause skin
breakdown, particularly in patients whose body habitus or
general physical condition predisposes them to pressure
sores. In many cases, the multiply injured patient’s physiologic
status is the main determinant in the timing of operative
intervention.

Neurologic Decompression
Decompression of the neural elements can be achieved by
either direct or indirect means. Indirect decompression can
sometimes be achieved simply with fracture reduction. An
attempt at indirect decompression is best accomplished before
consolidation of the fracture hematoma.71 If neural impingement persists and is associated with a neurologic deicit, direct
decompression should be considered.
In patients with sacral root deicits, direct decompression
alone by laminectomy and removal of compressive bone fragments without stabilization has been advocated as a method
for providing sacral root decompression, therefore theoretically enhancing the possibility of neurologic recovery while
minimizing the potential for complications associated with
more extensive dissection and surgical stabilization.24 Whereas
unilateral injuries can be approached with a parasagittal
exposure, the surgical exposure for bilateral injuries is preferably through a posterior midline approach. he parasagittal
approach is not recommended for anything more than percutaneous spinopelvic ixation of bilateral injuries because it
limits exposure to the spine and may result in the need for
bilateral parasagittal exposures, which are even less desirable
owing to the potential for sot tissue necrosis. Intraoperative
luoroscopy is useful for orientation and to assess alignment
and decompression of the spinal canal. Decompression can be
performed focally for selective ventral foraminal impingement
or to achieve a more comprehensive decompression of the
S1–S4 neural elements. In the instance of L5 root entrapment
between the L5 transverse process and an alar bone fragment,
decompression is performed by following the root laterally
onto the shoulder of the ala and removing the ofending
fragment.
he possibility of signiicant epidural bleeding during
direct decompression requires experience with techniques of
epidural hemostasis. Similarly, experience with neural element
repair is essential and dural tears that are encountered should
be repaired if possible. he dura at the sacral level is oten
relatively thin and friable, and direct repair is oten best performed with ine (e.g., 6-0) monoilament suture. Augmentation with ibrin glue may be used to increase the strength of
the repair. Oten, a direct repair is not possible owing to the
severity of the disruption, in which case a patch may be
required. In many cases, the disruption is through individual
nerve roots caudal to the termination of the dural sac at the
S2 level and is irreparable.
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FIG. 78.14 AO type C0 sacral insuiciency fracture with right pubic ramus fracture treated by supine closed
percutaneous transiliac-transsacral screw ixation. (A) Preoperative anteroposterior radiograph of the pelvis plus
(B) axial and (C) sagittal lumbosacral spine computed tomographic (CT) images demonstrate minimally
displaced sacral U insuiciency fracture (arrows) and right pubic ramus fracture in a patient with severe acute
low back pain and sciatica whose symptoms were initially attributed to nonunion of a previous L3–L4
arthrodesis. (D) Postoperative axial and (E) sagittal CT images and (F) pelvic inlet radiograph after percutaneous
ixation with two percutaneous transiliac-transsacral screws and a right percutaneous pubic ramus screw.
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he utility of posterior decompression without fracture
reduction and stabilization is limited, however, in cases of
neural impingement caused by fracture displacement and is
generally not recommended. In situations in which fracture
displacement contributes signiicantly to nerve root compression, decompression is diicult to achieve solely with laminectomy and foraminotomy, and it is usually necessary to realign
and stabilize the fracture.

Fracture Reduction Techniques
Unilateral Injuries
Unilateral, vertical AO type B sacral fractures are most commonly treated with closed reduction using distal femoral
traction and percutaneous iliosacral or transiliac-transsacral
screw ixation in the supine position. In more highly displaced
fractures in which an acceptable closed reduction cannot be
achieved, or if foraminal compression requires an open
decompression and open reduction can be performed, typically prone through a posterior paramedian approach is
appropriate. Exposure is typically performed as far medially
as the spinous process of the sacrum, on which a reduction
clamp can be hooked to provide medial-lateral fracture compression. A small sot tissue window can also be made along
the lateral aspect of the ilium in order to place the other end
of the clamp. Once the fracture is exposed, the fracture edges
are debrided of sot tissue and foraminal debris can oten be
removed through the fracture surface. Reduction is then
achieved by identifying fracture lines that correspond to each
other. his can be particularly challenging in more comminuted fractures, but usually appropriate length can be assessed
at the sciatic notch by either palpation or direct visualization.
Once appropriate length has been established, the fracture is
realigned and reduction is achieved with clamps placed
between the sacral spinous processes and the ilium. Fixation
is then undertaken percutaneously, usually with iliosacral or
transiliac-transsacral screws. Decompression is performed if
still deemed necessary.

Bilateral Injuries
When considering displaced sacral “U” fracture variants (AO
type C3 injuries), spinal canal and foraminal compromise

due to translation and angulation are oten the main cause
of nerve root compromise. In these cases, decompression,
realignment, and stabilization are required. Realignment
and stabilization of these fractures can be diicult, typically
involving the following: (1) restoration of fracture length,
(2) mobilization of impacted fracture fragments, (3) fracture
reduction by direct manipulation, (4) provisional fracture
stabilization with iliosacral or transiliac-transsacral screws,
and (5) deinitive fracture stabilization with spinopelvic ixation (Figs. 78.12 and 78.15). Fracture length can be obtained
through distal bifemoral traction or direct manipulation with
various instruments, including the universal distractor secured
to the L5 pedicle and ipsilateral ilium (Fig. 78.16). he use of
specialized fracture reduction tables designed for the treatment
of pelvic fractures may also assist with reduction. Once length
is obtained and access to the anterior column of the transverse
fracture has been achieved by laminectomy and sacral root
retraction, elevators or a lamina spreader can be used to pry
the impacted fracture fragments apart (see Figs. 78.12 and
78.15). A combination of instruments can then be used to
reduce the fracture, such as a threaded Schanz pin placed into
the upper sacral body, which can be used as a joystick to help
realign the fracture (see Figs. 78.12 and 78.15). he kyphotic
segment may further be reduced by retracting the upper sacral
nerve roots and using a bone impactor to directly reduce the
apex of angulation. Reduction of the bilateral vertical sacral
fracture components can be performed in a manner similar
to that described earlier for unilateral sacral fractures. Once
reduction is achieved, provisional stabilization can be obtained
with either iliosacral or transiliac-transsacral screw ixation
(see Figs. 78.12 and 78.15). In some situations, particularly
when the patient’s anatomy allows for placement of multiple
screws, this may provide enough stability. However, as will
be described later, spinopelvic ixation provides additional
stability and is typically used for deinitive ixation of AO types
C1 through C3 injuries. he typical reduction techniques are
illustrated for Roy-Camille type 2 (see Fig. 78.12) and type 3
(see Fig. 78.15) sacral fractures. In situations in which anatomic reduction of the sacral kyphosis cannot be achieved or
maintained, as is common with Roy-Camille type 2 variants of
AO type C3 fractures in particular, sacral root decompression
within the sacral canal can be enhanced by resection of the
apex of the kyphosis along the anterior spinal canal, over which
the sacral roots would otherwise be draped (see Fig. 78.12B).

FIG. 78.15 AO type C3 (Roy-Camille type 3). Reduction and stabilization of AO type C3, Roy-Camille type 3
sacral fracture. (A) Anteroposterior computed tomographic (CT) reconstruction of the pelvis and (B) sagittal CT
image of the sacrum demonstrate Roy-Camille type 3 variant of AO type C3 sacral fracture with anterior pelvic
ring injury and severe urinary bladder distention caused by sacral root dysfunction. (C) The sequence of
fracture reduction is illustrated, involving prying open the transverse fracture with elevators, followed by
fracture manipulation with a Schanz pin inserted as a joystick into the upper sacral body, and direct pressure
applied to the posterior lower sacrum by a spike-pusher. Once the fracture had been reduced, a transiliactranssacral screw was placed for provisional stability, followed by spinopelvic ixation, as illustrated on
postoperative (D) anteroposterior and (E) inlet reconstructions. (F) Postoperative sagittal CT image of the
sacrum demonstrates restoration of sagittal plane alignment and decompression of the spinal canal. Anatomic
reduction is typically easier to achieve with Roy Camille type 2 fractures.
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FIG. 78.16 Restoration of fracture length can be the most challenging step in reducing complex sacral
fractures. Several techniques can be used to restore fracture length at the spinopelvic junction, including distal
femoral traction and the use of a femoral distractor anchored to the lumbar pedicles and the ipsilateral iliac
wing.

Surgical Stabilization Techniques
he goal of surgical ixation is to avoid prolonged recumbency
and to correct and prevent fracture displacement and malalignment, which may lead to postural diiculties, chronic pain,
and nerve compression. Hart et al. reported that restoration
of appropriate sagittal alignment of sacral fractures decreases
pain by preventing compensatory lumbar hyperlordosis,
allowing for a more physiologic alignment of the lumbar spine
(see Fig. 78.1).5 herefore, pelvic incidence can be used as an
intraoperative guide to lumbopelvic alignment and adequacy
of reduction.
here are three broad categories of ixation types for sacral
fractures: (1) direct osteosynthesis of the sacrum, (2) posterior
pelvic ring stabilization, and (3) spinopelvic ixation. he
appropriate ixation type is based on the fracture pattern and
location. Optimal stabilization may require use of multiple
sacral ixation techniques. he three situations most commonly encountered in this decision-making process involve
the following: (1) low transverse sacral fracture below the
sacroiliac joint, in which there are no implications of either
posterior pelvic or spinopelvic instability; (2) vertical sacral
fracture with unilateral pelvic instability (and intact spinopelvic junction); and (3) complex sacral fracture with spinopelvic
and usually also posterior pelvic instability (e.g., sacral “U”
fracture variant or bilateral vertical sacral fracture). hese
three categories correspond, respectively, to the A, B, and C
fracture types proposed in the new AO spinopelvic injury
classiication (see Fig. 78.11).

AO Sacral Fracture Classiication Type A Injuries
hese injuries include sacral fractures without posterior
pelvic or spinopelvic instability. A few ixation options have
been described to treat isolated transverse or oblique sacral
fractures without pelvic involvement. Roy-Camille28 described
a technique for direct osteosynthesis of sacral fractures
with sacral alar plates. he plates are placed lateral to the
dorsal foramina and oriented vertically. he orientation of
these plates is theoretically optimal to allow for compression
loading across a transverse fracture. Although not recommended for stabilization of spinopelvic dissociation injuries,
direct plating alone may be useful in maintaining alignment of
transverse sacral fractures below the sacroiliac joints because
these fractures are not subject to the high loads seen with
fractures involving the weight-bearing axis, and the goal of
their treatment is primarily to avoid pain due to prominence
or nonunion.67 It can be combined with spinopelvic ixation
techniques if there is a need to maintain alignment of the
lower sacrum while having to stabilize a contiguous spinopelvic dissociation injury. Sacral alar plating alone therefore has
few clinical applications. Its utility is usually in combination
with other methods of surgical stabilization in the treatment
of sacral fractures involving the weight-bearing axis.72

AO Sacral Fracture Classiication Type B Injuries
hese injuries include sacral fractures with posterior pelvic but
not spinopelvic instability. Displaced unilateral vertical sacral
fractures are generally treated with posterior stabilization.
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AO Sacral Fracture Classiication Type C Injuries
hese injuries include sacral fractures with spinopelvic instability. Contrary to sacral bars and posterior tension band

plating, which are largely inefective in stabilizing multiplanar
sacral fractures with a transverse component, iliosacral and
transiliac-transsacral screws can also be used successfully in
patients with minimally displaced sacral “U” fracture variants,
whether AO type C0 or C3, as well as in bilateral vertical sacral
fractures (AO type C2). In a series of 13 patients who had
fractures with minimal sacral angulation and displacement
allowing for in situ screw placement, Nork and colleagues82
found bilateral percutaneous iliosacral screw ixation to be
safe and efective in treating minimally displaced sacral U-type
fracture patterns. In our experience, this technique has been
particularly well suited for treatment of AO type C0 sacral U
variant insuiciency fractures (see Fig. 78.14). However, this
minimally invasive method does not allow for reduction of
fracture angulation. Moreover, if a near-anatomic reduction
cannot be achieved, the safe zone for iliosacral and transiliactranssacral screw trajectory may be small or absent, thus also
precluding its use in more complex and highly displaced
injuries.78 Iliosacral or transiliac-transsacral screw ixation
alone is therefore not generally recommended for patients
with displaced AO type C3 (sacral U) fractures and their variants if they are irreducible by closed manipulation or if neural
decompression is required.
Lumbopelvic ixation provides the biomechanically strongest ixation of sacral fractures.83 his technique was derived
from the Galveston method of anchoring the caudal end of
long thoracolumbar rod constructs into the ilium. Sacral
fracture ixation is obtained rostrally by pedicle screw ixation
in the lumbosacral spine and caudally by long screw ixation
in the ilium.84–94 he construct spans the sacrum and restores
the integrity of load transfer from the lumbar spine to the
pelvis.44,83 Lumbopelvic ixation can be applied unilaterally
(triangular osteosynthesis) to add more stability to iliosacral/
transiliac-transsacral screw ixation for highly displaced or
comminuted unilateral AO type B or AO type C1 longitudinal
sacral fractures, or bilaterally for AO type C2 and C3 spinopelvic dissociation injuries and occasionally AO type C0
injuries. he strength of the construct permits immediate
weight bearing without the use of external bracing (see Figs.
78.12 and 78.15).
Bilateral lumbopelvic ixation is most commonly indicated
for AO types C2, C3, and some C0 injuries and is performed
through a midline longitudinal dorsal approach with the
patient in the prone position. Screw placement may be performed under luoroscopic guidance or some other form of
navigation to ensure correct screw orientation. A thorough
understanding of pelvic anatomy is necessary for veriication
of correct iliac screw placement. Screw malposition can be
catastrophic, potentially injuring neurovascular structures in
the sciatic notch or the pelvic viscera or penetrating the acetabulum. Choice of a more anterior iliac screw starting point,
such as along the medial (rather than posterior) surface of the
posterior ilium or on the dorsolateral surface of the sacrum,
can help prevent excessive prominence of the iliac screw
heads. Infection and wound-related problems are common,
however, and have been found to approach 20%.85,90 In situations in which formal open reduction is not required but
iliosacral/transiliac-transsacral screw ixation is considered to

S E C T I O N

Sacral bars, tension band plating, iliosacral screws and, most
recently, transiliac-transsacral screws have all been described as
a means of stabilizing the posterior pelvic ring.53,73,74 Simonian
and Routt,75 in a biomechanical study of cadaveric specimens,
found no diference in the resulting pelvic ring stability between
the various constructs. Sacral bars and tension band plating
are both predisposed to sot tissue problems owing to their
location supericial to the nearly subcutaneous dorsal sacrum.73
he potential for dorsal sot tissue compromise is minimized
by the use of iliosacral or transiliac-transsacral screw ixation;
these methods have become the most widely used for posterior
pelvic ring ixation. In all methods of posterior pelvic ring
stabilization, however, ixation is perpendicular to the weightbearing axis and does not provide adequate stabilization for
immediate weight bearing.74,76,77
Iliosacral and transiliac-transsacral screw ixation are usually
performed in a percutaneous manner, with minimal blood loss.
he success of percutaneous ixation depends on the surgeon’s
ability to achieve an anatomic reduction under luoroscopic visualization; otherwise, in addition to the problem of malreduction,
a safe trajectory for iliosacral/transiliac-transsacral screw placement cannot be reliably established.61,78 hese techniques can be
performed with the patient in either a supine or prone position
depending in part on surgeon preference and on the potential
need for either concurrent anterior pelvic ring stabilization or
open posterior reduction or decompression of foraminal debris.
In spite of its advantages, iliosacral and transiliac-transsacral
screw ixation have several potential pitfalls. In the instance of
comminuted longitudinal fractures through the neuroforamina
(AO type B3), overcompression of the foramina can occur if
the screws are placed using interfragmentary compression,
which can potentially lead to nerve root injury.79 However, in
experienced centers, the reported rate of neurologic injury is
low even without the use of electrodiagnostic monitoring.80
Like other methods of closed reduction and posterior pelvic
ring stabilization alone, percutaneous iliosacral and transiliactranssacral screw ixation carry the disadvantage of not allowing
for reduction of sacral angulation. Combining these techniques
with open reduction can provide the necessary kyphocorrection, but may not provide the adequate stability for preventing
failure of ixation and recurrent deformity. In the case of sacral
comminution or osteoporosis, transiliac-transsacral screws
should be used in lieu of iliosacral screws since ixation into
the contralateral ilium is likely to provide far better stability
than ixation of an iliosacral screw into the compromised bone
of the sacrum. As mentioned previously, the orientation of the
screw perpendicular to the fracture’s deforming forces may also
contribute to a higher likelihood of ixation failure (see Fig.
78.13). Nevertheless, iliosacral and transiliac-transsacral screw
ixation have been shown to be efective in the stabilization of
unstable longitudinal sacral fractures.81 A 3-month period of
protected weight bearing is recommended with iliosacral and
transiliac-transsacral screw ixation.
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be insuicient, percutaneous lumbopelvic ixation can be used
to provide enhanced stability while mitigating the risk of
wound-related complications. Formal lumbosacral arthrodesis
is not typically performed in the absence of preexisting pathology (e.g., spondylolisthesis) or injury to the lumbosacral facet
joints. Hardware removal is generally performed 6 months
postoperatively ater imaging studies have conirmed healing
of the sacral fracture. Hardware removal is not performed in
patients who have had lumbosacral arthrodesis. In these cases,
because formal sacroiliac joint arthrodesis is not usually performed, in many instances the rod will break from fatigue
failure, an expected consequence of continued sacroiliac joint
motion. Late rod fracture is asymptomatic in the majority of
cases, and the need for routine hardware removal in all circumstances is questionable.85,90
he optimal stabilization of complex sacral fractures may
require the use of a combination of the three categories of
ixation described earlier. For instance, sacral U or H fractures
can be stabilized with the use of iliosacral or transiliac/
transsacral screw ixation combined with lumbopelvic ixation
to obtain optimal ixation in the “horizontal” direction to
stabilize the posterior pelvic ring and in the “vertical” direction along the weight-bearing axis to neutralize spinopelvic
instability.83,89 Lumbopelvic ixation of sacral fractures requiring neural decompression may also beneit from adjunctive
sacral plating, which, in this case, is used solely to ine-tune
fracture realignment and to prevent recurrent displacement
and resulting nerve root compression, allowing the lumbopelvic ixation to neutralize the bulk of the loads being transferred
across the sacrum.

Summary
Sacral fractures have emerged from relatively underappreciated entities to injuries whose optimal treatment is recognized
to have profound consequences on the patient’s functional
outcome. Advances in diagnostic imaging continue to provide
additional insights into the structural and neurologic aspects
of the injured sacrum, allowing comprehensive injury assessment even in the cognitively impaired and polytraumatized
patient. In cases of neurologic deicit, excessive malalignment
or instability, surgical intervention involves neurologic
decompression, fracture realignment, and surgical ixation in
order to optimize long-term outcomes. he timing of surgical
intervention is determined by several factors, including the
patient’s associated injuries, overall physiologic condition, and
the presence of neurologic deicits, open fractures, or sot
tissue compromise that places skin at risk of necrosis. Surgical
options continue to expand as new stabilization methods and
implants are developed. Surgeons now have a wide spectrum
of procedures at their disposal, ranging from minimally
invasive to comprehensive stabilization techniques. Many
issues concerning evaluation and treatment remain controversial and, in the absence of comparative treatment trials, conclusions are currently based largely on anecdotal reports and
observations. he beneits of any proposed treatment need to
be weighed carefully against the potential risks and must be

individualized to the patient and speciic injury. Treatment
decisions continue to be based on a substantial degree of
intuition and foresight gained from experience. he challenge
to the spine surgeon remains to implement the available
resources efectively as our understanding of the pathophysiology of these injuries grows.
PEARLS
1. The evaluation of sacral root function is paramount in patients
with sacral fractures and should include assessment of anal
sphincter tone, voluntary anal contraction, sharp/dull perineal
sensation, and relexes, such as the anal wink and
bulbocavernosus relex.
2. Intraoperative bilateral distal femoral traction and the universal
distractor applied across the spinopelvic junction can help
achieve the fracture length required for reduction in complex
AO type C3 sacral U fractures.
3. In patients with associated anterior pelvic ring or acetabular
fractures, ixing the anterior pelvic injury irst facilitates reduction
of complex sacral fractures and, in some acetabular fractures,
decreases the risk of articular malreduction.
4. Accurate placement of iliac screws can be facilitated and
conirmed with a true lateral C-arm trajectory that allows
superimposition of the sciatic notches and the obturator outlet
(teardrop) view.
5. When placing spinopelvic ixation, a starting point along the
medial aspect of the posterior ilium or within the sacrum allows
for iliac screw heads to be buried as deep as possible relative to
the posterior ilium, which minimizes the risk of screw
prominence that might require reoperation.
PITFALLS
1. Spontaneous partial fracture reduction can lead to the
deceptively innocuous radiographic appearance of an inherently
unstable injury.
2. A fracture–dislocation in this region can lead to critical blood
loss.
3. The subcutaneous nature of the sacrum exposes any open
surgical approach in this region to higher risk of infection.
4. Sacral root decompression is typically not successfully achieved
when there is signiicant residual fracture malreduction.
5. Diagnostic delay may increase the risk of prolonged neurologic
deicit and ixed spinal deformity that is diicult and risky to
correct.

KEY POINTS
1. The sacrum is a keystone structure that is important to the
structural integrity of the base of the spinal column and
posterior pelvic ring. Therefore, depending on the fracture
pattern, fracture of the sacrum may have implications on
posterior pelvic or spinopelvic stability.
2. Sacral fracture classiications are based on fracture location,
pattern of instability, and risk of neurologic deicits.
3. Sacral fractures generally occur as the result of either
high-energy injuries, in which associated injuries will likely have
an impact on treatment decisions, or low-energy injuries due to
sacral insuiciency, in which associated medical comorbidities
are likely to inluence treatment decisions.
4. Multidimensional (CT) imaging of the sacrum is essential for
evaluating fracture patterns and determining the extent of
instability.
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Introduction
In spite of many decades of active research, traumatic spinal
cord injury (SCI) is a devastating disease that still lacks good
treatment options. It can dramatically impact a patient’s
quality of life, lessens life expectancy, and is most common in
adolescents and young adults with many years let to live.1 he
emotional and inancial burdens placed on these patients and
their families are immense. Likewise, the societal costs from
long-term care and lost productivity of this mostly young
population are vast. Much knowledge of SCI pathophysiology
has been gained, yet translating preclinical successes in the
laboratory to human patients remains challenging. Current
treatments for the acute SCI patient are far from a cure.
However, progress has been made in ensuring the best possible long-term recovery. A multidisciplinary approach to
treating these patients in high-volume centers using evidencebased guidelines is the ultimate goal.

Epidemiology
here are approximately 17,000 new cases of SCI in the United
States each year and 282,000 people living with an SCI.1 he
prevalence of SCI patients has been increasing due to improved
survival in both the acute and chronic phases of the disease
process. Due to their higher incidence of trauma, males are
approximately 4 times more likely to have SCIs than females.1
he average age at injury (42 years)1 has climbed substantially
over the last 5 decades from the age of 29 years in the 1970s.
Pediatric SCIs, aged 15 years or younger, are exceedingly rare
(3.5%); in contrast, injuries in the elderly are on the rise,
particularly due to falls.
Patients may present with any degree of neurologic impairment. Nationwide, 45% present as incomplete tetraplegic, 21%
present as incomplete paraplegic, 20% as complete paraplegic,
and 13% as complete tetraplegic.1 Given comorbidities, the
mortality in the irst year ater injury is signiicantly higher in
older (>60 years) patients who sustain a spinal cord injury.2

he racial distribution of individuals with an SCI are 66.5%
white, 26.8% black, 8.3% Hispanic, and 2.0% Asian.
he inancial burden of SCI treatment is high. he irst-year
cost per patient ranges from approximately $350,000 in
American Spinal Injury Association (ASIA) D classiied
patients (see Initial Evaluation section) to over $1 million for
C1 to C4–injured tetraplegic patients.1 Estimated lifetime
costs for a 25-year-old SCI patient ranges from $1.6 to $4.7
million. Direct medical costs for these patients in the United
States are estimated to be over $14.5 billion per year. In addition, another $5.5 billion is relinquished in lost productivity.3
his cost is directly related to the afected level, severity of
deicits, and age at the time of injury.
Motor vehicle accidents (38%) and falls (30.5%) account
for the vast majority of SCIs.1 A total of 13.5% are the result
of violence, including gunshot wounds and stabbings; 9% are
caused by sports-related trauma. Medical or surgical causes,
including iatrogenic injury, account for another 5%. he
remaining 4% have other etiologies.

Initial Evaluation
he initial evaluation of the suspected SCI patient follows that
of acute trauma. Securing the airway, ensuring voluntary or
mechanical ventilation, and maintaining circulation take
highest precedence, as with all trauma patients. Patients
should be immobilized on a backboard with straps and with
a cervical collar from initial encounter until at least when
deinitive imaging is obtained; less rigid immobilization is not
recommended.4 In patients with penetrating trauma, resuscitation should be prioritized over immobilization due to worse
mortality rates when the former is delayed.4 For patients
requiring intubation, the neck should be maintained in a
neutral posture. Patients should be moved with log roll precautions until thoracic and lumbar injuries have been ruled
out. Patients must be assessed for any concomitant injuries.
Polytrauma and associated traumatic brain injury are common
in SCI patients.
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FIG. 79.1 (A) Coronal thin-cut computed tomography scan reconstruction, demonstrating a severe
nonsurvivable C1–C2 distraction injury along with an occipital cervical dislocation. (B) Severe L4 burst fracture
with retro portion into the spinal canal. The scan demonstrates the bony features of the injury with exquisite
quality.

Once the patient is stabilized, a detailed neurologic assessment should follow, including testing all major upper and
lower extremity motor groups and dermatomal sensation.
Examination of rectal tone and sensation are part of the
routine spine trauma assessment of distal sacral nerve root
function. Otherwise neurologically complete SCI patients
who maintain rectal tone and/or sensation have improved
prognosis compared to those who do not. Based on the motor
and sensory exam, the ASIA impairment scale (AIS) grade
should be determined. he AIS includes ive scoring grades
ranging from A (neurologically complete injury) to E (neurologically intact). hese divisions are important for prognosis.
In major trauma centers, computed tomography (CT)
images with sagittal and coronal reconstructions are completed for all suspected SCI patients (Fig. 79.1). Cervical spine
fractures through the transverse foramina may be associated
with injury to the vertebral arteries; CT angiography or traditional catheter-based angiography may be completed to rule
out such vascular injuries, including dissection, pseudoaneurysm, or occlusion (Fig. 79.2). Clearing the unconscious
patient with high-resolution CT scans of the spine has greater
than a 99.9% sensitivity and speciicity; thus, modern CT
alone is suicient in detecting unstable cervical spine injuries
in trauma patients.5 Magnetic resonance imaging (MRI) is not
always necessary but may be a useful adjunct in assessing the
degree of spinal cord or nerve root compression and any ligamentous injury (Fig. 79.3). he degree of canal compromise
in relation to the spinal cord and nerve roots is best assessed
with this imaging modality. MRI can also assess the severity
of SCI, including the extent of signal change and associated
intraparenchymal blood, which carries a worse prognosis for

neurologic recovery.6 Fortunately, signiicant hematomas,
which compress the spinal cord ater trauma, are uncommon
except in the setting of ankylosing spondylitis, where it should
be diligently sought.7
A high-quality CT scan will identify nearly all unstable
fractures. In a level 1 trauma center retrospective study of 690
patients, all acute traumatic cervical spine injuries seen on
MRI were already identiied on CT.8 hus, even the comatose
or obtunded patient may be cleared of cervical spine injury by
CT-based imaging.8 In the absence of imaging, cervical immobilization is not necessary in neurologically intact, awake,
alert, nonintoxicated patients without neck pain.4 Upon
completion of initial workup, admission to an intensive care
unit (ICU) is recommended.

Blood Pressure Management
Optimizing spinal cord perfusion is a critical consideration in
the acute management of traumatic SCI. he acute traumatic
patient frequently presents in a hypovolemic state; the SCI
patient is at added risk of neurogenic shock. he latter may
occur from injury onset up until approximately 6 weeks
due to unopposed parasympathetic output in the setting of
interrupted sympathetic pathways.9 As mentioned earlier, the
priorities of trauma resuscitation take early precedence in
management. he circulation focus also has indirect beneit to
the spinal cord in maintaining an adequate perfusion pressure.
In order to maintain adequate blood pressure, SCI patients
should be given intravenous (IV) volume resuscitation and
pressors, as needed. Hypotonic solutions should be avoided
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FIG. 79.2 (A) Complex cervical fracture through the body and lamina with an associated fracture of the
vertebral artery foramen. (B) Associated injury to the vertebral artery with dissection and pseudoaneurysm seen
on catheter-based angiogram.

A

B

FIG. 79.3 Sequential sagittal magnetic resonance images C6–C7 vertebral body dislocation with associated
tearing of the disc and severe compression of the spinal cord at that level. The posterior ligament complex is
also disrupted.

in order to minimize risk of cerebral edema. Immediate
resuscitation generally is achieved with crystalloid solutions
with a transition toward colloids and/or blood transfusions
in anemic patients.9 Intravascular volume should be restored
prior to pressor use in order to avoid adverse medication

efects when possible and to maximize their eicacy when
necessary.9
Recent guidelines make level 3 recommendations to avoid
episodes of hypotension (deined as systolic blood pressure
<90 mm Hg) and maintain mean arterial pressure (MAP)
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greater than 85 to 90 mm Hg for 7 days ater injury.10 In order
to achieve these goals, admission to an ICU and placement of
appropriate monitoring devices, such as an arterial line, are
recommended.10
here are no randomized clinical studies to support these
blood pressure goals, and such trials may never materialize
due to a lack of perceived equipoise. Nonetheless, preclinical
and clinical studies provide a limited basis for empirical
support of this practice.11
Animal models show evidence of decreased spinal cord blood
low ater SCI. In a feline contusion model of SCI, white matter
blood low decreased by 50% in placebo-treated animals.12 In a
nonhuman primate clip compression model of SCI, there was
a 5.6-fold decrease in blood low to gray matter and 4.8-fold
decrease to white matter, emphasizing the importance of
restoring more normal perfusion; blood transfusion nearly
doubled spinal cord blood low.13 A study of 77 cervical and
thoracic SCI patients managed with aggressive resuscitation and
MAP maintenance above 85 mm Hg for 7 days in addition to
surgical decompression/stabilization and IV methylprednisolone
(MP) showed that 60% of cervical and 33% of thoracic ASIA
A patients improved by one ASIA grade; 30% of cervical and
10% of thoracic patients regained the ability to walk.14 he
7-day target was chosen in order to exceed the 3- to 5-day
window during which maximal spinal cord edema occurs in
animal studies.15 A study of 50 cervical SCI patients treated
with a MAP goal of 90 mm Hg showed no AIS improvement
in motor-complete patients with a “severe hemodynamic
deicit” compared to 45% improvement in those with adequate
hemodynamics.16 Hemodynamic deicit was deined based on
pulmonary vascular resistance and systemic vascular resistance.16
In a recent analysis of high-resolution ICU vital sign data on
SCI patients, a higher proportion of recorded MAPs below the
target of 85 mm Hg was associated with poorer outcomes.17 A
systematic review found no diference in outcome between 85
and 90 mm Hg as the therapeutic MAP target.9
he choice of pressor for maintaining MAPs above 85 or
90 mm Hg may have an impact on adverse events. Although
dopamine is a common irst-line agent in SCI management, it
may be associated with higher risk. A study in shock patients
showed greater arrhythmia risk and greater risk of death
ater treatment of cardiogenic shock with dopamine versus
phenylephrine.18 A retrospective study found a 69.2% medical
complication rate with dopamine compared with 46.5% with
phenylephrine administration ater SCI.19 Complications
included troponin leak, atrial ibrillation, ventricular tachycardia,
severe tachycardia (heart rate >130 beats/min) or bradycardia
(heart rate <50 beats/min).19 hus, there is reason to question
use of dopamine as a irst-line pressor ater SCI and need for
renewed study on optimal vasopressor choice. With isolated
peripheral vasoconstrictor efects via α-adrenergic agonism,
phenylephrine may be a good pressor choice in low thoracic or
lumbar injuries, but some have suggested using phenylephrine
with caution in cervical and high thoracic injuries.9,20 When
sympathetic output is disrupted in such lesions, resulting in
neurogenic shock, there is generally a need for both α- and
β-adrenergic stimulation. Dopamine and norepinephrine can
accomplish this.9,21 Dobutamine is used infrequently due to

vasodilatory efects and risk of bradycardia.22 Vasopressin,
isoproterenol, and milrinone are generally avoided in SCI, the
former due to diuretic efects and risk for hyponatremia and
the latter two due to lack of eicacy.9,23
Of note, while there is a greater availability of data to support
use of MAP goals for nonpenetrating injury, this is less true for
penetrating injuries, such as stab or gunshot wounds through
the spinal cord. A small retrospective series suggested that
induced hypertension via a MAP goal of 85 mm Hg may have
no impact on functional outcome ater penetrating SCI.24

Surgical Timing
here is a growing body of literature to support early surgical
intervention in SCI. he deinition of early surgery for traumatic SCI in the past has varied from 8 to 72 hours; this should
be kept in mind in an evaluation of the literature.25 In general,
there appears to be a trend to decreased hospital length of stay
and shortened ICU stays when surgical decompression is
ofered within 72 hours.26–32
In 2012, Fehlings et al.33 published a well-designed, prospective cohort study of 313 patients with cervical traumatic spinal
cord injury (tSCI) comparing early and late decompressive
surgery using a 24-hour cutof. he study was nonrandomized and patient selection for the early versus the late group
was up to the surgeon based on clinical factors. his stresses
the importance of assessing whether the two groups are truly
comparable. It is important to note that the mean time to surgery
in the early and late groups was 14.2 and 48.3 hours, respectively.
Patients demonstrated a 19.8% and 8.8% improvement of greater
than or equal to 2 AIS grades in the early and late groups,
respectively, corresponding to 2.8 times higher odds in the
early group. Follow-up was conducted at 6 months ater injury.
his trial represents the largest prospective trial speciically
addressing the question of early versus late decompression
in acute tSCI. Despite its importance, this study has major
limitations that must be considered. First, were the two groups,
early versus late surgery, comparable? In the early surgery group,
there were 57.7% of patients with AIS A and B injury versus
38.2% in the late surgery group (P < .01). his is a problem
in that patients with AIS C and D type injuries have a ceiling
on the degree of improvement that they can achieve, and it is
impossible for AIS D–injured patients to improve 2 AIS grades.
here were 35.9% of patients in the late surgery group with
AIS D classiication versus only 24.7% in the early surgery
group. Another potential confounding variable is whether
spinal shock played a role, masking the neurologic exam in
the early surgery group. Patients in the early surgery group
were signiicantly younger (45.0 vs. 50.7 years old; P < .01)
and a greater proportion received steroids (P = .04). Although
this was a prospective study, the decision to ofer early surgery
was let to the discretion of the attending surgeon.33 Some have
suggested that an even earlier time point for decompression
may be more beneicial. A recent retrospective study showed
improved spinal cord independence measures, ASIA impairment
scale, and motor function for cervical decompressions performed
within 8 hours of injury.34 Preclinical animal data suggested
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Neuroprotective Strategies
here are a number of neuroprotective strategies that are in
various phases of investigation. Steroids, gangliosides, and
spinal cord cooling will be discussed later. More recent pharmacologic strategies for tSCI include riluzole, a sodium
channel blocker that is approved by the US Food and Drug
Administration (FDA) for treatment of amyotrophic lateral
sclerosis, and minocycline, an antibiotic that is a tetracycline
analog, that are in phase II/III studies.

Steroids
here remains no clearly beneicial pharmacotherapy for acute
traumatic SCI, although many have been studied. Administration of IV MP is the most highly studied, perhaps the most
controversial therapeutic option, and the subject of three
National Acute Spinal Cord Injury Studies (NASCIS). MP was
chosen due to efects on reduction of membrane lipid peroxidation with possible beneicial efects on blood low and
neuronal excitability.36 he irst NASCIS trial assessed two
doses of MP.37 he high-dose MP consisted of a 1000-mg IV
bolus, followed by 250 mg IV every 6 hours given over 10
days. he standard dose was 100 mg IV bolus, followed by
25 mg IV every 6 hours for 10 days. he primary outcome was
motor and sensory examinations at 6 weeks and 6 months. No
diference in motor function, pinprick, or light touch was
found between the low dose and high dose of MP. here were
higher early fatalities with high-dose MP (relative risk [RR],
3.1 deaths ≤14 days; RR, 1.9 deaths 15–28 days) and higher
wound infections with high-dose MP (RR, 3.6).37 Important
limitations were the lack of a nontreatment control group and
only 54% patient availability at inal follow-up.
Ater NASCIS I, preclinical data suggested that a higher
(30 mg/kg) MP loading dose might be optimal ater SCI.36,38–40
Following these studies, NASCIS II was planned to compare
a higher-dose MP to naloxone and placebo.41 he three study
arms were (1) MP: 30 mg/kg IV bolus + 5.4 mg/kg/h × 23
hours; (2) naloxone: 5.4 mg/kg IV bolus + 4 mg/kg/h × 23
hours; and (3) placebo. he primary outcome was again motor
and sensory examination at 6 weeks and 6 months. Naloxone,
an opioid antagonist, was included in the study due to functional utility seen in preclinical animal studies, possibly due
to efects on blood pressure and/or cord perfusion.12,42 In
NASCIS II, naloxone and MP given more than 8 hours ater
injury did not lead to neurologic improvement. When given
within 8 hours of injury, MP led to increased change in motor
(16 vs. 11.2 placebo; P = .03), pinprick (11.4 vs. 6.6; P = .02),
and touch (8.9 vs. 4.3; P =.03) scores. Important limitations to
interpreting these data were the post-hoc application of the
8-hour limit and reporting of only unilateral results.
NASCIS III consisted of three study arms: (1) 24-hour MP:
30 mg/kg IV bolus + 5.4 mg/kg/h × 24 hours; (2) 48-hour MP:
30 mg/kg bolus + 5.4 mg/kg/h × 48 hours, and (3) tirilizad:

2.5 mg/kg every 6 hours × 48 hours.43 Tirilizad was chosen
due to its expected efects on decreasing peroxidation of the
neuronal membrane. here was no nontreatment control. he
primary outcome was motor function and change in Functional Independence Measure (FIM) at 6 weeks and 6 months.
Compared to 24-hour MP, 48-hour MP led to a nonsigniicant
trend toward neurologic improvement. In the subset of
patients with 48-hour MP initiated 3 to 8 hours ater treatment, the neurologic improvement was signiicant relative to
24-hour MP. However, the 48-hour MP group had signiicantly
higher rates of severe sepsis and pneumonia.
Given modest and questionable beneits from MP in the
NASCIS trials combined with higher rates of adverse events
in these and other studies, the most recent American Association of Neurological Surgeons/Congress of Neurological Surgeons (AANS/CNS) guidelines changed MP from a treatment
option to a level 1 recommendation against utilization.44 he
guidelines change was highly controversial, with leading
experts arguing that there were no new data since the prior
guidelines to support the downgraded MP recommendation.45
Experts agree that MP should not be administered in patients
who lack a neurologic deicit.21
In the setting of mixed recommendations, one important
consideration is the patient’s desire for treatment. A recent
study showed that 69.6% of chronic SCI patients favored selective use of MP and 29% felt that all acute SCI patients should
receive it; only 1.4% were against administration in all circumstances.46 A total of 59.4% thought that even small motor or
sensory improvement would be “extremely important” to
them. However, only 4% of patients who arrived within the
MP window and were able to communicate were asked about
their preference. Given the controversial nature of MP, treating physicians might consider discussing risks and beneits
with patients and involving them in the treatment decision.
Additionally, when considering MP treatment, the balance of
risks and beneits may be improved by judicious patient selection toward those with lesser risk of adverse events, such as
the younger, previously healthy patient.

GM-1 Ganglioside
GM-1 ganglioside forms a component of the central nervous
system (CNS) membrane. It had been shown in preclinical
studies to facilitate regeneration and regrowth and to promote
neuroprotection. In a small randomized, controlled singlecenter trial in SCI, a 100-mg IV daily dose of GM-1 for 18
to 32 days ater 72 hours of MP (250 mg IV bolus followed
by 125 mg every 6 hours) led to signiicant improvement in
Frankel grade, with a 50% rate of at least one grade improvement versus 28% in MP-only treated patients.47 here was also
signiicantly better 1-year improvement in ASIA motor score
of 39.6 in MP plus GM-1 patients versus 21.6 in MP-only
patients.47 However, a larger multicenter randomized control
trial was not able to validate the results.48 here were three
therapeutic arms: (1) GM-1 low dose (LD): 300 mg IV bolus
+ 100 mg daily × 56 days; (2) GM-1 high dose (HD): 600 mg
bolus + 200 mg daily × 56 days; and (3) MP only. All patients
also received IV MP according to the NASCIS II protocol. he
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that early decompression is efective in improving neurologic
outcomes with or without concomitant administration of MP.35
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primary outcome was the percentage of patients with greater
than or equal to 2-grade AIS improvement at 26 weeks. Overall,
70.2% of MP plus GM-1–treated patients (69.8% LD vs. 71.7%
HD) achieved this goal, but 71.2% MP-only treated patients
did as well. here was a 5.8% death rate in GM-1 patients
compared to 5.5% for MP only.48 Neither GM-1 trial included
a placebo group with no pharmacologic treatment. Given the
lack of clear therapeutic beneit, AANS/CNS guidelines also
recommend against treatment with GM-1 ganglioside.44

Hypothermia
Induced local or systemic hypothermia is a treatment option
for tSCI and a current topic of active research. Initially, multiple preclinical studies showed neuroprotective efects of
induced hypothermia in traumatic brain and animal studies.49,50
Hypothermia has been utilized successfully in other domains,
such as reducing hypoxic-ischemic encephalopathy ater
cardiac arrest and reducing incidence of SCI ater aortic
aneurysm surgery.51 In traumatic brain injury clinical trials,
induced hypothermia was associated with decreases in intracranial pressure but mixed functional outcome.52–55
Attempts at local cooling in human SCI patients began in
the 1970s.56–60 Using an epidural cooling system during the
time of surgical decompression for cervical or thoracic ASIA
A patients, 65% improved at least one ASIA grade.61 Of 14
patients in the cervical cohort, ive patients converted to ASIA
B, three to ASIA C, and one to ASIA D.61 Of six patients in the
thoracic cohort, one converted to ASIA B, two to ASIA C, and
one to ASIA D.61
Systemic modest hypothermia, deined as cooling to 32°C
to 34°C via a central venous catheter, has recently been the
focus of several clinical studies in SCI (Fig. 79.4).51,62,63 Of 35
neurologically complete cervical ASIA A adult patients who
received 48 hours of cooling starting at a mean of 5.8 hours
ater injury, 43% improved at least one AIS grade by last
follow-up.64 A total of 23% regained some motor function and
11% improved to AIS D or better. he most common associated adverse events were atelectasis (83%), pleural efusion
(54%), anemia, pulmonary edema (43%), electrolyte disturbance, and urinary tract infection (37%). here was an associated 14% rate of thromboembolic events. here were several
exclusionary criteria, including cardiac history, Raynaud
disease, bleeding, pregnancy, thrombocytopenia, pancreatitis,
blood dyscrasia, hyperthermia on admission, penetrating
injury, and patients showing neurologic improvement within
12 hours.64 Given the high conversion rate for initially complete SCI patients, hypothermia is an area of interest for future
study but requires prospective, randomized validation.

Managing Body Systems Complications
Related to Spinal Cord Injury
Pulmonary
SCI patients are at high risk for pulmonary complications. A
total of 11% of early mortality is due to atelectasis, pulmonary

FIG. 79.4 Hypothermia catheter with several ports. The balloon catheter
resides within the inferior vena cava. A closed-loop system exists in which
cold saline circulates at a rate to achieve the desired systemic temperature
by cooling the blood rushing by the catheter.

embolism, edema, pneumonia, or aspiration.11 Vital capacity
is oten restricted, especially in high cervical injuries. Of SCI
patients, 70% have some degree of respiratory insuiciency.65
horacic spine injuries are frequently associated with rib
fractures and/or hemothorax as a contributing factor. Aside
from continuous pulse oximetry, the SCI patient should be
monitored with arterial blood gas measurements to assess for
early signs of respiratory failure.

Integument
Wound and skin complications, including decubitus ulcers,
are of high concern in SCI patients. Acute management should
include steps to decrease the likelihood of their development.
Between 30% and 50% of SCI patients will develop a pressure
ulcer to some degree in the irst month postinjury.21 Patients
should be transferred from a rigid backboard as soon as it is
deemed safe. When available, specialized, pressure-controlled
hospital beds should be used in patients with limited mobility.21 Nursing care should include patient repositioning every
2 hours to limit the shear stress on dependent skin.21 Once
spine injuries are stabilized with surgery and/or bracing, as
indicated, patients should be mobilized early. hus, early surgical stabilization also has indirect beneits on skin protection.

Thromboembolic
Venous thromboembolic complications, including deep vein
thrombosis (DVT) and pulmonary embolism, occur frequently in SCI patients. Scientiic literature shows wideranging incidence rates, from 7% to 100% in SCI patients with
inadequate prophylaxis.66–79 Level 1 evidence exists to support
chemical and mechanical prophylaxis.66 Chemical prophylaxis
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may consist of subcutaneous low-molecular-weight heparin or
LD heparin combined with sequential compression devices on
the lower extremities. Appropriate prophylaxis reduces the
incidence of venous thromboembolism below 5% in the irst
weeks ater SCI.74 Level 2 recommendations support commencing chemical prophylaxis upon admission or within 72
hours and continuing for a 3-month duration.66 Such therapy
is generally held for 24 hours before and ater surgery. Inferior
vena cava ilters should be used judiciously when other prophylactic mechanisms are not possible.

XI

Urinary
Many acute SCI patients require placement of a Foley catheter.
Patients may initially present with urinary retention from an
atonic bladder in the acute setting of spinal shock. Documentation of initial bladder volume on presentation or of postvoid
residual volume in patients who are able to urinate is helpful
in assessing the degree of neurologic dysfunction. he placement of an indwelling catheter puts patients at risk for the
development of urinary tract infection. hus, if voluntary
bladder function does not resume ater the acute phase,
patients should be transitioned to a system of intermittent
catheterization every 4 to 6 hours. Bladder distention is a
leading cause of autonomic dysrelexia in the SCI population.
hus, vigilant bladder care is necessary to avoid potentially
life-threatening complications.

Nutrition
Similar to trauma, and particularly CNS injury, the acute SCI
patient may present in a hypercatabolic state.80 Such patients
require a nutritional source to meet high metabolic demands.
Indirect calorimetry may help assess the patient’s nutritional
needs.80 here are level 3 recommendations to support early
enteral nutrition. However, there is no clear evidence that
early nutrition leads to improved neurologic outcome or
decreased length of stay.80

Rehabilitation
Ultimately, intense inpatient rehabilitation is critical to maximize functional returns (Fig. 79.5).

Summary
Acute management of the SCI patient is a complex undertaking, requiring dedicated multidisciplinary care. Admission to
an ICU or dedicated SCI unit is recommended. Hypotension
should be avoided and MAP maintained above 85 mm Hg
for 7 days. In patients with ongoing spinal cord compression
from their trauma, early surgical decompression and stabilization should occur, at least within 24 hours. here is no clear
clinical beneit from pharmacotherapy. MP is the most widely
prescribed, based on the NASCIS II protocol, although its
use is waning due to controversial guidelines changes and

FIG. 79.5 A patient in rehabilitation after a cervical spinal cord injury
shown increasing upper extremity strength and performance.

potential risks. Induced hypothermia is under active study
as a treatment option. he treating provider should anticipate associated medical risks of SCI, including respiratory
compromise, infection, DVT, and development of decubitus
ulcers, with steps taken to mitigate their development. Clinical
attention to each of these areas helps maximize neurologic
function and minimize the chance of death from associated
complications.
PEARLS
1. Current guidelines provide level 3 recommendations to avoid
episodes of hypotension (deined as systolic blood pressure
<90 mm Hg) and maintain MAP greater than 85 to 90 mm Hg
for 7 days after injury.
2. There is a growing body of literature to support early (<24
hours) surgical intervention in SCI.
3. New neuroprotective strategies under investigation for SCI
include hypothermia, riluzole, and minocycline.
PITFALLS
1. The average age at time of SCI has increased substantially over
the last 5 decades, from the age of 29 years in the 1970s to 42
years currently.
2. The most recent AANS/CNS guidelines changed MP from a
treatment option to a level 1 recommendation against
utilization. Use of MP remains controversial and most experts
would agree that there is no role for its use in complete (AIS A)
thoracic SCI.
3. SCI has systemic efects that afect every organ system,
especially pulmonary, cardiovascular, integument, and urinary.

KEY POINTS
1. CT images with sagittal and coronal reconstructions are
completed for nearly all suspected SCI patients.
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2. Early surgery, particularly for cervical SCI, is routinely accepted as
safe, with the most recent studies suggesting improved
long-term neurologic outcomes.
3. While steroid use for SCI remains controversial, there are a
number of neuroprotective strategies that are being
investigated for safety and eicacy, including hypothermia,
riluzole, and minocycline.
4. Health care providers of SCI patients should anticipate
associated complications of SCI, including respiratory
compromise, infection, DVT, and development of decubitus
ulcers, with steps taken to mitigate their development.
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Adam L. Shimer
Alexander R. Vaccaro

Vertebral artery injury (VAI) due to blunt cervical trauma is
oten initially asymptomatic; however, potentially devastating sequelae—including embolism, arterial dissection, and
stroke—make this condition a diagnostic challenge and treatment dilemma. Recent improvements in diagnostic imaging
have led to a higher rate of VAI detection, but the optimal
treatment of VAI in the setting of cervical spinal trauma
remains controversial. Although treatment of symptomatic
VAI is prudent in nearly all settings, the treating physician
must balance the treatment of asymptomatic patients with
the complications of anticoagulation therapy and possibly the
delay of surgical intervention when a diagnosis of vertebral
arterial disruption is encountered.

Anatomy
he right vertebral artery (VA) arises from the right subclavian
artery distal to the origin of the common carotid artery. On
the let side, the VA usually arises directly from the subclavian
artery. In 3% to 6% of cases, however, it may arise from the
arch of the aorta as a separate vessel. From the vessel’s origin
at the subclavian to its intracranial termination, the VA can be
divided into four anatomic segments. he irst portion (V1)
extends from the subclavian take-of to the foramen transversarium of C6 as it travels between the longus colli and anterior
scalene muscles. he second portion (V2) of the artery then
courses cephalad through successive transverse foramina until
the level of C2, where the arteries diverge and then course
superiorly to enter the more laterally situated foramen transversarium of the C1 vertebral body. he third segment (V3)
begins on exiting the C1 foramen transversarium, where it lies
in a groove along the superior margin of the posterior arch of
the atlas. It then turns anteromedially and passes through the
foramen magnum, lying anterior to the medulla oblongata.
he fourth and inal segment (V4) is intracranial ater it
pierces the dura mater. he VA then joins with the contralateral artery to form the basilar artery, which feeds the circle
of Willis and contributes to the posterior circulation of the
brain. his conluence is the anatomic basis of unilateral VA
occlusion oten being asymptomatic.

Epidemiology
As improved, higher-resolution imaging protocols have been
developed and instituted, the incidence of detectable VAIs has
increased. Although VAI has been reported as a result of lowenergy movements—such as chiropractic manipulation,1,2
yoga, and sudden head turning3-5—discussion of incidence is
most appropriate for consideration in high-energy cervical
spine trauma, such as motor vehicle collisions and falls.
Investigation into incidence of VAI began as reports
on small cohort groups and then later matured into larger
prospective studies. Louw and colleagues6 were the irst to
investigate VAI in bilateral facet dislocation in a prospective
fashion using digital subtraction angiography (DSA) and
detected arterial occlusion in 9 of 12 (75%) patients. Willis and
colleagues7 deined “high-risk” groups as those with criteria of
either cervical spine fracture involving the transverse foramen
or bilateral facet dislocations and, using DSA, detected VAI
in 12 of 26 (46%) patients. Miller and colleagues8 described
a broader deinition of “high-risk” criteria, including (1)
cervical spine fracture–dislocation, (2) neurologic indings
not explained by brain imaging, (3) Horner syndrome, (4) Le
Fort II or III fracture, (5) skull base fracture, or (6) expanding
neck sot tissue injury. Of 216 patients who met the criteria,
they found 49 (22.7%) VAIs. Bil and colleagues’9 selection
criteria were even more inclusive and found 92 VAIs among
605 patients (15.2%). Using magnetic resonance angiography
(MRA), Vaccaro and colleagues10 noted a 37% rate of VAI
with unilateral and bilateral cervical facet dislocations. In a
follow-up study, Vaccaro found a 20% (12/61) incidence of VA
occlusion in patients with subaxial cervical spine fractures.11
Later epidemiologic studies have used large level I trauma
registries to more accurately deine overall incidence of VAI
in blunt trauma admissions. he incidence of VAI among total
blunt trauma admissions ranged from 0.075% to 0.77%.8,12,13
he studies had inherent variations due to location and referral pattern of the center and diferent imaging modalities used,
including DSA, computed tomography (CT) angiogram, and
magnetic resonance arteriography. Despite the relatively low
overall incidence of blunt VAI in the overall trauma population, this small population of patients has a substantial risk of
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FIG. 80.1 Flexion-distraction stage II injury (lordotic position). A unilateral facet dislocation has been created at
C4–C5. The (A) anteroposterior and (B) lateral projections show an hourglass-like stenosis of the left vertebral
artery (arrows). The contralateral vessel (right) has a normal course in the (C) anteroposterior and (D) lateral
projections. (E) Contrast extravasation by rupture of a local radicular artery (black arrow) and loosening of a
muscular arterial ligature (white arrow) is demonstrated at dye injection into the left vertebral artery. (From Sim
E, Vaccaro AR, Berzianovich A, Simon P. The efects of staged static cervical lexion–distraction deformities on
the patency of the vertebral arterial vasculature. Spine. 2002;25:2180–2186.)

stroke and mortality,14 thereby demanding screening criteria
and structured protocols for detection of clinically silent
lesions.

Mechanism and Types of Arterial Injury
Although VAI has been described at all levels, the V2 segment
is the most commonly cited level of injury due to its coninement and tethering within the foramen transversarium,
making it susceptible to shear forces during forceful cervical
rotation or direct injury from fracture fragments.15,16 Although
less common, the tortuous V3 segment is vulnerable to injury
due to its tethering between the foramen transversarium of
the atlas and the atlanto-occipital membrane.17
Cervical lexion-distraction fracture patterns most commonly result in VAIs, followed by lexion-compression injuries
(Figs. 80.1 and 80.2).11 A review of the literature suggests that
a rotational component to the cervical spine may also be a risk
factor for VA occlusion.
In an attempt to better reine patient screening criteria for
VAI, Cothren and colleagues13 reviewed 17,007 blunt trauma
patients, 125 of whom had cerebral vascular injuries associated with cervical spine injuries. he injuries were characterized as subluxations in 56 (48%) patients, C1 to C3 cervical
spine fractures in 42 (36%), and extension of the fracture
through the foramen transversarium in 19 (16%). Cervical
spine fractures were the sole indication for screening in 90%
of the study population. Screening yield of all patients admitted with one of these three fracture patterns was 37%. herefore, they recommended focused screening for patients with
cervical subluxations, fractures through the transverse
foramen, or fractures of C1 through C3.

Injury to the VA in the setting of nonpenetrating cervical
trauma is most likely due to a stretching mechanism.18 Sim
and colleagues19 demonstrated in a cadaveric cervical spine
model that the static deformity of a lexion-distraction stage
II to stage IV subaxial cervical injury resulted in signiicant
compression/stretch of the vertebral arterial vasculature (Figs.
80.3 to 80.5). Initially, the vessel, or a portion of its intimal
lining, is injured through excessive distraction in a lexiondistraction injury owing to the sot tissue attachments of the
vessel in the foramina transversaria. Secondary events, such
as thrombus formation, may then lead to occlusion of the
vessel lumen. Recanalization over time ater blunt injury to
the VA was not a feature observed in a long-term follow-up
study reported by Vaccaro and colleagues10 of image-conirmed
vertebral vessel disruption. he lack of recanalization suggests
that signiicant vessel intimal disruption occurs and that
thrombus formation is not the only factor involved in vessel
occlusion.
he intima of the VA is highly sensitive to shear forces
experienced during high-energy blunt trauma. Because the
vessel adventitia is more resilient, isolated intimal disruption
can lead to a spectrum of clinical entities, including an intimal
lap with resultant thrombus formation or a dissection as the
intima and adventitia separate cranially. hrombus and dissection can lead to occlusion. If the energy transmitted is high
enough, the adventitia can fail, leading to a pseudoaneurysm
formation20 or transection if complete.
DSA provides the most anatomic detail of arterial injuries.
A dissection of the VA has been shown to be the most common
pattern of VAI, followed by occlusion. Multiple studies have
demonstrated that dissections tend to resolve, whereas occlusions, as a rule, do not recanalize regardless of therapeutic
attempts.10,21,22
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FIG. 80.2 Flexion-distraction stage III injury. A bilateral facet dislocation has been created at C4–C5. The (A)
anteroposterior and lateral projections (B, right, and C, left vertebral artery) reveal excessive thinning of dye low
without complete obstruction (arrows) in both the vertebral vessels. (From Sim E, Vaccaro AR, Berzianovich A,
Simon P. The efects of staged static cervical lexion–distraction deformities on the patency of the vertebral
arterial vasculature. Spine. 2002;25:2180–2186.)

Clinical Diagnoses

FIG. 80.3 A 73-year-old woman incurred a lexion-distraction injury at
C5–C6 after a fall. A magnetic resonance angiography coronal projection
image from a two-dimensional time-of-light dataset shows evidence of
normal antegrade low in the common carotid arteries bilaterally and the
right vertebral artery. There is absence of low in the expected course of the
left vertebral artery (arrows). (From Vaccaro AR, Gregg KR, Flanders AE, et al.
Long-term evaluation of vertebral artery injuries following cervical spine
trauma using magnetic resonance angiography. Spine. 1998;23:789–794.)

Abundant collateral circulation feeding the vertebrobasilar
system and posterior circulation of the brain oten allows
unilateral disruption of the VA to remain asymptomatic.
When this collateral circulation is diminished in situations of
atherosclerosis or anatomic variations, patients may initially
present with symptoms of vertebrobasilar insuiciency (VBI).
Symptoms of VA insuiciency may manifest as dizziness,
dysarthria, dysphagia, diplopia, blurred vision, and tinnitus.17
Initially, asymptomatic patients can have progression
of symptoms either acutely or delayed due to embolism,
thrombus extension, or dissection. Heros and colleagues23
described a patient who sustained a VAI with a resultant
cerebellar infarction despite having a normal contralateral
artery. To explain the infarction, the authors postulated that
the thrombosis had extended distally to the intracranial
portion of the VA. Interestingly, Six and colleagues24 reported
a case of an asymptomatic posttraumatic bilateral VA occlusion. Angiography demonstrated occlusion of both VAs but
with the presence of blood low through the intramuscular
collateral vessels of the thyrocervical trunk and by collaterals
from the supericial occipital artery. In fact, Blam and colleagues25 conducted a retrospective review of 1283 patients
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FIG. 80.4 A 51-year-old woman sustained a C4–C5 lexion-distraction
injury after a motor vehicle accident. This patient underwent a posterior
cervical fusion. Magnetic resonance imaging revealed a C4–C5 central
herniated disc, resulting in spinal cord compression. Cord edema was seen
from C3 to C5. An axial magnetic resonance angiography gradient-echo
image obtained at the mid-C4 level shows a hypointense focus (compared
with the normal [hyperintense] left foramen transversarium) contained
within the right foramen transversarium (arrow) that is consistent with acute
thrombosis of the right vertebral artery. (From Vaccaro AR, Gregg KR,
Flanders AE, et al. Long-term evaluation of vertebral artery injuries following
cervical spine trauma using magnetic resonance angiography. Spine.
1998;23:789–794.)

A

with cervical spine trauma and determined that a normal
neurologic examination is not predictive of VA patency ater
signiicant cervical spine trauma. hese authors also noted
that VAI was observed in similar frequency in both neurologically intact and motor incomplete patients (American Spinal
Injury Association [ASIA] classiications C and D).25
he interval between spinal injury and the development of
vertebrobasilar symptoms varies greatly from immediately
ater trauma to up to 3 months later.17,26 he late onset of
symptoms suggests a process of vertebral vessel thrombus
formation at the injury site with clot propagation or embolism
and subsequent infarction. herefore, clinicians should be
aware that late symptoms and signs of VBI ater cervical spine
trauma may be a manifestation of VAI that occurred at the
time of trauma.11 Vaccaro and colleagues10 demonstrated that
83% of patients with a known traumatic vertebral vessel injury
demonstrated no low reconstitution ater an average followup of 25.8 months. he one patient who did show reconstitution of low was thought to have a resolution of vertebral
arterial spasm that initially compromised low.

Imaging Modalities
DSA is a type of luoroscopy technique used in interventional
radiology to clearly visualize blood vessels in a bony or dense
sot tissue environment. Images are produced using contrast
medium by subtracting a “precontrast image,” or the mask from

B
FIG. 80.5 A 28-year-old man sustained a lexion-distraction injury at the C5–C6 level following a motor vehicle
accident. (A) Coronal projection image from a two-dimensional time-of-light magnetic resonance angiography
dataset shows the junction of the right vertebral artery with the basilar artery at the expected location of the
vertebrobasilar junction. The distal left vertebral artery is absent (arrow). (B) Four transaxial contiguous images
from a two-dimensional time-of-light dataset show absence of low-related enhancement in the left foramen
transversarium, which is consistent with occlusion of the left vertebral artery. (From Vaccaro AR, Gregg KR,
Flanders AE, et al: Long-term evaluation of vertebral artery injuries following cervical spine trauma using
magnetic resonance angiography. Spine. 1998;23:789–794.)
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alarming rate of missed VAIs using CTA that were visualized
using DSA. he authors went as far as to say that using CTA
was dangerous due to the risk of missed injuries. Miller and
colleagues’ study also found CTA and MRA to be inadequate
screening tools.8 Although many investigators have shown
failures of CTA to detect subtle lesions, Berne and colleagues30
have asserted that CTA is suicient for detection of clinically
relevant injuries (i.e., high-grade injuries). Although screening criteria may be employed to direct a dedicated CTA of the
cerebrovascular system, another consideration is to integrate
a CTA of the VA into the standard CT trauma series protocol.
Langner and colleagues31 developed such a protocol and found
that an optimized craniocervical CTA can be easily integrated
into a whole-body CT protocol for polytrauma patients. hey
assert that no additional screening technique is necessary to
identify clinically relevant vascular injuries. his type of protocol could lead to a more liberalized screening of all trauma
patients, as recommended by some investigators.32
MRA uses magnetic resonance imaging (MRI) with speciically designed sequences or gadolinium dye to image arterial
blood low. Similar to CTA, MRA ofers a minimally invasive
alternative to DSA. In addition, MRA is nonionizing. MRA
can be performed in the same clinical setting as a spine or
brain MRI. Although many studies have compared CTA to the
gold standard DSA, there are relatively fewer studies comparing the sensitivity and speciicity of MRA in detecting VAI.
he most common noncontrast, low-based method is
inlow angiography, or “time-of-light” (TOF), which is simply
ordinary MRI using settings that make lowing blood much
brighter than stationary tissue.
MRA based on an injected contrast medium (usually
containing gadolinium) is currently the most common form
of MRA. he contrast medium is injected into a vein, and
images are acquired during the irst pass of the agent through
the arteries. Provided that the timing is correct, this may result
in images of high quality. An alternative is to use a contrast
agent that does not, as most agents do, leave the vascular
system within a few minutes but remains in the circulation up
to an hour (a “blood-pool agent”). Because longer time is
available for image acquisition, higher-resolution imaging is
possible. A problem, however, is the fact that both arteries and
veins are enhanced at the same time.
Veras and colleagues33 performed a retrospective review of
patients with VAI to determine the ideal MRA imaging
sequence. hey noted that two-dimensional TOF sequencing
was a more efective imaging sequence than the threedimensional time-of-low because of a reduced false-positive
signal dropout. Axial T1-weighted MRI was useful because of
its ability to delineate the absence of low from an intimal
occlusion, including an intraluminal clot. In a dog model, Ren
and colleagues34 found that MRA was comparable with DSA
for evaluation of VAI.

Screening
As discussed in the previous section, many studies have
demonstrated the convenience, low risk, and reliability of
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later images, once the contrast medium has been introduced
into a structure. DSA has routinely been described as the
gold standard for detection of VA abnormalities. It is the only
imaging technique that can reproducibly detect subtle intimal
abnormalities. DSA is also the only technique that allows an
interventional neuroradiologist to perform interventions if
deemed necessary and appropriate. DSA, however, is time
demanding, technique dependent, and invasive, with inherent
risks including iatrogenic arterial perforation, puncture-site
hematoma/false aneurysm, and dye toxicity. Because of this, DSA
may not be a suitable screening tool, leading to development
of alternate tests including computed tomography angiography
(CTA) and MRA. However, neither of these techniques has
proven to match the sensitivity or speciicity of DSA.
CTA is a technique that combines precisely timed highspeed, multidetector CT imaging shortly ater a bolus of
contrast dye through a peripheral intravenous line. Using
bolus tracking, a speciic anatomic site—in this example,
the vertebral arteries—can be imaged without the need for
cannulating a catheter directly to the site, thereby eliminating many possible complications associated with DSA. In
addition, the amount of dye used in CTA is substantially less
than that used in DSA. he majority of high-energy trauma
patients require head and cervical spine scans; therefore, this
imaging modality can be done in the same clinical setting as
other required trauma-speciic imaging studies. he previousgeneration four-detector CT scanner was widely found to be
inadequate for VAI injury. Newer high-speed 16-detector CT
scanner imaging is far superior in resolution and in its ability
to bolus track. herefore, this technique has experienced
near-universal acceptance within the radiology community
as a replacement for DSA. Eastman and colleagues27 found
that CTA was nearly identical to DSA for detection of VAI
in 162 patients determined to be at risk of injury. As imaging
technology continues to improve, subsequent studies utilizing
32- and 64-channel multidetector CT have found that DSA
can conidently and efectively be replaced with CTA.28
Although these less-invasive imaging techniques are attractive for the reasons stated earlier and despite wide acceptance
in the radiology literature, some trauma surgeons remain skeptical of CTA accuracy. Bil and colleagues21 have questioned
their ability to detect all vascular lesions when compared
with the gold standard DSA. he investigators developed
a grading scale to evaluate the performance of MRA and
CTA: grade I, dissection with less than 25% luminal narrowing;
grade II, dissection with more than 25% luminal narrowing;
grade III, pseudoaneurysm; grade IV, occlusion; and grade V,
transection. Forty-six consecutive patients underwent CTA
or MRA in conjunction with DSA. Although adequate for
dramatic lesions, the more subtle grades I, II, and III lesions
were routinely missed by CTA or MRA.
Malhotra and colleagues29 also noted that, increasingly,
CTA has been replacing DSA in suspected VAI injuries and
selected 119 patients who met screening criteria (facial/
cervical–spinal fractures; unexplained neurologic deicit;
anisocoria; lateral neck sot tissue injury; clinical suspicion)
out of 7000 level I blunt trauma admissions and performed
DSA and CTA. In agreement with Bil’s study, they found an
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modern multidetector CTA to detect blunt cerebrovascular
injury (BCVI), including vertebral artery injury. Determining
which patients are at a high risk of BCVI and who should have
a CTA is an important aspect of the detection and treatment
algorithm. he most oten used criteria are that set forth by
the Denver group. he “Denver” criteria include (1) an injury
mechanism compatible with severe cervical hyperextension
with rotation or hyperlexion; (2) Lefort II or III midface
fractures; (3) basilar skull fractures involving the carotid canal;
(4) closed head injury consistent with difuse axonal injury
with Glasgow Coma Scale score less than 6; (5) cervical vertebral body or transverse foramen fracture, subluxation, or
ligamentous injury at any level, or fracture at the level of
C1–C3; (6) near-hanging resulting in cerebral anoxia; or (7)
seat belt or other clothesline-type injury with signiicant cervical pain or swelling.35 he “Denver” criteria have been widely
adopted, but more recent studies have asserted that the screening be more focused36 or more relaxed.37

Treatment
Treatment considerations should be divided into (1) symptomatic with evidence of stroke, (2) symptomatic without
evidence of stroke, and (3) asymptomatic VAI.
Several diferent methods of therapy have been used to
treat symptomatically occluded VAs. he American Association of Neurological Surgeons/Congress of Neurological Surgeons Guidelines consensus concluded that patients with
posterior circulation stroke and VAI have a better outcome
when treated with intravenous heparin than patients who do
not receive this treatment.38 Fibrinolysis with streptokinase
has also been described to successfully restore low with varied
results.39
Although the exact mechanism is ill deined, be it
ischemia or embolic, the outcome of patients who develop
symptoms of posterior circulation ischemia without stroke
and are treated with intravenous heparin1,40–42 is similar to
that of patients receiving no treatment.6,43 In the symptomatic
patient, Schellinger and colleagues41 advocated the initial use
of heparin with a target-activated partial thromboplastin time
of at least twice the baseline value followed by oral anticoagulation (warfarin) for at least 3 to 6 months as a secondary
prophylaxis.
Complications associated with anticoagulation in the
trauma population range from 25% to 54%.44 Bleeding complications include intracranial hemorrhage, gastrointestinal
bleeding, retroperitoneal hemorrhage, and excessive surgical
site bleeding. In fact, in a study by Eachempati and colleagues,45
only 14% of trauma patients were deemed candidates for full
anticoagulation. hese facts have led physicians to focus more
on antiplatelet therapy as opposed to heparinization.
In appropriately selected candidates with a symptomatic
dissecting VA, surgical intervention may include vertebral
vessel resection followed by grating. Another method of
arresting vessel low is through the use of catheter embolization with Guglielmi detachable coils.46-48 Today, the gold
standard surgical procedure for a symptomatic vertebral

dissection remains ligation of the injured VA proximal and
distal to the site of the lesion rather than primary repair.47
As mentioned previously, ligation is well tolerated if there is
adequate collateral low.
he treatment of asymptomatic VAIs has been controversial in the past. In the previous edition of this text, in the
majority of level I trauma centers, formal treatment was not
recommended for a patient with an asymptomatic VAI ater
trauma.24,48 Multiple groups have since endorsed the use of
aspirin (acetylsalicylic acid [ASA]) for treatment of all VAI.
he use of ASA has been shown to prevent stroke and potentially increase the chance of arterial injury healing and low
abnormality resolution.
Because of the risk of rupture and embolic source, a pseudoaneurysm of the VA is usually aggressively treated most
commonly with coil embolization or stenting.
Transection of the VA is a life-threatening emergency due
to hemorrhagic shock and/or airway compromise. Treatment
is airway management, resuscitation, and emergent interventional neuroradiology embolization.49 An additional reason to
routinely evaluate for the presence of a vertebral vessel disruption in an asymptomatic patient is to ensure safety of the intact
vessel if surgical intervention with implants that may put the
vertebral vasculature at risk are to be used.

Summary
Despite its controversial treatment, the diagnosis of VAIs ater
blunt cervical trauma is beneicial in that it may alter or modify
the proposed surgical procedure and may explain late onset of
symptoms consistent with VBI. he potential risk for injury
to the uninjured VA should be known to the surgeon when
operating on the cervical spine, especially when performing
procedures that may place the uninjured artery at risk (i.e.,
lateral mass plating or cervical pedicle screw placement). he
physician must realize that the injured VA is a potential source
for thrombus propagation and embolization with resultant
neurologic injury. Imaging should be considered in all patients
who present with signs and symptoms of VBI, especially in the
presence of a cervical dislocation, high cervical spine (C1–C3)
fracture, or fracture involving the foramen transversarium.
Multiple societies have published practice management guidelines for the screening and treatment of BCVI. he Eastern
Association for the Surgery of Trauma50 and Western Trauma
Association51 reported guidelines very similar to those described
in this chapter in 2010 and 2009, respectively. he consensus
statement from the American Association of Neurological
Surgeons/Congress of Neurological Surgeons recommends
anticoagulation for VAI with evidence of posterior circulation
stroke and recommends consideration for anticoagulation
in symptomatic VAI without evidence of stroke. Vertebral
artery injury without symptoms should be treated with
aspirin when deemed safe from a bleeding risk perspective.
hese recommendations in general have continued to be supported by the majority of contemporary studies. Fortunately,
because of adequate collateral circulation, most VAIs remain
asymptomatic.

Chapter 80 Vertebral Artery Injuries Associated With Cervical Spine Trauma

1. Most VAIs are asymptomatic because of suicient collateral
blood low through the contralateral vertebral artery.
2. VAIs should be suspected after blunt cervical trauma when
patients present with neurologic deicits, such as dysarthria,
dizziness, diplopia, and dysphagia.
3. Flexion-distraction injuries are most commonly associated with
VAIs, followed by lexion-compression injuries.
4. Imaging should be considered in the setting of speciic cervical
spine injuries, such as cervical dislocations, fracture involving the
foramen transversarium, and injuries to the upper cervical spine
(C1–C3) to rule out VAI.
5. Anticoagulation with intravenous heparin is recommended for
patients with VAI who have evidence of posterior circulation
stroke. Aspirin should be utilized for all other VAIs if no
contraindication exists.

2.

3.

PITFALLS
1. DSA provides the most detailed, highest-resolution imaging of
the vertebral artery pathoanatomy but is an invasive procedure
with potential risks.
2. CT and magnetic resonance arteriograms may be acceptable
screening tools for clinically relevant VAIs but may fail to detect
more subtle lesions. CTA sensitivity and speciicity continues to
improve with higher-number detector channels.
3. Anticoagulation treatment is associated with potentially
signiicant complications, such as hemorrhage, stroke
propagation, and neural ischemia.
4. Surgeons should be cognizant of prior cervical spine trauma
and possible VAI when performing procedures that may place
the uninjured vertebral artery at risk (i.e., lateral mass plating).
5. Most VA occlusions do not reconstitute their blood low, and
late neurologic deterioration may occur from extension of the
arterial thrombus, emboli formation, and resultant infarction.

KEY POINTS
1. VAIs are most commonly seen in cervical spine fractures
involving the foramen transversarium, upper cervical spine
(C1–C3), and cervical subluxations/dislocations. Intimal
disruption and secondary thrombus formation is the most
common pattern of vascular injury seen in cervical spine
fractures. Most VAIs are asymptomatic due to suicient collateral
blood low through the contralateral VA.
2. In the previously shown fracture patterns, it is suggested that
advanced imaging (MRA or CT arteriography) of the VAs is
performed to evaluate for injury. DSA provides the most detailed,
highest-resolution imaging of the VA pathoanatomy but is an
invasive procedure with potential risks. CT and magnetic
resonance arteriograms may be acceptable screening tools for
clinically relevant VAIs but may fail to detect more subtle lesions.
3. Key neurologic signs and symptoms of vertebrobasilar
(posterior/cerebellar) insuiciency can be subtle and include
dysarthria, dizziness, diplopia, and dysphagia.
4. Anticoagulation with intravenous heparin is recommended for
patients with VAI who have evidence of posterior circulation
stroke. Aspirin should be utilized for all other VAIs if no
contraindication exists.
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The authors noted an alarmingly high rate of vertebral
artery injury (19.7%), particularly with lexion-distraction and
lexion-compression injuries and suggested selective magnetic
resonance angiography evaluation of these patients.
Vaccaro AR, Klein GR, Flanders AE, et al. Long-term evaluation of
vertebral artery injuries following cervical spine trauma using
magnetic resonance angiography. Spine. 1998;23:789-796.
A prospective study determined at 25.8-month follow-up that
the majority of patients (83%) who sustained a vertebral artery
injury secondary to cervical spinal trauma did not reconstitute the
occluded vertebral artery.
Cothren CC, Moore EE, Bil WL, et al. Cervical spine fracture
patterns predictive of blunt vertebral artery injury. J Trauma.
2003;55:811-813.
Blunt cerebrovascular injury is associated with complex cervical
spine fractures that include subluxation, extension into the foramen
transversarium, or upper C1 to C3 fractures. One of these three
injury patterns was observed in 90% (subluxations in 48%, C1 to C3
cervical spine fractures in 36%, or extension of the fracture through
the foramen transversarium in 16%) of blunt cerebrovascular injuries
associated with cervical spine trauma at one institution. Patients
sustaining such cervical fractures should undergo prompt screening.
Bil WL, Ray CE Jr, Moore EE, et al. Noninvasive diagnosis of
blunt cerebrovascular injuries: a preliminary report. J Trauma.
2002;53:850-856.
This is the irst description of a VAI grading system from I to V in
order of severity (partial occlusion to transection). CT and MR
angiography can identify VAI, but they regularly miss more subtle
grade I, II, and III injuries. Future technical modiications may
improve their accuracy, but in the interim, arteriography remains the
gold standard for diagnosis. If arteriography is not available, CT or
MR angiography should be used to screen for VAI in patients at risk.
American Association of Neurological Surgeons/Congress of
Neurological Surgeons Joint Section of Disorders of the Spine
and Peripheral Nerves. Management of vertebral artery injuries
after nonpenetrating cervical trauma. Neurosurgery. 2002;50(3
suppl):S173-S178.
Anticoagulation with intravenous heparin is recommended for
patients with vertebral artery injury who have evidence of posterior
circulation stroke. Either observation or treatment with antiplatelet
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posterior circulation stroke is recommended. Observation in patients
with vertebral artery injuries and no evidence of posterior circulation
ischemia is recommended.
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Braces have played an integral role in the management of
spinal pathologic processes for thousands of years. Smith, in
his 1908 article “he Most Ancient Splints,” described brace
use in ancient Egypt more than 2500 years ago.1 Much of the
early literature focused on treatment of spinal deformities,
including Galen’s chest-strapping method and Paré’s leatherlined metal jacket, popular in the late 16th century.2 Nicholas
Andry developed the “iron cross” in the early 18th century for
cervical immobilization, consisting of a straight metal upright
with a cross and metal ring attached to the top for support of
the head.3 Today, spinal bracing continues to be a mainstay of
treating deformity (covered elsewhere in this text) and the
management of traumatic and degenerative spinal disorders.
In medical terms, spinal braces are referred to as orthoses,
which are deined as externally applied devices that restrict
motion, correct deformity, or improve function in a particular
body segment.4
Spinal orthoses can be broadly categorized based on the
body segment that they are employed to immobilize: cervical
(CO), cervicothoracic (CTO), thoracolumbosacral (TLSO),
lumbosacral (LSO), and sacroiliac (SIO). his chapter focuses
on the biomechanics, laboratory studies, and the classic and
recent clinical results of commonly used commercially available spinal orthoses. he US Food and Drug Administration
(FDA) has classiied spinal orthoses as class I devices. As a
result, they have not been subject to the strict regulations and
scrutiny applied to implantable devices. he currently available knowledge on these devices is the product of observations
of varying degrees of scientiic merit. Additionally, many
commercially available products do not have peer-reviewed
data to support their purported efectiveness. he prosthetics
and orthotics community has produced numerous publications in print and online trade journals regarding their
products and design developments, but comparatively little is
published in medical journals familiar to practicing spine
specialists. A PubMed search using the key words “spinal
orthoses” will result in a fraction of the results that an Internet
search will yield. he paucity of readily available peer-reviewed
literature has presumably contributed to the variability of
prescribing patterns among spine specialists. Bible and colleagues illustrated this point using a questionnaire study of the
postoperative bracing preferences among spine surgeons.5
Most of the respondents braced their patients postoperatively,

but there was no consensus on the type, duration, or indications for bracing. In this chapter, therefore, we have attempted
to discuss the available data and review design features of
various orthoses rather than make speciic recommendations
on the superiority of one commercial product versus another.
Hopefully, the information provided can help clinicians
choose the appropriate orthoses to meet their patients’ needs.

Biomechanics and Biomaterials
An improved understanding of spinal biomechanics has led to
advances in spinal bracing. Conceptually, the spine can be
thought of as a series of semirigid bodies interconnected by
viscoelastic linkages. Spinal kinematics involves motion in six
degrees of freedom, with rotation about three axes and translation along the three coordinates.6 For clinical considerations,
testing (particularly involving human subjects) has generally
been conined to three planes of motion: lexion-extension,
axial rotation, and lateral bending.
he eicacy of a particular orthosis to limit spinal motion
has been tested using various methods, including radiography
and goniometry. Standard radiography, typically utilizing
lexion-extension views, has been commonly employed.
Cineradiography evaluates motion through the use of luoroscopy. Goniometry utilizes external devices attached to the
subject to measure spinal motion. It has been demonstrated
to correlate fairly well with radiographic techniques7 and
avoids exposing subjects to radiation. However, there is some
decreased accuracy and lack of information on motion at any
particular segment. Motion analysis systems that permit spinal
motion to be measured in three dimensions have been utilized
more recently to study the eicacy of orthoses.8,9
Because bracing attempts to control the position of the
spine through the application of external forces, orthotic
design must account for regional variations of the surrounding anatomy and accommodate vulnerable structures. his
includes the vital sot tissue about the anterior neck, the rigid
thoracic rib cage, the compressible abdomen, and the bony
pelvis at the base of the lumbar spine. he surrounding sot
tissue envelope has a substantial efect on the ability of an
externally applied force to control spinal movement. Pressure
measurements on the sot tissues may be an objective way to
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BOX 81.1

Commonly Used Materials in the Fabrication of Orthosesa

Ionomer (Thermovac Surlyn)
Oliphin (polypropylene)
Polycarbonate (Lexan)
Polyethylene (Vitrathene)
Polyethylene foam (Plastazote, Aliplast)
Acrylic–polyvinyl chloride (Kydex)
Resins (epoxy, polyester)
a

Common product names are in parentheses.

assess the it of a spinal orthosis. he role of sot tissue pressure
measurement as an index of applied corrective or stabilizing
force, however, remains unclear.10,11 he intervening sot tissue
envelope is also an area of potential complications: problems
include breakdown, local pain, decreased vital capacity, and
increased lower extremity venous pressure.12
Along with our improved understanding of the biomechanics of spinal bracing, improvements in the materials
available for brace manufacture have led to dramatic advances
in their design. During the 18th century, braces were generally
constructed of leather, iron, and wood. German developments
in the 19th and early 20th centuries led to many new brace
designs, with paper cellulose and glue being added to wooden
or iron frames.4 Newer composite materials, polymer resins,
and thermoplastics have led to a proliferation of commercially
available orthoses that are lightweight and comfortable without
sacriicing the stability aforded by the heavier, more cumbersome designs of the past. New low-density polyethylene shells
have considerable lexibility of the body, facilitating donning
and doing, but once strapped have comparable vertical stifness to other rigid designs. Commonly used materials in the
fabrication of orthoses are listed in Box 81.1.
Beyond the advances in our understanding of biomechanics
and biomaterials, advances in computer engineering have led
to innovative methods for customized production of orthoses
with decreased time requirements. At our institutions, eforts
to limit the length of inpatient admissions have necessitated
a close working relationship between the treating physicians
and the orthotists. A computerized database of key measurements that have been recorded over the years has allowed
our orthotists to develop digitized models of various sizes
and body types utilizing computer-aided design/computeraided manufacturing technology (CAD/CAM). Using this
approach, simple measurement at the sternal notch, xiphoid,
and waist along with linear measurements can be performed
and integrated with CAD/CAM technology to rapidly design a
precision-it orthosis in a fraction of the time needed for standard mold-based orthoses. Researchers have evaluated this
approach for bracing patients with idiopathic scoliosis. Braces
comparable to those made using traditional mold techniques
(in comfort and curve correction) could be produced in
roughly one-third of the time previously required.13 Continuing advances in this area include the development of handheld
three-dimensional laser imagers that utilize relectors placed
on the patient to capture shape information. his technology
is already frequently used in limb applications and is becoming more commonly employed for spinal applications.

FIG. 81.1 Philadelphia collar. The design includes anterior and posterior
shells that are fastened with Velcro straps. The anterior hole is for a
tracheostomy tube.

Cervical Orthoses
he cervical region provides a challenge for externally applied
spine immobilization due to the sot tissue structures about
the neck and high level of mobility of the spine segments.
COs can be divided into two broad categories: sot and rigid.
Sot collars provide comfort and proprioception but little
immobilization, decreasing lexion and extension by 5% to
15%, lateral bending by 5% to 10%, and axial rotation by
10% and 17%.14 hey are oten used in the treatment of
whiplash-type injuries or muscular strains about the neck,
where proprioceptive feedback helps “remind” a patient to
voluntarily restrict motion. Such proprioception appears to
be reasonably efective in the course of everyday living. Miller
and colleagues evaluated the amount of motion recorded by
10 subjects during various functional tasks of everyday living.
hey found that the amount of motion was not signiicantly
diferent whether sot or rigid COs were used.15
Rigid COs are available in several forms, but all forms must
be able to accommodate the vital sot tissue structures in the
neck while simultaneously providing rigid immobilization of
the mobile cervical spine. his is generally accomplished by
irm seatings about the base of the skull and upper thorax
connected by a rigid column. Most include an anterior opening
to accommodate a tracheostomy tube. Rigid COs are generally
used to provide stabilization to the midcervical spine. Examples
of COs include the Philadelphia collar (Fig. 81.1), the Miami
J collar (Ossur; Fig. 81.2), the Aspen CO (Aspen; Fig. 81.3),
and the Malibu collar (Fig. 81.4).
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FIG. 81.2 Miami J cervical orthosis. (A) Anterior view. (B) Posterior view. The design includes anterior and
posterior shells with a soft lining that can be changed for hygiene purposes.

A

B

FIG. 81.3 Aspen cervical collar. (A) Anterior view. (B) Posterior view. The design includes patented tabs that
allow the collar to better conform to the patient when tightened.
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FIG. 81.4 Malibu collar. (A) Anterior view. (B) Lateral view. The design features include tight-itting chin and
occipital rests and more anterior and posterior extension onto the thorax than the Philadelphia collar.

he landmark study evaluating the efectiveness of various
orthoses in immobilizing the cervical spine was performed by
Johnson and colleagues.16 he methods of this study have
oten been emulated and its results frequently quoted since its
publication in 1977. he authors evaluated the sot collar,
Philadelphia collar, four-poster orthosis, sterno-occipitomandibular immobilizer (SOMI), and a cervicothoracic
orthosis. hey utilized radiographs and overhead photographs
taken at the extremes of motion in lexion-extension, rotation,
and lateral bending. hey quantiied sagittal plane motion for
each brace at every level of the cervical spine (Fig. 81.5). As
others had demonstrated, they found that a sot collar ofered
no restriction of motion in any plane. hey found that increasing the length of the orthosis (extending it onto the thorax)
and increasing the rigidity of the connection improved lexion
control, but lateral bending and total lexion and extension
were less controlled. hey also demonstrated increased motion
between the occiput and C1 in all braces compared with the
unbraced state. his “snaking,” or paradoxical motion, has
subsequently been described throughout the cervical and
thoracolumbar spine.17–19
Another study by Askins et al. compared ive commonly
used COs in terms of their eicacy in restricting cervical
motion.20 Radiographic and goniometric measurements found
the NecLoc (Ossur) orthosis to be superior to the Miami J,
Philadelphia, Aspen, and Stifneck (Laerdal) orthoses in terms
of lexion-extension, rotation, and lateral bending. he Miami
J collar was also found to be signiicantly superior to the
Philadelphia and Aspen orthoses in extension and combined
lexion-extension. Motion analysis systems have been used in

recent studies, which typically measure gross rather than segmental movement of the cervical spine.8,9 Interestingly, these
have reported indings diferent from the aforementioned
studies in comparing eicacy among commonly used orthoses. However, as other methods have also found, these studies
reported that lexion-extension and rotational movements
were more efectively restricted than lateral bending among
all of the collars. Separate studies in children have also demonstrated difering performance among commercially available
pediatric collars, with the Miami J and NecLoc demonstrating
better motion limitation than the Philadelphia collar.21
Many hospitals have an in-house inventory of COs so that
they are readily available without the need for an orthotist.
Predicting the appropriately sized collar can be somewhat
imprecise, however. A study by Bell et al. investigated the
adverse efects of an ill-itting Miami J CO using electromagnetic sensors.22 he authors compared motion in healthy
subjects using a Miami J of correct size to one that was too
small and one that was too big, among other orthoses. hey
found that the ill-itting COs allowed a signiicant increase in
motion in multiple planes when compared to the correctly
sized Miami J. he authors reiterated the importance of correct
itting of a CO to avoid the potentially detrimental efects of
excessive motion. In an efort to provide customized itting
with decreased inventory, some manufacturers ofer adjustable COs. Gao compared the motion restriction of adjustable
COs to standard COs in healthy participants across a range of
loading levels.23 hey found that the adjustable COs were as
efective as standard COs. In our institution, we have found
that nursing and nonspine clinicians can have diiculty in
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FIG. 81.5 Graphs demonstrating motion allowed in the
normal cervical spine compared with cervical orthoses. (A)
Degrees of lexion permitted in sterno-occipito-mandibular
immobilizer (SOMI), four-poster, and cervicothoracic braces
compared with the normal unrestricted cervical spine. (B)
Degrees of extension permitted in SOMI, four-poster, and
cervicothoracic braces compared with the normal unbraced
cervical spine.
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a higher injury severity score, longer time on mechanical
ventilation, longer stays, and a greater percentage of catheter
carriers of intracranial pressure. In addition, days spent in a
cervical collar and presence of edema are thought to be signiicant predictors of skin breakdown.26 Plaisier and colleagues
compared the skin pressure associated with the use of the
Stifneck, Philadelphia, Miami J, and Aspen/Newport collars
in supine patients.27 hey found that the Miami J and the
Aspen collars produced the lowest chin and occiput pressures,
both being below the mean capillary closing pressure. Tescher
et al.28 assessed the efects of four commercially available
cervical collars on mandibular and occipital tissue-interface
pressure using custom-sized pads from a proprietary capacitive pressure-sensing transducer system. hese authors found
that the Miami J collar, with and without Occian back, had

C1–2

C2–3

C3–4

C4–5

Segmental Level
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adjusting such collars despite educational eforts. Hands-on
involvement of the spine specialist or orthotist may be necessary to ensure appropriate it of the adjustable COs.
Known complications of COs include skin breakdown
over bony prominences, such as the occiput, mandible, and
sternum. Skin breakdown is especially prevalent in multitrauma patients with prolonged recumbency and in patients
with altered sensorium. One study reported orthosis-related
decubiti in 38% of patients with associated severe closed-head
injuries.24 Molano Alvarez et al. reported a 23.9% incidence
of pressure sores in their series of patients with acute cervical
spine injury placed in a cervical collar.25 he pressure sores
were found at day 7, on average, and were most frequently
noted over the chin, occipital, and suprascapular areas.
he authors found that pressure sores were associated with

1413

XI

SPINE TRAUMA

FIG. 81.5, cont’d (C) Degrees of lexion-extension allowed
at each cervical segment in a variety of orthoses compared
with the normal unrestricted cervical spine. (From Johnson
RM, Hart DL, Simmons EF, et al. Cervical orthoses: a study
comparing their efectiveness in restricting cervical motion in
normal subjects. J Bone Joint Surg Am. 1977;59:332–339.)
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the lowest levels of mandibular and occipital pressure when
compared to the Aspen and Philadelphia collars. Increased
intracranial pressure as a consequence of rigid cervical
orthotic immobilization has been described. As a surrogate for
intracranial pressure, Karason et al. measured jugular venous
pressure by catheter in healthy subjects with and without
COs.29 hey found that most commercially available COs
resulted in a signiicant increase in jugular venous pressure.
Hunt and colleagues directly studied the efects of rigid collar
placement on intracranial pressure in head-injured patients.30
hey found that rigid collars cause a small but signiicant
increase in intracranial pressure, which may have deleterious
efects in patients with severe head injuries and preexisting
intracranial hypertension. hey recommend early removal of
rigid collars from head-injured patients once cervical spine
injury has been excluded. Aspiration and dysphagia are at times
anecdotally attributed to cervical collar use, but studies have
been inconclusive. When using healthy volunteers performing
swallowing studies, some mechanical changes in swallowing
physiology were noted, but no aspirations occurred.31 A causal
link between cervical collar use and aspiration in injured or
elderly patients has been suggested but not proven.
Methods for immobilizing the cervical spine of patients in
the ield have also been extensively studied. hese include use
of a cervical collar, a short board or sandbag technique, or a
combination of a collar and short board. Cline and coworkers
compared the Hare extrication collar, the Philadelphia collar,
and their immobilization protocol, which consists of a short
board with forehead and chin straps.32 hey concluded that
the short board with straps provided the best immobilization and that the addition of a Philadelphia collar did not
provide additional beneit. Podolsky and colleagues33 utilized

Normal-unrestricted
Soft collar
Philadelphia collar
SOMI
Four poster
Cervicothoracic
Halo

goniometry to evaluate the immobilization provided by
sot collar, hard collar, Philadelphia collar, Hare extrication
device, and their sandbag technique (which utilizes a board
plus forehead tape). hey found that the sandbag technique
provided the most efective immobilization but that the addition of a Philadelphia collar provided additional beneit. In
the presence of a dissociative injury at the occipitoatlantal or
atlantoaxial level, extrication collars can result in abnormal
separation between the vertebrae.34 While this was demonstrated in a cadaver study, further research is necessary to
determine if ield management protocols should be modiied
to manage this risk.
he role of cervical collars following surgery for degenerative disease is an area of ongoing investigation and controversy.
Bible at al., in their questionnaire of orthosis usage among
spine surgeons, found that orthoses were more oten used ater
anterior cervical spine procedures as the complexity of the
procedure increased.5 Campbell et al. evaluated the efect of a
cervical collar ater single-level anterior cervical fusion with
plating on fusion rates and clinical outcomes in an FDAregulated, multicenter controlled trial.35 hey found similar
clinical outcome parameters and a trend toward higher rates
of fusion in the nonbraced group compared to those treated
with a cervical collar. In addition, there was no diference
between proportion of patients returning to work.

Cervicothoracic Orthoses
CTOs generally consist of occiput and chin supports attached
to anterior and/or posterior thoracic plates. Examples include
the SOMI (Fig. 81.6), the Minerva brace (Fig. 81.7), and the
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FIG. 81.7 Minerva cervicothoracic orthosis. (A) Anterior view. (B) Posterior view. This design has an expansive
occipital lare to help limit rotation.
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Yale brace (Fig. 81.8). Compared with COs, these devices
improve control in all planes of motion and are particularly
suited for immobilization of the middle to lower cervical spine
and upper thoracic spine. his improved rigidity, however,
comes at the expense of patient comfort. Some of the earlier
authors distinguished between the two/four-poster designs
and those with more extensive connections between the head
and thoracic components.16 he more recent standardized
classiication system, however, categorizes the poster braces as
CTOs along with the other designs. he traditional four-poster
brace was shown to limit 79% of overall cervical lexionextension and limit midcervical lexion to a comparable
degree as the more rigid CTOs.4,36 Because of their heavy
design and high resting pressures on the chin and occiput,7
this brace is less commonly used today.
he SOMI (see Fig. 81.6) utilizes metal uprights to connect
occipital and mandibular rests to a sternal plate that is secured
to the thorax by padded metal “over-the-shoulder” straps and
additional circumferential straps that cross in the back.
Because there is no posterior thoracic plate, the occipital rests
are supported by uprights from the sternal piece. his results
in adequate control of lexion but deicient control of extension throughout the cervical spine.16,36 hese braces are fairly
comfortable to patients but also are associated with high
resting pressures at the chin and occiput.7
he original Minerva brace consisted of a heavy custom
plaster jacket that created diiculties in maintaining patient

FIG. 81.6 Sterno-occipito-mandibular immobilizer (SOMI). The three
upright rods that extend from the mandibular and occipital rests all connect
on the anterior thoracic plate.
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FIG. 81.8 Yale brace. (A) Anterior view. (B) Posterior view. Note the similarities of the head rest to a Philadelphia
collar, from which the early version was originally adapted.

hygiene and obtaining radiographs.37 As a result of the diiculties encountered in managing patients with this device, the
halo came into popular use. Later, the thermoplastic Minerva
body jacket (TMBJ) was developed that preserved the noninvasive nature of the original concept. Its lightweight, bivalved,
polyform shell allowed improved patient comfort and hygiene
and interfered less with follow-up radiographs.38 Donning this
brace is somewhat complex, oten requiring an orthotist for
proper application. More recently, a prefabricated version of
the Minerva body jacket has been developed, the Minerva
CTO (see Fig. 81.7). Its design features a forehead band
attached to a large occipital lare. Sharpe and colleagues
reported that this orthosis limits overall sagittal plane motion
by 79%, axial rotation by 88%, and lateral bending by 51%.39
he Yale brace (see Fig. 81.8) was originally designed as a
modiied Philadelphia collar with custom-molded anterior
and posterior polypropylene thoracic extensions.40 he
modern version is prefabricated and usually made of Kydex.
Although lighter and less cumbersome than most of the other
CTOs, the Yale brace has similar eicacy in controlling motion.
In Johnson’s study, the Yale brace restricted 87% of overall
lexion-extension, 75% of axial rotation, and 61% of lateral
bending.41 Whereas the CTOs have been shown to be fairly
efective at limiting motion of the cervical spine, they should
not be expected to rigidly immobilize below the C7–T1 level
despite their thoracic components. he use of any of the CTOs
in bedbound patients can be problematic, as the tendency for
cephalad migration of the brace in the semirecumbent position increases the likelihood of pressure phenomena on the
chin or occiput.

Ivancic recently devised a novel skull-neck-thorax model
to study the efectiveness of both COs and CTOs, given the
limitations inherent in using live human subjects.42 his model
utilizes a cadaveric cervical specimen, plastic skull, and mannequin thorax and load input lexibility testing to determine
three-dimensional load-displacement properties. Braced and
unbraced states in uninjured models were initially compared.
He demonstrated that cervical orthoses efectively immobilized the entire cervical spine in lexion-extension and the
lower cervical spine in lateral bending. hey appeared least
efective at restricting lateral bending of the upper cervical
region and axial rotation of all spinal levels, except C1–C2. As
other researchers had demonstrated, CTOs improved immobilization of the lower cervical spine compared to standard
collars. He subsequently performed further study using the
same approach in experimentally created injuries, including
atlas fractures, type 3 dens fractures, midregion subaxial
extension-compression injuries, and lower cervical lexioncompression injuries.43 Successive improvement in immobilization was noted comparing collar to CTO in extension at the
injured midregion spine and lexion at the injured lower cervical spine.

Halo Vest
It is generally agreed that the halo vest provides the most rigid
immobilization of the cervical spine of all the currently used
orthoses and is particularly efective in the upper cervical
spine. Originally inspired by a device used by Bloom to treat
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are included in the application sets to prevent overtightening
of the bolts that connect the rods to the vest and ring. Mirza
and colleagues48 found that most commercially available vests
provide comparable immobilization. Factors associated with
decreased motion include increasing vest snugness, decreasing the deformability of the vest, and appropriate it and
application.
Technological advances have also been made in the ield of
halo pin materials and pin design. he popular pin composition at this time is stainless steel. Diferent pin-tip designs have
been studied to determine which may provide the greatest
resistance to shear frequently encountered at the pin-bone
interface. Interest has arisen regarding a bullet-type tip that
may be able to withstand higher shear forces.49,50 Some systems
have torque wrenches that break of at a set torque.51 hese
wrenches are made to be low proile, allowing for ease of use
in cramped areas, such as the posterior aspect of the skull.

Application Principles
Because many of the complications of halo ixation are related
to inappropriate site selection or technique, a thorough understanding of pin insertion principles is essential. Many years of
clinical data have ine-tuned the optimal location of halo pin
placement. To minimize pin complications but maximize the
rigidity of the halo-vest frame, two anterior and two posterior
pins are usually placed. he standard position of the two
anterior pins is 1 cm superior to the orbital rim, over the
lateral two-thirds of the orbit, below the level of the greatest
circumference of the skull (Fig. 81.10). his is considered the
safe zone. In a cadaveric study, it was found that the skull
thickness in this region averaged approximately 2 mm for the
outer cortical table and 3 mm for the intercalvarial space or
inner diploë. A more recent study demonstrated that skull
thickness in these areas gradually increases with age.52 Pins
placed too medial may damage the supraorbital or supratrochlear nerves. Also, the frontal sinus has a varied position in the
midline. he outer table of the frontal sinus is oten very thin,

Epicranial aponeurosis
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FIG. 81.9 Halo vest (Bremer). This crown-type design allows easier
placement in the supine position.

FIG. 81.10 Diagram of the safe zone for placement of anterior halo ixator
pins. (From Ballock RT, Botte MJ, Garin SR. Complications of halo
immobilization. In: Garin SR, ed. Complications of Spine Surgery. Baltimore:
Williams & Wilkins; 1989:376.)
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facial fractures in pilots with overlying burns during World
War II, modiied versions were used by Nickel and Perry to
immobilize patients with polio who had undergone posterior
cervical fusion.44,45 he early halo devices consisted of a circumferential stainless steel ring with four pins for skull ixation. he ring was attached to a plaster jacket by upright
posts.46 Numerous improvements have been made to the
various components of the halo vest, but the overall design
principles remain the same. A ring is ixed to the skull with
multiple pins. he ring is then attached to a vest by four
connecting rods. Newer rings are made of composite materials, which have the beneicial properties of light weight,
radiolucency, and compatibility with magnetic resonance
imaging. here does not appear to be a diference in ixation
strength between newer radiolucent graphite rings and the
earlier titanium ones.47 Rings that are open posteriorly or have
crown-type designs allow for ease in placement since the head
of the patient does not need to be passed through the ring.
Additionally, because the patient is not lying on the back of
the ring, there is less risk of cervical spine fracture displacement through ring manipulation.
he initial halo vest was fashioned from heavy plaster
of Paris. With the development of plastic technology, lightweight, easily applied vests of various sizes based on chest
circumference have been fabricated (Fig. 81.9). Adjustable
straps and supports help customize the it. he connecting
rods have been anodized to prevent seizing of the metal during
tightening. he connecting rods in many designs are made of
carbon iber for their radiographic lucency as well as for compatibility with magnetic resonance imaging. Torque wrenches
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which can lead to perforation with medial pin placement.
Laterally placed anterior pins over the temporalis fossa have
been suggested to avoid unsightly scarring over the anterior
forehead. At this location, however, the zygomaticotemporal
nerve may be injured, which provides sensation to the area
over the temple. Also, by entering through the temporalis
muscle, the pin oten causes irritation during mandibular
motion (e.g., eating). Additionally, in cadaveric studies, in this
region the skull was found to have a thin outer and inner table
with minimal cancellous diploë.53 An alternative frontolateral
pin site has been described as just in front of the temporalis
muscle, several centimeters below the equator in or near a
triangular forward projection of the temporal hairline.54 Skull
thickness in this region was similar to the standard supraorbital position when measured by computed tomography (CT).
he investigators suggested this as a safe alternative with better
cosmesis.
Placement of posterior pins is less critical than for anterior
pin location. here are no neuromuscular structures at risk
and the skull has a near-uniform thickness, with the thickest
section being straight posterior. Direct posterior pin placement is avoided, however, because the patient would lie on this
pin when supine. he pins are usually placed diagonally
opposite to the anterior pins, approximately 1 cm superior to
the upper helix of the ear. Care must be taken to avoid any
contact between the ring/pin and ear while remaining inferior
enough to the equator of the skull to prevent superior pin
migration.
Because skull shapes difer, placing pins perpendicular to
the tangent of the skull may be diicult. Because the halo is
not a static unidirectional device, shear forces act at each of
the pin sites. Triggs and associates,55 in a biomechanical study,
evaluated the transverse shear forces to failure of pins placed
in decremental angles from 90 degrees, 75 degrees, and 60
degrees. he load to deformity and failure was substantially
higher for pins inserted perpendicular to the outer cortex of
the skull as compared with 60 degrees. To minimize the
incidence of pin loosening, it is important to try to place pins
as perpendicular to the skull as possible to provide the most
strength at the pin-bone interface.
he original pin-insertion torque recommendations of 6
in-lb were based on empiric observations. Cadaver studies,
however, have shown that pins inserted at up to 10 in-lb of
pressure barely penetrate the outer table.51 Biomechanical
testing has demonstrated that 8 in-lb of insertional torque
ofers a more rigid pin-bone interface when compared with
6 in-lb.50 Clinical trials in adults have borne this out, with
reduced pin site loosening as well as less infection at the pin
sites.51
Application of the halo apparatus proceeds in a stepwise
fashion (Box 81.2). Ater ring application, with the cervical
spine protected by manual traction, the patient’s trunk can be
elevated 30 degrees for vest placement. he posterior portion
of the vest is applied and connected to the halo, followed by
the anterior portion. Alternative methods include log rolling
the patient, although it may be diicult to maintain cervical
alignment. In rare instances of a stable fracture pattern, or
ater surgical internal ixation, the patient can be instructed to

BOX 81.2

Application of the Halo Skeletal Fixator

1. Determine ring or crown size (hold ring or crown over head to
visualize size).
2. Determine vest size (from chest circumference measurement).
3. Identify pin site locations.
4. Shave hair at posterior pin sites.
5. Prepare pin sites with povidone-iodine solution.
6. Apply local anesthesia.
7. Advance sterile pins to level of skin.
8. Have patient close eyes.
9. Tighten pins at 2-in/lb increments in diagonal fashion.
10. Tighten pins to 8-in/lb torque.
11. Apply lock nuts to pins.
12. Maintain cervical traction and raise patient trunk to 30 degrees.
13. Apply posterior portion of vest.
14. Apply anterior portion of vest.
15. Connect anterior and posterior portions of vest.
16. Apply upright posts and attach ring to vest.
17. Recheck ittings, screws, and nuts.
18. Tape vest-removing tools to vest.
19. Obtain cervical spine radiographs.
From Botte MJ, Garin SR, Byrne TP, et al. The halo skeletal ixator: principles of
application and maintenance. Clin Orthop Relat Res. 1989;239:12–18.

sit upright and the vest can be applied. All the vest locking
bolts are then tightened to 28 in-lb of torque preset on the
screwdriver. Once all the bolts are tightened, cervical spine
alignment should be conirmed radiographically. he pins
should be retightened 24 to 48 hours ater placement. Baum
and colleagues have documented an immediate drop of
2 to 4 in-lb in pin ixation purchase ater vest placement.56 A
commonly used pin-care regimen consists of daily cleansing
with dilute hydrogen peroxide (50/50 with water) on a cotton
swab. Patients should follow up at predetermined intervals to
conirm lack of halo-vest complications. A recent study compared a new pin-care regimen using chlorhexidine and regular
torque checking as a standard protocol.57 hey demonstrated
a pronounced reduction of pin-site infection compared to a
saline regimen for pin care.

Biomechanical Analysis
he skull pins of most commonly used halo systems can
withstand shearing forces of approximately 100 N in normal
physiologic motion.58,59 Although compressive pin forces may
decrease by more than 80% over 3 months, shearing resistance
may be better preserved.53 Experiments on cadavers and
physical models following the American Society for the
Testing of Materials (ASTM) indicate that a shear force on the
order of 1100 N is needed to abruptly dislodge skull pins
inserted through an open carbon iber ring.60
Whereas the halo is the most rigid external orthosis for
immobilization of the cervical spine, some motion and force
transmission to the cervical elements do occur. In early studies,
the halo device was found to permit only 4% of lexionextension, 4% of lateral bending, and 1% of rotational motion
of the normal native cervical spine.16 However, follow-up
studies have shown that such signiicant immobilization is not
routinely accomplished. One study has demonstrated up to 51
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Complications
Although clinical studies have clearly demonstrated the eicacy of the halo device, complications with its use are not
infrequent. Absolute contraindications to halo usage include

cranial fracture, infection, and severe sot tissue injury at the
proposed pin sites.65 Awareness of the most commonly seen
complications can help minimize their severity and avoid
catastrophic sequelae. Pin loosening has been identiied as one
of the most common problems with the halo device.66 In two
large studies, pin loosening was observed in 36% and 60% of
patients.67,68 he hypothesized decrease in compressive pin
forces with time was conirmed in a biomechanical study
utilizing instrumented halos in three patients. Pin force values
at the time of halo-vest application and at subsequent clinical
visits were compared by Fleming and associates.69 hey measured an 83% drop in torque pressure by the time of halo
removal. hey believed that the mechanism of pin loosening
was through bone resorption at the pin tip. To help decrease
loss of the halo because of loosening, if there is no sign of
infection, the pins may be retightened to 8 in-lb of torque as
long as resistance is met on the irst few turns of the pin. If no
resistance is met, then a new pin should be placed in another
position. he old pin should be kept in place until the new pin
has been rigidly placed to keep the correct orientation of the
ring on the skull.
Halo-pin infection rates have been documented to occur
in approximately 20% of cases.67,68 If drainage and erythema
continue at a pin site even with aggressive pin care, bacterial
cultures should be obtained and appropriate oral antibiotics
started. If cellulitis persists or an abscess forms, the pin should
be removed and placed in another position. he patient may
require incision and drainage of the abscess with parenteral
antibiotics.67
Skull and dural penetration by a halo pin are rare complications. It is oten related to patient falls. Clinically, the patient
may present with a headache, malaise, or visual disturbances if
symptomatic pin penetration has occurred. Radiographs taken
tangential to the skull may demonstrate whether pin perforation of the inner table has occurred. Clear cerebrospinal luid
leakage from the pin site is a deinitive sign that dural puncture
has occurred. In these circumstances, a new pin should be
placed in another region and the old pin removed.68 Elevation
of the head decreases intracerebral pressure and facilitates
closure of the dural tear. hese tears usually heal in 4 to 5 days.
If the tear does not heal or an infection is suspected (subdural
abscess), formal surgical intervention may be necessary.70
Patients may report diiculty swallowing during halo
immobilization. Deglutition dysfunction leading to aspiration
has been reported.71 In a study performed at a level 1 trauma
center, Bradley et al. reported a 66% prevalence of dysphagia
that resulted in longer intensive care unit and hospital stays.72
he authors recommended formal swallowing evaluation for
all such patients to reduce the risks of aspiration. Many
instances of swallowing diiculty are a result of the cervical
spine being immobilized in the extended position. Eforts to
lex the cervical spine while maintaining cervical reduction
may assist in resolution of dysphagia.70
Pressure sores have been reported in 4% to 11% of patients
during halo immobilization.67 hese sores frequently develop
underneath the vest or cast vest secondary to pressure against
prominent bony surfaces, or due to insuicient padding
or incorrect sizing of the vest. Principles of pressure sore
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degrees of motion with halo immobilization.19 Segmentally,
the greatest motion was observed at the occiput-C1 level (11.5
degrees). he least motion was observed at C2–C3 (6.7
degrees). Interestingly, when lexion was observed at one
segment of the spine, extension was observed at another level,
the phenomenon known as “snaking.” Motion of the cervical
spine was observed with patient position changes from supine
to prone or from supine to sitting. However, there was no
increased motion at the level of injury. In contrast, Anderson
and collaborators reported in a clinical series greater than 3
degrees of angulation and 1 mm of translation at the fracture
site in 77% of the patients evaluated.61 A more recent study
evaluated the efect of cyclic physiologic loading on halo
performance in a mannequin model.62 he investigators found
that ater a few cycles of loading, analogous to a few steps
taken by a patient, the support provided by a halo orthosis
becomes nonlinear. When analyzed through straightforward
structural modeling, they found that the nonlinearity permitted mild head motion while severely restricting larger motion.
hey speculated that halo design could be optimized to permit
mild spinal loading to foster bony healing while neutralizing
pathologic loads.
Studies have also examined the directional force generated
by the halo device. Maximal forces appear to be exerted in the
mediolateral plane. However, in daily activities, anteroposterior and vertical forces are much larger. his was conirmed
by Lind and colleagues, who observed no horizontal motion
in the halo device.19 hey reported signiicant diferences in
distractive forces between the supine and upright positions
that can be attributed to the added weight of the head. Distractive forces were most increased with deep breathing, shoulder
shrugging, and arm elevation, although no patient experienced
any discomfort. hese high distractive forces were most elevated in patients with tight-itting vests. It was noted that the
halo vest can be elevated by the sternum and the scapulae.
hey recommended that there be at least 30 mm of space
between the sternum and the vest to prevent gross motion of
the vest with daily activities. Conversely, a recent study evaluated motion of the injured cervical spine while moving from
upright to supine and prone positions.63 he investigators used
composite models (surrogate head, cadaveric cervical specimen, and mannequin torso) comparing properly applied and
loose-itting vests. Snaking motion was again observed, but
was signiicantly more in loose-itting vests. Another study
using the same model found that a loose suprastructure displayed increased lateral bending motion at C6–C7.64 As such,
there appears to be a window of proper vest it, outside of
which immobilization is compromised. Patients should be
cautioned regarding exercises that involve twisting and
bending, because these tend to transmit undesirable forces to
the cervical spine through the halo.
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prevention include frequent turning, adequate vest padding,
and routine skin inspections. Pressure sores are more prevalent in patient populations using a cast vest rather than the
padded prefabricated plastic vest. his is especially important in patients with neurologic deicits who may not have
normal sensation over their trunk. Alternative strategies to
halo immobilization, such as rigid internal ixation, should
be considered in this patient population (spinal cord injury).
Pressure sore treatment may require split-thickness skin grating and/or employing rotational muscle laps for coverage.68
A prospective study by van Middendorp et al. investigated
the incidence and risk factors associated with complications
during halo-vest immobilization over a 5-year period in 239
patients.73 here was a 6% incidence of death, although only
one was directly related to the immobilization. here was a
5% incidence of pneumonia; however, elderly patients did not
have an increased risk of pneumonia. here was also a 12%
incidence of pin-site infection, which was signiicantly related
to pin penetration through the outer table of the skull. he
authors reiterated that, although there were relatively low rates
of major complications, awareness of the substantial rates of
minor complications is necessary to prevent further morbidity.
Halo-vest immobilization in the elderly is an area of
increasing concern due to reports of signiicant morbidity and
mortality. Tashjian et al. investigated the morbidity and mortality of halo usage in patients over the age of 65 years in
treating odontoid fractures compared to a rigid cervical
orthosis or operative ixation.74 Of the patients treated with a
halo vest, 42% died compared to 20% in the nonhalo group.
his diference was statistically signiicant. here was also a
signiicantly increased rate of major complications in the halovest group. he authors concluded that treatment of odontoid
fractures in the elderly with a halo are associated with signiicant morbidity and mortality. Other authors have evaluated
the treatment of elderly patients with type 2 odontoid fracture
with cervical collars and found that fracture stability by either
osseous or ibrous union could be achieved with acceptable
clinical results.75

Pediatric Considerations
Halo immobilization has been successful in the treatment of
children and infants ater both unstable cervical injuries and
congenital abnormalities.76,77 he recommended pin torque
pressure in children is 2 to 5 in-lb owing to the skull being
thinner and more pliable than the adult skull.76 In patients
younger than 3 years, a multiple low-torque pin-insertion
technique is recommended to achieve maximal stability.78
In young children, up to 12 pins can be inserted at 2 in-lb
of torque pressure under general anesthesia. Halo pins should
be placed under the largest diameter of the skull, with care to
avoid the frontal sinus and temporal regions. Some authors
recommend a computed tomogram of the head to identify the
location of suture lines and bone fragments (in congenital
cases) before placement of the halo.65 Furthermore, in the
presence of open suture lines and fontanelles, vigilant care
must be taken to make sure that equal pressure is placed

symmetrically on the skull through the halo pins to prevent
skull deformity.
Owing to sizing issues in this age group, a custom-made
ring and vest are oten required. Once the halo is placed, the
vest is applied in normal fashion and connected to the halo.
Children require the same pin care as adults. Baum and colleagues observed that children have a higher rate of pin
loosening than adults.56 Children with halo ixators should
have close parental and medical supervision.

Noninvasive Halo
A noninvasive halo (NIH) has been investigated as an alternative that avoids invasive pin placement while potentially providing more immobilization than a CTO. his orthosis consists
of a halo mask that encircles the patient’s head over the forehead and the chin and attaches to a rigid anterior vest. DiPaola
et al. performed a biomechanical evaluation of conventional
and noninvasive halos in cadaveric C1–C2 and C5–C6 instability models using various maneuevers.79 he authors found
less cervical spine motion during application of the NIH
compared to the conventional halo. he conventional halo,
however, did provide superior immobilization during the log
roll maneuver, although the halos were similar during the
sit-up maneuver. Skaggs et al. treated 30 children with stable
spines in an NIH postoperatively and found only one complication.80 Sawers et al. retrospectively reviewed the use of an
NIH to treat 19 patients for cervical trauma.81 All fractures
healed in acceptable alignment without neurologic deterioration; there was one case of occipital ulceration and two cases
of noncompliance. Although NIH is a tempting option to
avoid the potential complications associated with traditional
halo usage, there is insuicient data to recommend its usage
as an equivalent alternative.

Thoracolumbar and Sacral Orthoses
SIOs, LSOs, and TLSOs are available in lexible and rigid
variations. he lexible versions have a similar design to their
rigid counterparts but provide only mild immobilization. SIOs
generally encircle the pelvis, spanning the tops of the iliac
crests to the trochanters. hese may provide relief in traumatic
postpartum separation of the sacroiliac joints. LSOs extend
from the pelvis to the xiphoid anteriorly and the inferior angle
of the scapula posteriorly. TLSOs extend higher, generally to
the midscapular level.

Flexible Thoracolumbosacral and Lumbosacral
Orthoses
Flexible LSOs and TLSOs are prescribed by some for the
treatment of low back pain. hese corset-style devices are
adjustable by means of laces, hooks, or Velcro straps. Some
authors have reported that these types of orthoses decrease
the myoelectric activity of the paraspinal muscles and increase
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wear.83,85 Design modiications to improve brace efectiveness
have included the use of pneumatic liters designed to transfer
some of the patient’s upper body weight from the lumbar spine
to the iliac crests (Fig. 81.11). In a survey of 44 patients who
completed an 8-week regimen using the Orthotrac Pneumatic
Vest (Orthoix, Inc.), 59% reported moderate to signiicant
improvement of mechanical back pain symptoms.86 he role
of lumbar supports for prevention and treatment of low back
pain continues to be an area of controversy because clinical
studies on their eicacy are conlicting. Jellema and colleagues
performed a systematic review of the literature to assess this
issue.87 hey searched the Medline, Cinahl, and Current
Contents databases, the Cochrane Controlled Trials Register,
and the Embase database. Two reviewers independently
assessed methodologic quality and performed data review. In
performing a quantitative analysis, they classiied the strength
of evidence as strong, moderate, limiting or conlicting, or no
evidence. Only four of the 13 studies identiied were believed
to be high quality. hey determined that, based on the literature available, there is no strong evidence to support the use of
lumbar supports for prevention or treatment of low back pain.

Rigid Thoracolumbosacral and Lumbosacral
Orthoses
FIG. 81.11 Orthotrac Pneumatic Vest. The design includes patented
patient-controlled pneumatic lifts designed to transfer some of the body
weight from the lumbar spine to the iliac crests. (Courtesy Orthoix, Inc.,
McKinney, TX.)

A

Most conventional TLSOs are more efective in limiting
motion in the sagittal plane than in controlling rotation
or lateral bending. he Jewett hyperextension brace is an
example of a non–custom-molded TLSO brace (Fig. 81.12).

B

FIG. 81.12 Jewett brace. (A) Anterior view. (B) Posterior view. The anterior pads cross the sternum and pubic
symphysis. The posterior pad crosses the upper lumbar spine. The design attempts to provide extension with
three-point ixation.
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intraabdominal pressure, possibly resulting in decreased
loads on the intervertebral discs.82,83 Others have reported
increased myoelectric activity, as measured through surface
electrodes on the paraspinal muscles, when certain tasks are
performed in braced subjects.84 Less controversy surrounds
the efect on the abdominal muscles, with several authors
reporting decreased measured myoelectric activity with brace
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FIG. 81.13 Knight-Taylor orthosis. (A) Anterior view. (B) Posterior view. Control of thoracic sagittal plane motion
is achieved through axillary straps attached to posterior thoracic uprights.

It applies three-point ixation to the torso through anterior
pads on the symphysis pubis and sternum and a posterior
pad midway between the anterior pads. his arrangement of
forces places the spine in slight extension. Similar to cervical collars, this brace is best in controlling motion in the
lexion-extension plane and less efective in controlling lateral
bending and rotation. he Knight-Taylor brace (Fig. 81.13) is
another commonly prescribed TLSO and can be prefabricated
or custom molded. It has a corset-style front for abdominal
compression and lateral and posterior uprights attached to
over-the-shoulder straps for thoracic control. Prefabricated
TLSOs oten consist of clamshell-style braces that can be
ordered to measurements and usually are fabricated of 1 8 to 3 16 -inch low-density polyethylene with a full 1 4 -inch foam
liner. he anterior and posterior shells are fastened in place
with three Velcro closures per side. Some manufacturers
include pneumatic bladders in the abdominal and/or lumbar
areas to help customize the it and accommodate volume
changes. Prefabricated “customizable” TLSOs are also commercially available with apron-style fronts that can be adjusted
with Velcro straps and telescoping sternal pads (Fig. 81.14).
hese braces provide good control in all three planes, but once
again the major restriction is in the lexion-extension plane.
For optimal control in all three planes between T5 and L4, a
fully custom-molded TLSO (Fig. 81.15) should be used. hese
are oten formed from high-temperature thermoplastic that
is custom itted from a plaster cast formed from the patient.
When immobilization proximal to T5 is required, a cervical

FIG. 81.14 Prefabricated “customizable” thoracolumbosacral orthosis. This
particular design (Orthomerica) has an apron-style front with an adjustable
sternal pad to help customize the it.
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FIG. 81.15 Custom-molded thoracolumbosacral orthosis. (A) Anterior view. (B) Posterior view. This bivalve
design can be made from a plaster cast of the patient or created with an algorithm based on key measurements.

extension should be included.88 If immobilization distal to
L4 is needed, a thigh cuf should be added to the orthosis to
control pelvic motion.89,90
Compared with COs, few studies have been performed
to scientiically evaluate the ability of external orthoses to
immobilize the thoracolumbosacral spine. In one study, a
molded TLSO provided 94% restriction in lateral bending and
69% restriction of lexion-extension in the lumbar spine.91 he
amount of restriction in lumbar rotation was inconsequential
because of the limited rotation of the lumbar spine under
unbraced normal conditions. In the thoracic spine, the device
restricted lexion-extension by 49%, lateral bending by 38%,
and total rotation by 60%. Brown and Norton conducted one
of the most referenced studies on motion restriction with
lumbar external supports.89 hey evaluated three rigid LSOs,
one lexible LSO, and a TLSO. Kirschner wires were inserted
into the spinous processes of volunteers. he angles between
the wires were measured to determine the amount of motion.
Radiographic evaluation was also performed. Of note, they
reported increased motion across the lumbosacral junction in
all of the braces. Increased motion at L4–L5 was also noted
while the subjects were sitting. Compared with the unbraced
state, all of the braces resulted in some lexion at L4–L5 and
L5–S1 while standing. Lumsden and Morris92 reported similar
indings when they studied lumbosacral rotational motion in
subjects wearing either a chairback brace or an LSO corset.

Volunteers had Steinmann pins placed in their posterior
superior iliac spines. Motion was determined by radiographs
and measurement of pin rotation. In each case, they found that
the braces increased motion at the lumbosacral level. Fidler
and Plasmans90 used radiographs to compare the efect on
lumbosacral motion of a corset, a brace, and a plaster jacket
with and without a thigh cuf. hey found that the custommolded plaster jacket provided the best immobilization at
the L1–L3 level. he mean percentage of motion allowed at
L4–L5 and L5–S1 was 32% and 70%, respectively, in a lumbar
brace without a thigh extension. he addition of a unilateral
thigh extension decreased allowable motion at these levels to
12% and 8%, respectively. To improve immobilization at the
L4–S1 levels, they recommended adding a thigh cuf to the
orthosis. Other authors have reported similar indings, noting
an additional 15% to 30% reduction in motion at L4–L5 and
L5–S1 with the addition of a unilateral thigh extension.93,94 To
study the ability of orthoses to restrict motion in the injured
spine, Rubery and colleagues created experimental burst
fractures in cadaver spines and utilized an electromagnetic
motion tracking and analysis system to track angular and
linear displacement during routine “patient maneuvers.”95
Both prefabricated and custom-molded TLSOs were found
to diminish, but not eliminate, angular motion at the fracture site. heir efect on linear translation was minimal,
however.
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FIG. 81.16 CASH brace. (A) Anterior view. (B) Posterior view. The lightweight design is better tolerated by
elderly patients compared with bulkier braces.

Indications for TLSOs are less well deined than for COs.
Bracing for compression fractures of the thoracolumbar spine
is not tolerated well by the elderly. Treatment in these patients
usually consists of early mobilization and close follow-up. A
sot binder or corset may provide support and symptomatic
relief. he CASH brace (Patterson Medical; Fig. 81.16) is
another lightweight alternative that may be reasonably tolerated. A recent study by Kim et al. compared treatment outcomes of patients with osteoporotic compression fractures
treated using a rigid brace, sot brace, and no brace in a randomized controlled trial.96 he Oswestry Disability Index
scores for the patients treated without a brace were not inferior
to those with sot or rigid braces. Furthermore, the improvement in back pain and progression of anterior body compression were similar among the three groups.
In younger patients, however, anterior column fractures
are oten the result of greater energy than their osteoporotic
counterparts; therefore, a more cautious approach is oten
favored. hese patients are commonly treated with a rigid
Jewett or Knight-Taylor brace. However, the need for rigid
bracing of these fractures is still a matter of debate. Ohana
and associates97 retrospectively reviewed the outcome of 129
young patients with mild compression fractures who were
treated with or without a Jewett hyperextension brace. hey
found that one-column fractures of the thoracolumbar spine
with as much as 30% compression can be safely treated without
bracing, instead prescribing early ambulation, hyperextension exercises, and close follow-up. In addition, there is no

consensus on the use of TLSOs ater lumbar spine surgery
for degenerative disease. In one questionnaire study, 49% of
spine surgeons stated that they utilize braces ater lumbar
spine surgery, with no statistically diferent frequency of use
between instrumented and noninstrumented fusions.5
Burst fractures comprise another entity in the spectrum of
thoracolumbar injuries. Historically, neurologically intact
patients with burst fractures were treated with bed rest for 4
to 12 weeks, followed by progressive mobilization. Today,
controversy exists as to which injuries require surgical stabilization and which can be treated with bracing and early
mobilization. Any neurologic deicit is oten an indication for
operative management. Other commonly mentioned criteria
for surgery, rather than bracing, include canal compromise of
50% or more, kyphotic deformity of greater than 30 degrees,
and posterior column involvement. he inal determination,
however, oten remains a case-by-case judgment on the part
of the treating specialist. Chow and colleagues98 retrospectively
studied functional outcomes in 24 patients treated with hyperextension body casts and/or Jewett hyperextension braces for
thoracolumbar burst fractures. None of these patients had
posterior column fractures, signiicant kyphosis, or neurologic
deicit. Patients were initially treated with bed rest and log roll
precautions until the predictable ileus and abdominal distention resolved 2 to 3 days later. At that point, patients were
placed in a cast or brace and progressively mobilized. Patients
were followed for a minimum of 1 year. hey concluded that
hyperextension casting or bracing with early mobilization
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FIG. 81.17 Prefabricated lumbosacral orthosis. (A) Anterior view. (B) Posterior view. This design (California
Compression Jacket, Orthomerica) has a patented “rip cord” used to help adjust the snugness of the it.

reduced hospital time, avoided costs and risks of surgery, and
allowed patients a relatively early return to work. Additionally,
the authors mentioned that patients treated nonoperatively
tended to experience moderate back pain up to a year ater the
injury and that this pain eventually diminished over time.
Other more recent studies have also suggested that, in the
absence of a neurologic deicit, operative and nonoperative
treatment have comparable results. In a restricted cohort
study, Stadhouder and colleagues found similar pain scores,
disability indices, and general health outcomes at midterm
follow-up.99 A recent meta-analysis pooling patients from four
trials made similar observations, again suggesting that nonoperative treatment in a brace has similar results to operative
treatment but with lower costs and complications.100
LSOs (Figs. 81.17 and 81.18) are oten prescribed for treatment ater arthrodesis for degenerative conditions. As discussed earlier, several studies demonstrate little or no
immobilizing efect from wearing LSOs and possibly an
increase in L4–L5 and L5–S1 motion ater application of these
orthoses. he point continues to be debated. Post–lumbar
fusion bracing is believed by some to help relieve pain and
decrease the risk of pseudarthrosis and ixation failure; therefore, it is prescribed by some surgeons for up to 12 weeks
postoperatively. Others believe that lumbosacral orthoses do
little to immobilize the lumbar spine beyond the stabilization
provided by rigid operative ixation.101 Yee et al. recently
performed a randomized controlled trial to assess the beneit
of wearing a lumbar corset for 8 weeks ater lumbar fusion for
degenerative conditions.102 Complication rates and rate of
revision surgery were not diferent between the groups. Rohlmann and colleagues103 evaluated the efect of a brace on loads
on internal spinal ixation devices. he implant loads were

measured using telemeterized ixators in six patients for
several positions and activities, including sitting, standing,
walking, bending forward, and liting an extended leg in a
supine position. hey found that none of the braces tested was
able to markedly reduce the loads on the ixators. hey
observed that higher ixator loads were oten observed while
wearing a brace. he same research group more recently
studied the efect of an orthosis on the loads acting on a vertebral body replacement.104 Telemeterized vertebral body
replacements were implanted in ive patients undergoing
lumbar corpectomy. hey found that the average resultant
force on the vertebral body for 26 common daily activities was
reduced by 19% with a hyperextension orthosis, particularly
activities performed in a sitting position.
While many studies have examined the ability of spinal
orthoses to immobilize the spine during daily activities,
others have examined the impact of wearing them on such
essential functions. Frownfelter et al. examined the efect
of TLSOs on pulmonary function in healthy adults.105 hey
found that wearing the brace had a signiicant efect on forced
vital capacity and forced expiratory volume in 1 second both
at rest and with exertion. Furthermore, they demonstrated
that an abdominal cutout in the brace improved pulmonary
function, especially with activity. hey postulated that this
was due to reduced restraint on abdominal expansion and
suggested that this modiication be considered in patients with
compromised pulmonary function. Hofmann and colleagues
studied the efect of LSOs on driving. Braking parameters
in 30 healthy volunteers were measured with and without
bracing using a custom-made automobile simulator.106 hey
found that the spinal orthoses led to a signiicant increase in
brake reaction time, which could lead to lengthening the total
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FIG. 81.18 Prefabricated lumbosacral orthosis. (A) Anterior view. (B) Posterior view. This design (Aspen) has a
posterior cutout window that avoids direct pressure over a midline incision.

stopping distance. Patients should therefore be counseled on
this potential efect when they seek to resume driving.

Summary
Spinal orthoses continue to be commonly prescribed for the
management of both traumatic and degenerative conditions.
here are many diferent types commercially available. he
scientiic evidence to document their efectiveness is variable.
Despite the potential for complications, the halo remains the
most rigid of external cervical immobilizers. A thorough
appreciation of the biomechanics of spinal orthoses and
their potential complications can help maximize their utility
and minimize associated morbidity. Ongoing collaboration
between the medical and prosthetics/orthotics communities
is necessary as new technology continues to emerge.
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PEARLS
1. Halo pins should be retightened 24 to 48 hours after placement
since ixation purchase decreases after vest placement.

2. In infants younger than 3 years, a multiple low-torque pin
insertion technique is recommended to achieve maximal
stability given decreased skull thickness and increased pliability.
3. When external immobilization is desired cephalad to T5, a
cervical extension should be added to the TLSO.
4. When external immobilization is desired caudal to L3, a thigh
cuf may improve the stability ofered by a TLSO.
PITFALLS
1. A properly sized and itted orthosis is essential to provide
desired support and avoid soft tissue complications.
2. While commercially available collars come in a range of sizes,
predicting appropriate it can be diicult. Spine specialists may
need to give direction to ancillary staf in determining and
conirming the appropriate size.
3. Rigid cervical collars may exacerbate intracranial hypertension in
patients with severe head injuries; therefore, early eforts to
exclude coexistent cervical injuries should be pursued.
4. Excessive extension may precipitate swallowing diiculty in
patients immobilized in halo vests.
5. Halo-vest immobilization in the elderly has been associated with
substantial morbidity and mortality; thus, operative treatment of
selected injuries in this age group may actually ofer more
favorable risk-beneit proiles.

KEY POINTS
1. Spinal orthoses are externally applied devices that serve to
restrict motion in that particular body segment. They can be
broadly categorized based on the region they are employed to
immobilize: cervical (CO), cervicothoracic (CTO),
thoracolumbosacral (TLSO), lumbosacral (LSO), and sacroiliac
(SIO).
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C H A P T E R

Spinal Cord Injury Rehabilitation
Andrew L. Sherman
Kevin L. Dalal

Spinal cord injury (SCI) is a catastrophic event that results in
impairments that impact various aspects of the patient’s bodily
function. SCI is not only devastating to the individual, it also
imposes a burdensome cost to society. hese injuries typically
afect young and previously healthy individuals who now
require urgent and comprehensive emergency care, frequently
involving medical and surgical stabilization. he SCI patient
then arrives on the rehabilitation unit and must learn to
manage basic bodily functions despite seeing slow or no
neurologic recovery. Finally, the SCI patient is expected to
learn to perform once simple and now complex tasks of daily
living independently with the goal of returning home. he
amount of time available for recovery in the inpatient setting
prior to discharge is continually shrinking in the current
medical climate.
SCI is deined as an injury to the spinal cord that partially
or completely interrupts its main functions: motor, sensory,
and relex activities. Egyptian physicians long ago labeled SCI
as an ailment not to be treated at all1 because they feared that
the pharaoh would kill them if they let a patient die under
their care. Prior to World War I, SCI typically resulted in early
death. Signiicant advances in treatment began during World
War II and have continued to progress, allowing many individuals with SCI to live far longer than previously expected.
Today, many patients with SCI can expect to live a normal or
almost normal lifespan. As a result, the numbers of persons
alive today in the United States with SCI has increased to over
200,000.2

Epidemiology
In 1970, the irst federally funded Spinal Cord Injury Model
Systems (SCIMSs) were developed. Currently, 14 such centers
have received this designation by the National Institute on
Disability, Independent Living, and Rehabilitation Research
(NIDILRR). Each center is a comprehensive interdisciplinary
service that integrates all aspects of care for the SCI patient,
from the initial injury to lifelong follow-up. he model center’s
guiding principles were set forth by Sir Ludwig Guttman, a

British physician who pioneered these advances in the care of
SCI patients during World War II:1
1. Transfer of the SCI patient to a specialized unit as soon
ater injury as possible.
2. Unit management by a physician who is knowledgeable
and dedicated to spinal care.
3. A team of allied health professionals who are trained in the
intricacies of spinal cord problems.
4. A commitment to vocational pursuits.
5. An emphasis on psychosocial and recreational needs.
6. Provision for follow-up care for the lifetime of the
individual.
he 14 current Model Spinal Cord Injury Care System
(MSCICS) centers (and eight previously designated centers)
have been contributing clinical information to the National
Spinal Cord Injury Statistical Center (NSCISC) database following a jointly agreed upon protocol. hey have been able to
report results based on an estimated 13% of all SCI injuries in
the United States occurring since 1973. he database contains
information on approximately 25,000 spinal cord injured
persons.3 he end result is a wealth of information regarding
injury trends from 1973 to 1998 and some updates that include
information through the year 2004. he data not only allows
physicians to know the current status of SCI patients but also
has given physicians insight into trends in the demographic
data. hese changes in the demographics of SCI have allowed
rehabilitation programs and centers to adapt to reduce costs
and ultimately improve the quality of medical rehabilitative
care for their patients with SCI.4

Incidence, Race, Age, and Gender
According to the NSCISC database, there are approximately
11,000 new cases (40 per million in the US population) each
year. However, this number is based on older data from the
1970s. he prevalence is estimated to be 225,000 to 296,000
persons and growing.3 he recently updated national SCI
Statistical Center statistics estimates the prevalence at 255,702.
Between 1973 and 2004, 66% of patients were white, 21%
were African-American, and 9.7% were Hispanic.3
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Cervical injuries resulting in tetraplegia occur in 54% of
SCI patients. Lumbar and thoracic injuries causing paraplegia
comprise the rest (45%). A few (1%) were discharged as
“normal” or indeterminate. Since 1990, the number of patients
with complete SCI has exceeded the incomplete injuries (56%
vs. 44%).3 Since 2000, however, the most common injury has
been incomplete tetraplegia (34.7%), followed by incomplete
paraplegia (23.0%), complete tetraplegia (18.5%), and complete paraplegia (18.5%).
SCI most commonly afects young adults. Populationbased data shows that the highest incidence of injuries (51.6%)
occurs in the 16- to 30-year-old group.3 However, the most
recent trends suggest that SCI is occurring with increasing frequency in older persons. he result is that the fastest growing
population of new SCI patients is over 60 years old at onset.
Since 1990, the incidence of SCI in persons older than 60 years
has increased from 4.5% in the 1970s to 12%.3 As of 2007,
the average age at the time of injury has increased from 28.7
years to 38.9 years. Additionally, while SCI is an injury that
occurs primarily in males (81.6% since 1973), some centers
are reporting increasing numbers of females sustaining SCI.

H
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FIG. 82.1 Causes of death after spinal cord injury.

Life Expectancy
Life expectancies for persons with SCI have continued to
steadily increase over time. Mortality rates, however, while
improving, continue to be highest during the irst year ater
injury. Complete injuries still have lower ultimate survival
rates than incomplete injuries. he degree of neurologic
impairment as measured by the Frankel Grade or the American Spinal Injury Association (ASIA) Impairment Scale and
the level of injury were signiicantly correlated with mortality
risk. For example, the average life expectancy of a 20-year-old
who sustains complete paraplegia is 66 years. his compares
to 61 years for a C5–C8 injury, 57 years for a C1–C4 injury,
and 43 years for a ventilator-dependent patient. his compares
to the normal life expectancy in the general population of 77
years and in a patient with an incomplete SCI of 72 years.5 he
factors that can increase life expectancy are favorable circumstances for good health, community integration, and higher
income.6

Mortality
Many years ago, the leading cause of death among persons
with SCI was renal failure. Pulmonary embolism (PE), usually
in the irst few weeks ater injury and usually associated with
a deep vein thrombosis (DVT), was another frequent cause of
death. Advances in urologic management, DVT and PE prevention, and early mobilization have reduced the number of
early deaths in SCI patients. Today, renal failure rarely occurs
in the acute SCI setting. Because more SCI patients live not
only through irst year ater injury but also survive to old age,
cardiovascular disease has become a more frequent cause of
death (Fig. 82.1). Nash and colleagues7 demonstrated that SCI
is an independent risk factor for developing multiple risks for
cardiovascular disease, such as elevated cholesterol levels.

Respiratory illness, particularly pneumonia, is now the leading
cause of death among older SCI patients with cervical injuries.8
he cause of death in persons with paraplegia is more varied.
In addition to heart disease, cancer, suicide, and septicemia
are the leading causes.

Etiology
he causes of SCI are typically divided into traumatic and
nontraumatic. he top ive causes of traumatic SCI in males
are auto accidents, falls, gunshot wounds, diving, and motorcycle accidents.3 he top three causes remain the same in
women but the inal two are medical complications and diving
(Fig. 82.2).3
he major trend is that violent injuries have decreased from
20% in the 1990s to 9.8% in 2004.3 Geographic variations
occur depending on the state or city. In the older SCI patients,
in addition to falls, nontraumatic causes of SCI—such as
cancer, vascular injuries, and infection—make up a larger
proportion of injuries. Etiology is also reported in terms of
major groups. Fig. 82.3 illustrates the frequency of various
causes of SCI.

Classiication of SCI
here are three basic physiologic functions of the spinal cord.
he ascending tracts in the cord receive sensory information
from the somatic and visceral receptors through dorsal root
ganglia and transmit this information to higher centers. he
descending tracts receive signals from higher centers and
ultimately transmit these signals to target sites via the ventral
roots. he other basic function of the spinal cord is to modulate these signals via a variety of local mechanisms.
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Scale Grade

Description

A

Complete—No motor or sensory function is preserved
in the sacral segments S4–S5.

B

Incomplete—Sensory but not motor function is
preserved below the neurologic level and includes the
sacral segments S4–S5.

C

Incomplete—Motor function is preserved below the
neurologic level and more than half of key muscles
below the neurologic level have a muscle grade <3.

D

Incomplete—Motor function is preserved below the
neurologic level and at least half of key muscles below
the neurologic level have a muscle grade of ≥3.

E

Normal—Motor and sensory function is normal.
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FIG. 82.2 Causes of spinal cord injury by gender of patients. GSW, gunshot
wound; MVA, motor vehicle accident. (Modiied from Jackson AB, Dijkers M,
DeVivo MJ, Poczatek RB. A demographic proile of new traumatic spinal cord
injuries: change and stability over 30 years. Arch Phys Med Rehab.
2004;85:1740–1748.)
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FIG. 82.3 Etiology of causes of spinal cord injury overall for both genders.
MVA, motor vehicle accident. (Modiied from Jackson AB, Dijkers M, DeVivo
MJ, Poczatek RB. a demographic proile of new traumatic spinal cord
injuries: change and stability over 30 years. Arch Phys Med Rehab.
2004;85:1740–1748.)

Assessment, treatment, and classiication of SCI low
directly from the anatomy, physiology, and topography of the
spinal cord. Classiication or grouping of patients allows the
rehabilitation physician to predict the outcome and ultimate
function in a majority of patients based on others with similar
injuries. his allows the rehabilitation team to design a rehabilitation program appropriate for each SCI patient to provide
the best opportunity to maximize the patient’s potential
functional outcome.

here are two assessment tools used in the evaluation of
patients ater SCI.9 One is the neurologic classiication of SCI
using the ASIA impairment scale. he other is the functional
score or Functional Independence Measure (FIM) score. he
most accurate way to assess a patient who has sufered an SCI
is to perform a standardized physical examination as outlined
by the ASIA. he neurologic examination includes two key
components—the motor and sensory exam with required and
optional elements. he result allows the clinician to compile a
score and determine the completeness of injury. he neurologic level is also determined by rules set forth in the ASIA
examination. From these data, a functional classiication is
assigned to each patient. his information can then be used to
design each patient’s rehabilitation program and predict the
patient’s functional outcome based on previous patients with
similar injury classiications.
he ASIA impairment scale measures the degree of completeness of injury using categories from A to E (Table 82.1).
Complete paralysis is deined as the absence of sensory and
motor function below the level of injury, including the lowest
sacral segments, and incomplete paralysis as preservation of
sensation below the level of the injury, including the lowest
sacral segments. Sacral sparing is deined as voluntary anal
contraction or the presence of dull touch and pinprick sensation in the rectal and perianal area.
he motor component of the ASIA impairment scale
measures the strength of each muscle on a 6-point scale (0–5)
and sensation for pinprick and dull touch on a three-point
scale (0–2). he motor level of SCI is deined as the lowest
normal motor segment that has a grade 3 or more, provided
that the muscles above that level are graded as a 5. he motor
level best relects the severity of impairment and disability
during rehabilitation.
he FIM score is a widely accepted functional assessment
tool and is currently used as an indicator of function in
patients with SCI. he FIM is an 18-item scale. here are two
categories of items, motor and cognitive. Individual items in
each category score from 1 to 7, ranging from “total assistance”
to “complete independence.” here are 13 items of motor
scoring important in determination of self-care, sphincter
control, and mobility (Box 82.1). Scores falling below 6
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BOX 82.1

Functional Independence Measure (FIM) Scale

Motor Items
Self-care
Seating
Grooming
Bathing
Dressing upper body
Dressing lower body
Toileting
Sphincter Control
Bladder management
Bowel management
Mobility
Bed, chair transfer
Toilet transfer
Tub, shower transfer
Walking/wheelchair
Locomotion
Stairs
FIM Scale Level of Function Scoring
Independent
7—Complete independence
6—Modiied independence
Modiied Dependence
5—Supervision
4—Minimal assist
3—Moderate assist
Complete Dependence
2—Maximal assist
1—Total assist

indicate that the patient requires another person for assistance.
Many rehabilitation units now use FIM scores to measure
patient outcomes. Quality assurance units use this data from
groups of patients to draw inferences on the efectiveness of
the rehabilitation unit.

Clinical Syndromes
Many patients, especially those with complete SCIs, can be
precisely described strictly based on their neurologic level,
However, there are certain clinical syndromes describing
variations in incomplete SCIs. Principal among these named
syndromes include central cord, anterior cord, posterior
cord, Brown-Séquard, conus medullaris, and cauda equina
syndromes.10,11

Central Cord Syndrome
he most common type of incomplete SCI in the elderly is the
central cord syndrome. It also carries with it a relatively favorable prognosis for recovery. he mechanism of injury is usually
hyperextension of an already stenotic cervical canal, producing central hematomyelia.12 Because the lumbar and sacral
motor tracts are located in the periphery of the white matter,
the syndrome is characterized by motor weakness of the upper

extremities greater than the lower extremities and sacral
sparing. Recovery occurs more favorably in younger patients.
Between 87% and 97% of patients younger than 50 years will
eventually ambulate versus 31% to 41% of those older than 50
years. Hand intrinsic function is last to recover and usually
incompletely in all ages.

Anterior Cord Syndrome
his is an injury to the anterior two-thirds of the spinal cord,
including both gray and white matter. he posterior columns
are preserved. he mechanism of injury is either due to cervical or thoracic fractures with retropulsion of disc or bone
fragments or lesions of the anterior spinal artery. he resulting
SCI is most commonly complete paralysis with spasticity. In
the lower extremities, deep pressure and proprioception are
preserved. However, the prognosis for motor recovery is relatively poor.

Posterior Cord Syndrome
Posterior cord syndrome is the least common incomplete SCI
and is characterized by absence of position sense. here is
usually preservation of pain, temperature, and touch. Motor
function is impaired to variable extents.

Brown-Séquard Syndrome
his injury occurs with a functional hemisection of the spinal
cord. he most common cause is a gunshot or knife wound.
he classic presentation is ipsilateral loss of motor function,
ipsilateral loss of dorsal column sensation, and contralateral
loss of pain and temperature below the level of the lesion.
Overall, these patients have the greatest potential for functional outcome and ambulation (75–90%).13 Bowel and
bladder continence is regained in 82% and 89%, respectively.

Conus Medullaris, Epiconus, and Cauda Equina
Syndromes
Patients with these lesions present with similar motor and
sensory deicits but can also be diferentiated. Patients typically present with patchy lower extremity weakness, saddle
anesthesia, and incontinence of stool. Urinary retention is
more common than incontinence. Lesions of the cauda equina
exhibit lower motor neuron signs, including decreased lower
extremity motor tone, absent lower extremity and bulbocavernosus relexes, laccid bladder, and asymmetric weakness.
High conus (epiconus) lesions may have upper motor neuron
indings mixed with the lower motor neuron indings.
Cauda equina lesions carry a much more favorable prognosis for functional motor and sensory recovery, especially
when surgical/medical treatment occurs promptly. Bowel,
bladder, and sexual function return less frequently, however,
oten leading to adjustment and psychological diiculties. he
long-term outcomes in patients with cauda equina injuries are
compounded by a very high incidence of severe neuropathic
lower extremity pain not usually seen in conus injuries. hus,

Chapter 82 Spinal Cord Injury Rehabilitation

Therapy Approaches
he rehabilitation of the SCI patient should begin from the
moment of injury. An immediate response—transfer to a level
I trauma center—and prompt medical and surgical treatment
helps mitigate medical complications and facilitates preservation of neurologic function. In the acute hospital setting,
consultation with an SCI specialist should be done immediately for recommendations regarding treatment of neurogenic
bowel and bladder, prophylaxis of DVT and PE, prophylaxis
of gastric ulcer, preventing atelectasis and pneumonia via
proper pulmonary management, and preventing skin ulcers
with proper positioning in bed and turning every 2 hours.
Physical and occupational therapies are initiated in the acute
hospital unit once the spine is stabilized. Range of motion
(ROM) is performed on the shoulders, hips, elbows, and heel
cords. ROM should be performed twice daily to prevent joint
contractures and can be taught to family members. Splints are
made for the upper extremities for the same reason. he
patient begins to build tolerance to out-of-bed sitting and is
taught weight shiting to prevent pressure ulcers.
Once the acute treatment is completed and the patient
deemed medically stable, the patient can be transferred to an
acute inpatient rehabilitation unit.14 As economic pressures
accelerate the transfer process from postoperative care to
acute inpatient rehabilitation, patients with high tetraplegia
may achieve medical stability while the patient is still on a
ventilator. he weaning process can be improved by ramping
up exercise demand and tolerance in the ventilator-dependent
patient.
An accelerated path through their hospital stay to rehabilitation may have negative consequences as well. Patients may
not have a chance to fully psychologically adjust to their
injury. Additionally, the length of stay (LOS) on the rehab
service has become progressively shorter as well. Such shorter
LOSs may necessitate that the patient may not fully plateau in
their physical, psychological, and functional recovery until
they are transitioned to the outpatient setting. herefore, it is
imperative that the rehabilitation be focused and aggressive to
accomplish as much as possible in a shorter amount of time.
he challenge is to provide SCI patients with the highest
quality rehabilitative care despite these imposed constraints so
that they leave the hospital with the best possible outcome.
On the rehabilitation unit, the SCI patient begins a new
journey. he basic skills of mobility, self-care, and bladder/
bowel management must be learned to the maximum degree of
independence that the injury and recovery allows. Oten, this
can be a slow, frustrating process. hough total independence
is the ultimate goal, oten, modiied or various degrees of assistance is the more realistic objective. he level of neurologic
injury best predicts the level of independence and mobility that
each patient can achieve,15 even though individual variability

occurs. In addition to their therapy, patients on an SCI unit
can utilize other resources, such as computer programs and
handbooks, to supplement their understanding of their disease
process. Many patients also receive counseling for emotional
and psychological adjustment, discover initial vocational
options for their future, and participate in recreational and
leisure activities that ease their reintegration into society. SCI
patients who sufer concurrent head trauma receive cognitive
testing and retraining. SCI patients who remain on ventilators
receive more advanced respiratory and speech therapy. Finally,
each patient is discharged to the most independent living situation possible. During the rehabilitation stay, the therapy team
can perform a home evaluation to determine any necessary
home modiications to maximize independent living with the
appropriate adaptive equipment.
he rehabilitation process involves multiple diferent organ
systems, care teams, and longitudinal planning. he complex
acute and chronic interplay between these services requires a
dedicated interdisciplinary team to properly manage comprehensive rehabilitation and maximize outcome.16 Historically,
the leader of the team has been the rehabilitation physician,
or physiatrist, who would delineate the rehabilitation goals,
lead weekly team meetings, and decide when the program is
complete. More recently, most rehabilitation programs have
shited to a more patient-centered approach, with the interdisciplinary team working toward goals set together with the
patient.17 With this approach, the patient, oten the family, is
intimately involved in deciding the direction of the rehabilitation and the date of discharge. he individual disciplines are
listed in Table 82.2.18
TABLE 82.2

Interdisciplinary Team for Spinal Cord Injury Patients

Discipline

Role

Psychiatrist

Medical care, coordination of rehabilitation,
team leader

Rehabilitation nurse

Daily care, medication, education, reinforce
skills, transfers

Physical therapist

Gross motor skills, transfers, mobility
(wheelchair, standing, ambulation)

Occupational
therapist

Fine motor skills, activities of daily living (e.g.,
feeding, dressing, bathing)

Recreational therapist

Leisure activities, community reintegration,
assistive technology use

Social worker

Obtain community resources; assist with
disposition planning; communicate with
insurance companies

Speech therapist

Assess cognitive status; provide
communication, swallowing, and cognitive
training

Respiratory therapist

Manage patients on respirator; provide
respiratory treatments

Prosthetist/orthotist

Design and fabricate upper/lower extremity
braces and prosthesis; it spine braces

Vocational counselor

Test skills and interest; recommend training and
assist with placement

Vendor

Wheelchair procurement and itting, adaptive
equipment
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patients recovering from cauda equina injuries may have longterm physical and emotional disabilities despite their seemingly “normal” outward appearance even ater successful
physical rehabilitation.
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Recent advances in rehabilitation techniques have led to
both increased functional outcomes and decreased LOSS. he
Spinal Cord Injury Rehabilitation project, led by the Rocky
Mountain Regional Spinal Injury System, used practice-based
evidence research to identify the rehabilitation interventions
most strongly associated with positive outcomes.19 his
would not necessarily correlate to shorter LOSs but could
ofer clinicians more evidence-based outcomes by which to
base their treatments. Ultimately, what they found was that
patient characteristics drove the outcomes more than the type
of rehabilitation obtained. hus, a patient with more severe
injuries received more rehabilitation interventions and thus
it was diicult to compare and contrast the types of therapy
ofered.20
Over the years, another one of the most inluential advances
to quickening the pace of rehabilitation has been in surgical
stabilization. Historically, large, bulky cervical braces that
included halos dominated rehabilitation units. Now, more
advanced internal ixation has allowed patients to come onto
the rehabilitation units almost immediately ater surgery,
usually with only a hard collar.21 he less intrusive bracing
allows patients to progress more quickly in their mobility
training. A recent study touted the beneits of early surgical
decompression on patient outcomes, including neurologic
improvement of two levels more oten.22
Medications have also allowed SCI patients to recover more
quickly. Patients who were having diiculty with postural hypotension now can get upright sooner and for longer time periods.
Other medications have decreased the incidence of DVT, PE, and
spasticity. hose SCI patients slowed by neuropathic pain beneit
from improved pain medications, speciically antiepileptics and
serotonin-norepinephrine reuptake inhibitors (SNRIs). Aggressive percussive lung treatments have also decreased the incidence
of pneumonia and “down time” on the unit. he functional
rehabilitation program begins with an initial comprehensive
assessment of the medical impairments, functional deicits, and
environmental setup. hen, based on the indings, appropriate
goals can be set and a treatment approach to reach those goals
can be initiated and completed. Persons with complete SCI will
typically plateau sooner, and their impairments can remain
chronic and lifelong.
herapists may choose from a number of treatment
approaches to achieve the goal of functional independence
and achieving maximum function. More than one diferent
type of approach may also be used if felt appropriate by the
therapist. Additionally, although therapy sessions and tasks
are divided by discipline (e.g., transfer training by physical
therapy, activities of daily living (ADLs) by occupational
therapy), all therapists must utilize expertise from other specialists on the team to maximize functional restoration and
treatment. Within that framework, treatment can be either
restorative or compensatory. he goal of restorative treatment
is simply to reverse the disability despite the impairment
present even though the impairment cannot be reversed. In
this case, the individual is encouraged to perform the ADL
task the same way as before the injury, despite the impairment. Compensatory treatments aim to reverse the disability
and the handicap by inding other means of traversing the

divide created by the impairment without directly restoring the function. One example is utilizing equipment with
special adaptations to eat or bathe. Either way, the function
can be accomplished with modiied independence or at
least with the least setup or assistance possible at the time of
discharge.
he choice of which method to use depends on the underlying condition of the patient. Most persons with complete
SCI may regain one or two levels of neurologic function but
are unlikely to regain any more neurologic return in the acute
phase of recovery. herefore, therapists most oten utilize
compensatory strategies to create independent function.
However, persons with incomplete SCI may see tremendous
neurologic recovery over time and are more appropriate for
restorative therapy immediately. herefore, therapists must
carefully observe their patient and try to project the amount
and speed of the recovery. If the patient’s recovery is more
rapid, restorative treatment strategies are more appropriate.
One example would be employing standing balance strategies
at the kitchen even when the patient cannot yet ambulate but
should be able to in the near future. Areas of focus on the
inpatient rehabilitation stay include the following:
• Bed mobility
• Transfer training
• Wheelchair training
• Functional mobility
• Self-dressing
• Self-feeding
• Bathing and grooming
• Neurogenic bladder management
• Neurogenic bowel management
• Assistive devices
• Home and environment modiications
Many advances in therapy techniques have improved treatment ofered to SCI patients in rehabilitation. Functional
electrical stimulation has been applied to patients both in the
acute rehabilitation setting and later in the outpatient setting
to upper and lower extremities.23 Assisted or weighted standing and walking, even with patients with complete injuries, is
now being tried in a few centers with promising early results.24
One rehabilitation modality that does seem promising for SCI
patients, especially those with paraplegia, and later in rehabilitation is exoskeleton ambulation assist devices.25
Technology and equipment innovation has greatly inluenced the quality of care that SCI patients receive. Power
wheelchairs can be equipped with standing options, wheels for
outside use, the ability to navigate stairs, and automatic pressure relief. Manual chairs are now itted with more advanced
cushions, sport options, and “power assist” wheels. Power
assist wheels allow the patient to contribute a variable amount
of push force and were found to reduce energy costs of propulsion and decrease shoulder pain.26 Most cars and vans can be
outitted with hand controls. Finally, computerized environmental control units and voice-activated systems have
improved independence and freedom for patients with highlevel tetraplegia.
Because shorter LOSs have moved patients home sooner, the
majority of rehabilitation gains oten occur in the outpatient
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Medical Management
Rehabilitation should begin as soon as possible ater SCI. he
most important medical aspects in the acute period of rehabilitation include neurogenic bowel and bladder care, pulmonary management, thromboembolic and gastric ulcer
prevention, and proper positioning in bed. If early medical
complications can be prevented, the rehabilitation course is
facilitated and the cost of care is signiicantly reduced.

Neurogenic Bowel Dysfunction
Neurogenic bowel dysfunction is common ater SCI and has
the potential to inluence the social, emotional, and physical
well-being of patients. Establishment of an efective bowel
program during rehabilitation can minimize the development
of disability related to neurogenic bowel. he goal is to control
severe constipation, promote regularity, and prevent involuntary bowel movements. here are two types of neurogenic
bowel dysfunction ater SCI: relexic and arelexic.33
Relexic or upper motor neuron (UMN) bowel dysfunction is seen in patients with SCI above the conus medullaris. Voluntary control of bowel is lost in these patients but
conus-mediated relex activity and intestinal peristalsis are
intact. he external anal sphincter becomes spastic due to
spasticity of the pelvic loor, preventing stool evacuation. Stool
accumulates in the colon unless relex defecation is triggered.
Bowel care in these patients may include34: (1) nutritional
changes with increased iber and luid intake, (2) oral medication (lubricants and cathartics), (3) rectal chemical stimulation (suppositories or enema), and (4) mechanical digital
stimulation.
Arelexic or lower motor neuron (LMN) bowel dysfunction
is a result of lesions at or below the conus medullaris. Voluntary control of bowel is lost as well as sacral relex activity. he
external anal sphincter becomes atonic and laccid, which
increases the risk of fecal incontinence. Management of LMN
bowel dysfunction includes34: (1) diet with iber and some
luid restriction, (2) oral medication (bulk-forming agent),
and (3) mechanical digital removal of stool.

Neurogenic Bladder Dysfunction
Urosepsis was the leading cause of death prior to introduction
of intermittent catheterization (IC).35 Urologic problems are
the most common complications of SCI. he rate of urinary
tract infections is 50% to 80% in the irst year postinjury. he
goal of bladder management during rehabilitation is to establish an efective and safe method of emptying the bladder and
avoiding incontinence. here are two types of neurogenic
bladder dysfunction: relexic and arelexic.
Relexic or UMN bladder is secondary to lesions above
conus medullaris. It is characterized by (1) incontinence secondary to conus-mediated relex contractions of bladder
detrusor muscle, (2) spastic external urethral sphincter, and
(3) detrusor/sphincter dyssynergia.
Arelexic or LMN bladder occurs in lesions below the
conus medullaris. his condition is characterized by (1)
denervated external urethral sphincter and (2) laccid detrusor muscle, leading to overlow or stress incontinence.
Management of neurogenic bladder ater SCI is similar for
both types. he routine recommendations are based on clinical practice guidelines prepared by the Consortium for Spinal
Cord Medicine36:
• Management of luid intake to maintain daily urine output
between 1.5 and 2 L
• Intermittent catheterization using clean or sterile technique
• Indwelling catheter for patients with poor hand control and
lack of attendant care
• Suprapubic catheter for, most commonly, patients with
urethral lesions
• External (condom) catheter for male patients with UMN
bladder with relex voiding
• Surgery
he two circumstances when surgery is indicated in the
management of neurogenic bladder ater SCI is to correct the
failure to store or the failure to empty urine. he most commonly performed corrective procedures are augmentation of
small capacity bladder with intestine, and sphincterotomy. he
most frequent method of bladder management at discharge
from SCI rehabilitation centers is intermittent catheterization
(59%). However, a relatively high number of patients were
discharged with indwelling catheters (13%).4 A newer treatment for upper motor neuron neurogenic bladder when
detrusor/sphincter dyssynergia is the problem is detrusor
injections of botulinum toxin. his will relax the bladder and/
or sphincter to allow catheterization to occur.37

Spasticity
Spasticity is seen frequently in patients ater SCI. In 37% of
patients, the spasticity is signiicant and requires chronic
therapy. Spasticity may interfere with function, daily activities,
and sleep. he severity of spasticity during rehabilitation in
SCI patients varies. It has been reported that patients with
cervical and upper thoracic injuries have a higher incidence
of spasticity than patients with lower spine injuries.38 he
underlying processes involved in pathogenesis of hyperactive
relexes are multifactorial and involve both inhibitory and
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setting. Patients with chronic SCI some years ater their injury
may beneit from renewed or prolonged rehabilitation. Jacobs
et al.27 showed improvements in cardiovascular status ater
circuit strength training in SCI patients. Competitive sports
for patients with disabilities ofer not only physical but also
psychological beneits. Technology has also fueled growth in
the rehabilitative treatment of SCI patients long ater injury.
Tendon transfers had been coupled with a “freehand” implant
to improve hand function in many tetraplegic patients.28
Bladder implants or injections of botulinum toxin may reduce
incontinence,29 intrathecal baclofen pumps reduce malignant
spasticity,30 and functional electrical stimulation implants have
allowed for limited amounts of standing and ambulation.31 All
of these devices can increase functional independence in the
appropriate SCI candidate, but also require post-placement
rehabilitation training.32
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excitatory neurotransmitters. he role of neurotransmitters in
spasticity is not fully understood; therefore, the therapy is
generally symptomatic. Immediately ater SCI, there is a short
period (2–3 weeks) of arelexia that is followed by a gradual
occurrence of increased muscle tone below the level of injury.
In mild to moderately severe cases, ROM and static stretching
can be used to treat spasticity during rehabilitation.
Medication is usually indicated for severe and chronic
spasticity. he diferent drugs that can be used for spasticity
are, in order: (1) baclofen, (2) benzodiazepines, (3) tizanidine,
and (4) dantrolene. Baclofen is a γ-aminobutyric acid (GABA)
agonist, a major inhibitory neurotransmitter in the central
nervous system (CNS). he starting dose is 10 mg 2 to 3 times
daily with a total daily dose of 80 mg. Benzodiazepines facilitate the efect of endogenous GABA, and they are secondchoice medication in treatment of spasticity since their
sedative CNS side efects exceed that of baclofen. Tizanidine
is an α-adrenergic receptor agonist with efects similar to
noradrenaline. Noradrenaline belongs to the group of inhibitory neurotransmitters that prevent release of excitatory
amino acids from nerve terminals. Tizanidine blocks hyperactive spinal relexes and, similar to other antispastic medication,
has a sedative efect on the CNS. Dantrolene has no efects on
the CNS; it acts directly on skeletal muscle cells, where it
inhibits contraction of myoibrils. he inhibitory efect of
dantrolene is due to blockade of endoplasmatic release of
calcium. Neurolytic nerve blocks and surgery (dorsal rhizotomy) are additional therapeutic modalities in the treatment of
spasticity. hese therapies are not frequently used, but may be
indicated for severe spasticity unresponsive to medication.
More oten for refractory cases, SCI patients can beneit from
baclofen being delivered directly to the spinal cord via an
implant. When baclofen can be given by intrathecal pump, it
can reduce the therapeutic dose 100 times, thus markedly
decreasing the sedative side efects of the drug on the CNS.
One recent study found reduced spasm frequency and severity
with greater dose stability with intrathecal compared with oral
baclofen. However, they found no diference in fatigue, quality
of life, or function.39

Cardiovascular Complications
he primary mechanisms underlying cardiovascular abnormalities are related to the disruption of sympathetic control
located in the cervical cord. he most frequent symptoms
are orthostatic hypotension (68%) and bradycardia (71%).40
Autonomic dysrelexia develops in patients with SCI above
the T6 spinal segment.
Orthostatic hypotension ater SCI is caused by passive
vasodilatation below the level of injury, while bradycardia is
due to uninhibited parasympathetic tone. Frequent associated
clinical indings are weakness, dizziness, blurred vision, and
fainting during positional changes. he majority of patients
gradually develop adaptation to hypotension and may tolerate
orthostasis for an extended period of time. During the period
of rehabilitation, diferent measures can be efective, such as
elastic stockings, abdominal binders, and slow mobilization
from the bed. Also, in early periods ater SCI, medication may

be indicated. here are two oral agents with diferent mechanisms of action that can be used, midodrine and ludrocortisone. Midodrine is an α-1 adrenergic agonist (ProAmatine);
it is the irst-choice drug. Fludrocortisone (Florinef), a mineralocorticosteroid, enhances renal resorption of sodium and
may be used as an alternative.
Autonomic dysrelexia (AD) is a serious complication ater
SCI.41 It is characterized by a sudden onset of pounding
headache, increase of blood pressure, and bradycardia. AD
occurs in patients with SCI above the T6 spine segment. hese
patients have interrupted central inhibitory control of the
thoracic sympathetic system. herefore, various peripheral
noxious stimuli below the injury (e.g., bladder distension,
pressure ulcers, ingrown toenails, urinary tract infection,
constipation) may lead to overstimulation of the sympathetic
system. AD may have diferent causes; however, it is most
commonly related to bladder or bowel distension.41 Treatment
of AD includes immediate repositioning of the patient in a
sitting position and loosening of clothing or constrictive
devices to allow a pooling of blood into the lower extremities.
he placement of an indwelling catheter should be performed
early because the most common cause of AD is bladder distension. If ater the catheterization systolic blood pressure remains
elevated over 150 mm Hg, an antihypertensive agent with
rapid onset and short duration (nitrates or nifedipine) is recommended.41 If bowel distension or impaction is suspected,
antihypertensive medication needs to be administered prior
to rectal examination for stool.
he incidence of thromboembolism is high in the acute
stage of SCI. he routine screening for DVT showed positive
results in 47% to 100% of patients.42 Studies based on clinical
parameters estimated lower incidence of DVT in acute SCI.
he incidence of clinically diagnosed DVT was 11.4% in 1996,
which was signiicantly reduced to 5.2% in 1998. he decline
in the incidence of DVT is most likely the result of the introduction of low-molecular-weight heparin (LMWH).43 Prevention of thromboembolism starts ater injury and continues
throughout rehabilitation. Current methods for prevention of
thromboembolism used in SCI patients are mechanical (compression hose, boots, pneumatic devices), pharmacologic
(unfractionated heparin, LMWH, warfarin), and inferior vena
cava ilter. A consortium organized by Paralyzed Veterans of
America in 199742 recommended mechanical prevention for
the irst 2 weeks following injury. In patients with motor
complete SCI, pharmacologic prevention with unfractionated
heparin or LMWH is recommended for a minimum of 8
weeks or until discharge from the rehabilitation center. Patients
with motor complete injuries and risk factors such as obesity,
heart failure, cancer, lower extremity fractures, previous DVT,
or age greater than 70 years may need their prevention
extended ater discharge. Recommendations for the prevention of thromboembolism in the rehabilitation phase of
patients with SCI is based on the 6th American College of
Clinical Pharmacy consensus in 2001.44 LMWH or full-dose
oral anticoagulation with warfarin was the initial recommended method, with inferior vena cava ilter recommended
in patients who failed or have contraindications to anticoagulation. A meta-analysis of 13 studies showed strong evidence
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FIG. 82.4 Respiratory complications after spinal cord injury. (Modiied from
Jackson AB, Grooms TE. Incidence of respiratory complications following
spinal cord injury. Arch Phys Med Rehab. 1994;75:270–275.)

to support the use of LMWH in reducing venous thrombosis
events.45 A higher adjusted dose of unfractionated heparin was
also found to be more efective than 5000 units administered
every 12 hours, although bleeding complication was more
common. Treatment of thromboembolism in patients with
SCI does not difer from treatment currently used in non-SCI
patients.

Respiratory Complications
Respiratory complications are the most common early and late
cause of death ater SCI. Fig. 82.4 shows the most common
respiratory complications in patients with diferent levels of
SCI.46 Pneumonia is the most common complication in highlevel injuries, while atelectasis is seen in all groups of patients
in similar frequency regardless of level of injury. Smith and
coworkers found in over 18,000 veterans with SCI a steady rate
of visits for acute respiratory infection, without a declining
trend in frequency.47
here are several factors important in the pathophysiology
of ventilatory abnormalities ater SCI,48 such as (1) restrictive
ventilatory dysfunction as a result of muscle paralysis; (2)
inability to cough, which is due primarily to paralysis of
abdominal and intercostal muscles; and (3) hypersecretion of
mucus. Overproduction of mucus (about 1 L/day) is due to
absent sympathetic outlow and unopposed parasympathetic
tone, which also leads to bronchoconstriction.
he neurologic level of injury mainly determines the
management of respiratory complications ater SCI. Patients
with cervical injuries from C1 to C3 frequently need mechanical ventilation. hese patients may beneit from diaphragmatic
pacing in order to give them some freedom from the ventilator
for periods of time and is becoming more common with the

Spinal cord injury causes profound changes in the structure
and physiology of the skin, which leaves patients susceptible to
the development of pressure ulcers. he incidence of pressure
sores ater SCI is high, with approximately 50% of chronic
patients with SCI developing a pressure ulcer in their lifetime.
Pressure ulcers are seen on the sacrum in 26%, on the ischium
in 23%, on the heel in 12%, and on the trochanter in 10% of
chronic SCI patients.50 Several factors are responsible for the
development of pressure ulcers ater SCI but most important is
prolonged pressure over a bone prominence. he cornerstones
in the prevention of pressure ulcers are regular daily inspection
of the skin and the performance of pressure relief techniques.
he management of pressure ulcers requires a multidisciplinary team approach. It is also important to provide suicient
nutritional support, treatment of comorbid conditions, and
special support surfaces (cushions and mattresses). Two types
of mattresses, static (foam, gel, air, or water) and dynamic (air
pump with alternating pressure) are used to reduce pressure
on the ulcer. Basic medical treatment used to include enzymatic debridement and moist wound dressing changes. More
recently, ulcers have been treated with various growth factors
and products such as transparent membranes, hydrogels,
foams, alginates, and hyularonase.51 Surgical repair is recommended when the ulcers are too large and only if nutritional
and medical conditions of the patient are satisfactory.

Heterotopic Ossiication
Heterotopic ossiication (HO) is another early complication
ater SCI. Oten occurring in the irst month of rehabilitation, HO is oten a cause of “fever of unknown origin.” he
incidence of HO ater SCI is about 50%.52,53 he etiology of
HO is unknown. he pathology of HO is characterized by
bone growth in extraarticular tissue of paralyzed extremities.
Clinically, in the acute stage of HO, the most common indings are swelling, fever, and reduction in ROM of afected
joint(s). he level of creatine phosphokinase in serum in the
early stage may indicate the severity of muscle involvement.
In the chronic stage, HO may limit the functional status of
the patient. Diagnosis of HO in the early stages is based on a
positive three-phase bone scintigraphy with technetium-99m
diphosphonate. Prevention of HO with indomethacin in
patients with SCI is efective if started early (3 to 4 weeks) ater
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improvement of minimally invasive surgical techniques.49
Patients with C4 to C7 and upper thoracic injuries oten
require the following treatments during rehabilitation: bronchodilators (β-adrenergic agonists and /or anticholinergics),
mucolytic agents, and chest physiotherapy.
Later in the phase of rehabilitation and with the return of
peripheral sympathetic tone, there is a decrease of mucus
production. At this stage, respiratory treatments are focused
on assisted cough and prevention of respiratory complications. All patients with cervical and high thoracic injuries
need yearly vaccination for inluenza and vaccination every
ive years for pneumonia.
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injury.54 Etidronate is irst-line treatment for management of
HO in the acute stage along with aggressive joint motion by
physical therapy. Only when the heterotopic bone is mature up
to 1 year ater the onset can surgical resection be considered.

Osteoporosis and Fractures
In patients with SCI, there is signiicant bone loss in paralyzed
limbs in the early period ater injury. he most severely
involved skeletal regions are the distal femur and proximal
tibia. Bone densitometric studies showed that patients with
complete paralysis might have bone loss of 30% in the irst 3
months.55 In later periods, bone loss will continue at a slower
rate, reaching a new steady state ater 2 years. At the inal
stages, bone mineral loss can be about 30% in the femoral shat
and 50% in the proximal tibia.56 Patients who actually sufer
fractures were found to have even higher bone loss: approximately 40% in femoral shat and 70% in proximal tibia. Presently, there is no cure for osteoporosis ater SCI. Many diferent
preventive programs for bone loss have been evaluated. So far,
all preventive measures have shown some positive efect on
bone mass, but the efects are transient and the bone loss
resumes as soon as the intervention stops. he incidence of
lower extremity fractures ater SCI is about 1% to 2% per year.
Lower limb fractures are most oten treated using a nonsurgical approach with the goal of maintaining functional independence. Use of splints and early mobilization are generally
allowed initially in a supervised setting.

Pain
Pain prevalence is stable over time, ranging from 81% at 1 year
ater injury to 83% at 25 years.57 Approximately 90% of patients
with SCI have a delayed onset of pain and many are not inding
adequate pain relief from commonly used medication.58
Nepomuceno and coworkers59 described the negative impact
of pain on the life of patients with SCI. A total of 37% of
patients with cervical injuries and 23% of patients with a lower
level of SCI reported that if they had the chance, they would
trade pain for loss of bladder, bowel, or sexual function. he
majority of patients describe pain as stable or controlled, while
others report that pain increased their disability. Of the diferent classiications of pain ater SCI, the most commonly
described are central neuropathic and musculoskeletal
pain.60,61 Clinical diferentiation between central neuropathic
and musculoskeletal pain is shown in Table 82.3.
Several mechanisms have been proposed in the pathophysiology of central pain, but the causes still remain uncertain. In
contrast, musculoskeletal pain is most commonly due to spine

injury or overuse of joint, tendon, or ligament structures.
Treatment measures depend on which type of pain is being
treated. here is no known cure for central pain. he most
efective strategy in the management of central pain involves
an interdisciplinary approach. However, only partial pain
relief can be expected. he treatment strategies are:
1. Nonpharmacologic (transcutaneous electrical nerve stimulation, aerobic and anaerobic exercise, recreational activity,
massage, acupuncture, heat or cold)
2. Pharmacologic
3. Psychosocial/biofeedback
4. Surgical (nerve blocks, dorsal root entry zone lesioning [the
DREZ procedure], dorsal column spinal cord stimulator)
he guidelines from the World Health Organization proposal for the treatment of malignant pain can be applied in
these patients: (1) nonopioid analgesics (nonsteroidal antiinlammatory drugs, e.g., acetaminophen) ± adjuvant (tricyclic
antidepressants, SSRI, anticonvulsants); (2) opioid for moderate pain (oxycodone, codeine, hydrocodone) ± nonopioid ±
adjuvant; and (3) opioid for severe pain (hydromorphone,
morphine, fentanyl) ± nonopioid ± adjuvant. Caution should
be employed in the use of opioids for chronic nonmalignant
pain, especially neuropathic pain, as any eicacy could prove
short-lived due to tolerance and dependence.62 Another recent
meta-analysis showed anticonvulsants to be of the most value
in treating neuropathic pain of SCI.63
Musculoskeletal pain can be treated with mild analgesic,
nonsteroidal antiinlammatory drugs, passive ROM, and
trigger point injections.

Outcomes of Rehabilitation
Length of Stay
In general, patients with tetraplegia need a longer period for
rehabilitation than patients with paraplegia. Similarly, patients
with complete paralysis require a longer stay at rehabilitation
centers than with incomplete paralysis. Statistical analysis
showed that time needed for acute care has not changed
during the past 20 years; however, signiicant changes were
found in the LOS at the rehabilitation centers. Fig. 82.5 illustrates results from a database derived from the NSCISC
database.5 A dramatic reduction of LOS was documented at
rehabilitation centers across the country from 1977 to 2000.
he average LOS was 106 days in 1977, 90 days in 1987, 51
days in 1997, and 39 in 2004. he changes in the LOS of
patients ater SCI can mainly be attributed to measures that
managed care instituted in the early 1990s.64

Discharge Disposition
TABLE 82.3

Characteristics of Pain After Spinal Cord Injury
Pain

Activity

Location

Central

Burning, tingling,
sharp, shooting

Not related

Anesthetic area

Musculoskeletal

Dull, aching

Aggravated

Above level of
injury

he changes in the LOS of patients at rehabilitation centers
had some efect on the discharge disposition of these patients.
he results from the NSCISC database4 obtained in 1997
showed that the majority of patients were still discharged
home (91.2%); however, the percent of patients discharged to
skilled nursing homes also increased (5.3%) as compared to
2.8% in 1990.
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FIG. 82.5 Length of stay in rehabilitation centers after spinal cord injury.
(Modiied from Fiedler IG, Laud PW, Maiman DJ, Apple DF. Economics of
managed care in spinal cord injury. Arch Phys Med Rehab.
1999;80:1441–1449.)

Gain of Motor Function
he outcomes of motor function are determined by the ASIA
standardized evaluation previously discussed by using the
ASIA examination and the data obtained from the NSCISC
database.65 he outcomes of motor function were related to
rehabilitation and neurologic recovery and shown in Fig. 82.6.
As illustrated in Fig. 82.6, about 10% to 15% of patients
diagnosed as complete, or ASIA Impairment Scale classiication AIS-A, will convert in 1 year to incomplete AIS-B, -C, or
-D. Typically, neurologic return of motor function starts in the
irst month ater injury but may continue for up to 24 months.
Despite recent advances in pharmacologic treatment of SCI,
prognosis for recovery of patients with an initial classiication
of AIS-A remains poor. he prognosis for motor function
recovery of patients with AIS-B designation is intermediate.
One-third of these patients remain unchanged, one-third
converts to AIS-C, and one-third to AIS-D or -E. In the group
of patients with the AIS-C designation, 70% will convert to
AIS-D. Patients with an initial AIS-D designation showed
functional improvement to AIS-E in 4%, while 96% of these
patients remained in D category. Even ater 5 years from
traumatic SCI, results are not very diferent. Kirshblum et al.
found that only 4.5% of patients with motor complete paralysis
regained some motor or sensory recovery.66

Functional Independence (Charting ADL
Improvement Objectively)
Currently, the most widely used, validated ADL evaluation
scale is the Functional Independence Measure (FIM).67 he
FIM instrument evaluates nine areas of self-care, and can be
applied multiple times throughout the course of treatment not
only to provide a baseline of function but also to chart

A

B

C

D

ASIA score after 1 year
FIG. 82.6 Changes in motor function after spinal cord injury. The American
Spinal Injury Association (ASIA) scale is used to grade motor function (see
text for explanation of scale). (Modiied from Marino RJ, Ditunno J, Donovan
WH, Maynard F. Neurological recovery after spinal cord injury. Arch Phys Med
Rehab. 1999;80:1031–1396.)

improvement in these key areas. he areas that the FIM reports
on are self-feeding, grooming, bathing, dressing upper and
lower body, toileting, and transfer to the toilet, tub, or shower.
he FIM has demonstrated a high degree of interrelater reliability.68 Ater the SCI patient leaves the hospital, the FIM can
be continued in a self-reporting form (FIM-SR). Masedo et al.
found the FIM-SR motor scales and total FIM-SR score are
reliable and valid measures of perceived functional independence in individuals with SCI.67
Fig. 82.7 shows the results from the NSCISC database on
FIM scores.69 he data were obtained on admission and discharge from rehabilitation and at the followup ater 1 year.
here is a marked diference in FIM motor scores from admission to discharge from rehabilitation in all neurologic groups
of patients. he greatest improvements are seen in patients
with lower cervical and thoracolumbar injuries. here was
very little change in FIM scores in all categories of patients
beyond discharge from rehabilitation. Fig. 82.7 illustrates
mean FIM motor scores for each neurologic group of patients
and indicates that a score of 78 (13 motor items with scores of
6), correlating with functional independence, is reached only
in patients with thoracolumbar injuries.
Despite the advantages that using a validated comprehensive ADL measure creates, there are signiicant limitations.
Speciically, the FIM is not speciic to SCI but is a general
measure of any rehabilitation diagnosis. hus, some aspects
critical to SCI function, such as mastery of the environment
and respiratory function, are not charted.
herefore, the Spinal Cord Independence Measure (SCIM
III), created a new, more comprehensive measure applicable to
persons with paraplegia and tetraplegia, complete and incomplete.70 Itzkovich et al. found that total agreement between raters
was above 80% in most SCIM III tasks.9,71 hey also found
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FIG. 82.7 Functional Independence Measure (FIM) of spinal cord injury
patients at admission and discharge from rehabilitation center and 1 year
thereafter (see text for explanation of score). (Modiied from Hall KM, Cohen
ME, Wright J, et al. Characteristics of the functional independence measure
in traumatic spinal cord injury. Arch Phys Med Rehab. 1999;80:1471–1476.)

FIG. 82.8 Community integration after spinal cord injury. Each neurologic
group included patients with American Spinal Injury Association scale A, B,
and C (see text for explanation of scale). PARA, paraplegia. (Modiied from
Whiteneck G, Tate D, Charlifue S: Predicting community integration after
spinal cord injury from demographic and injury characteristics. Arch Phys
Med Rehab. 1999;80:1485–1491.)

that the SCIM III was more responsive to changes than FIM
in the subscales of respiration and sphincter management and
mobility indoors and outdoors. he measure is now undergoing
inal studies to see if it is more sensitive or speciic for SCI
patients than other measures while maintaining the practicality
of the FIM. A new measure, called the SCI Functional Index, is
currently in development and being validated as a potentially
more speciic measure than the FIM.72 Functional ability level
development and validation provides clinical meaning for the
Spinal Cord Injury Functional Index scores.

rehabilitation center. he involvement of human services plays
a major role in assisting patients in the community. Fig. 82.8
depicts the three aspects of community integration ater SCI:
functional independence, social integration, and occupation.
Data are obtained from the NSCISC database74 indicate very
high levels of social integration in all neurologic groups of
patients ater SCI. he lowest median score of community
integration was found in occupation, as just mentioned. Community and athletic groups increase the levels of community
integration. Activities that injured persons used to participate
in can be modiied for the wheelchair athlete or participant,
increasing the quality of life for those injured. Sports for SCI
patients include sailing programs, diving programs, wheelchair basketball teams, skiing, rugby, marathon racing, and
Paralympic competitions.
In general, analysis of demographic data indicates that
survivors of SCI with less severe neurologic injury, of younger
age, of White race, and more education will achieve greater
community integration.

Employment
More than half (57.4%) of those persons with SCI admitted to
a Model System reported being employed at the time of their
injury. he postinjury employment picture is better among
persons with paraplegia than among their tetraplegic counterparts. By postinjury year 10, 32.4% of persons with paraplegia
are employed, while 24.2% of those with tetraplegia are
employed during the same year. National data from Model
System Spinal Cord Centers revealed that the rate of employment of SCI patients is approximately 27% ater rehabilitation.73 Similar results were found for both genders: 24.1% in
female patients and 27.7% in male patients. Important factors
in obtaining employment ater SCI were age, severity of injury,
and educational level prior to injury.

Community Integration
Community integration of patients with SCI starts during
inpatient rehabilitation and continues ater discharge from the

Reintegration Into the Environment
As a part of most inpatient rehabilitation treatment programs,
the home evaluation and the home visit are highly anticipated.
he home visit can serve as a motivator for the SCI patient to
reach his or her goals and participate fully. However, evaluating
the home environment as early as possible in the rehabilitation
process is also important so that appropriate goals can be set
and needed modiications can begin earlier.75
he environmental evaluation begins with a family history
(who is in the home), vocational history, and leisure history.
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PEARLS
1. Rehabilitation of the SCI patient begins from the moment of
injury and continues throughout the life of the patient.
2. The life expectancy of SCI patients continues to increase with
improved medical and rehabilitative care.
3. Surgical advances have resulted in SCI patients being transferred
more quickly to rehabilitation with improved functional abilities.
4. Shorter LOS in the rehabilitation unit has reduced inpatient cost
but led to an increased need for prolonged outpatient
rehabilitation.
5. Technological advances have impacted SCI patients by
improving their mobility, function, and itness.
PITFALLS
1. As patients with SCI live longer, the probability of developing
cardiovascular and other medical problems associated with
aging is increasing.
2. On average, patients with SCI have higher cholesterol levels and
reduced levels of itness compared to able-bodied persons of
similar age. This can be improved with exercise training.

3. The increase in elderly patients with multiple comorbidities
sufering SCI has led to an increase in medical complexity seen
on rehabilitation units.
4. Many patients who sufer SCI do not have adequate insurance
coverage to meet their complex medical, rehabilitation, and
equipment needs.
5. Much of the new technology designed for treatment of SCI is
expensive and not available currently for the majority of patients
who could beneit.

KEY POINTS
1. Timing of rehabilitation. Rehabilitation and rehabilitation
planning should start immediately when the patient arrives into
the acute care system. Accurate assessment of neurologic level
and an ASIA motor and sensory score facilitates initiation of
treatment that can minimize deicits and allow for maximum
functional recovery.
2. Minimize medical complications. As early as possible,
rehabilitation should be started to prevent complications of
immobility and provide the patient with the tools to succeed
later in rehabilitation when the medical condition fully
stabilizes.
3. Optimize teamwork. Rehabilitation of the SCI patient requires all
members of the interdisciplinary team to work together in a
coordinated fashion. This includes members of physical therapy,
occupational therapy, specialized nursing, recreation therapy,
the orthotics team, respiratory therapists, psychologists, social
workers, and the vocational team. Creating achievable
short-term and long-term goals will allow patients to work to
achieve their optimum function.
4. Demographics. As more patients sufer SCIs who are elderly,
many from nontraumatic causes, specialized rehabilitation
programs will need to be created to address their unique
medical and functional needs.
5. Pain. Chronic pain—neuropathic related to SCI or
musculoskeletal related to acute or repetitive trauma—is often
the chief identiied problem that SCI patients identify. Optimal
treatment of pain improves rehabilitation participation and
optimizes function and quality of life.
6. Future of rehabilitation. Two trends are being seen that will
continue into the future. The irst is shorter length of inpatient
stays, leading to increased importance and focus on outpatient
rehabilitation. The second is the introduction of
neurotechnology to supplement general strength rehabilitation,
improve function, and even allow assisted ambulation.

KEY REFERENCES
1. Kirshblum S, Campangnolo DL, DeLisa JA, eds. Spinal Cord
Medicine. Philadelphia: Lippincott, Williams & Wilkins; 2002.
An excellent comprehensive textbook written speciically for
physicians specializing in SCIs.
2. Archives of Physical Medicine and Rehabilitation. Vol. 80.
November 1999.
This entire issue is devoted to reviewing SCI Model Systems data and
outcomes in patients with SCI.
3. Geerts WH, Heit JA, Clagett GT, et al. Prevention of venous
thromboembolism. Chest. 2001;119:132S-175S.
This article presents the most recent consensus deinition of DVT
prevention after SCI.
4. Consortium for Spinal Cord Medicine. Acute management
of acute autonomic dysrelexia. J Spinal Cord Med. 2002;25:
S67-S88.
This article is considered a guideline in the management of AD.

S E C T I O N

hese are the components of the patient’s lifestyle that allow the
therapist to create a roadmap of where the injured patient was
and where the patient needs to get back to, and even beyond,
to maximize function. In certain cases, the therapist may ind
that the SCI patient was not functioning at optimal levels even
before the injury due to psychiatric illness or other disorders.
he second component of the evaluation concerns the
home structure itself. he therapist must create a picture of
the home and environment that will allow for an understanding of what impediments might exist that will pose a barrier
to maximizing function. hrough knowing the individual
limitations of their patient, the therapist can set therapy goals
that may also involve making modiications to the home and
environment to maximize function.76 Ultimately, by marrying
the functional abilities of injured patients to the environment
that they are going to live within, the interdisciplinary rehabilitation team can help to maximize the quality of life of their
SCI patients while minimizing cost to the patients and health
care system.75
In summary, the key points to be gleaned from this section
include the following. he rehabilitation of SCI patients begins
from the moment of initiation into the health care system
rather than when they are admitted to rehabilitation. Acute
care treatment, including surgical choices, afects the rehabilitation methods chosen and speed of progress. Once in rehabilitation, close monitoring by the physiatrist is necessary to
prevent medical complications of immobility. Finally, the
entire rehabilitation interdisciplinary team must be involved
in the treatment and goal setting to maximize outcome and
minimize cost.
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5. Consortium Spinal Cord Consensus:. Pressure ulcer prevention
and treatment following spinal cord injury. J Spinal Cord Med.
2001;24:S39-S101.
This provides an excellent source of recommendations for
prevention and treatment of pressure ulcers.
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Arthritic Disorders

C H A P T E R

David G. Borenstein

Rheumatologic disorders of the axial skeleton are an important cause of spinal pain. hese inlammatory disorders afect
the bones, joints, ligaments, tendons, and muscles that are
anatomic components of the spine. he most important
rheumatic disorders that cause inlammation of the joints of
the axial skeleton are the seronegative spondyloarthropathies
and rheumatoid arthritis (RA). he spondyloarthropathies are
characterized by damage of the sacroiliac joints, axial skeleton,
and peripheral large joints and the absence of rheumatoid
factor. he seronegative spondyloarthropathies include ankylosing spondylitis (AS), reactive arthritis, psoriatic arthritis,
and enteropathic arthritis. Genetic factors predispose patients
to these illnesses. Environmental factors play a role as triggers
of the inlammatory response in genetically predisposed individuals, but these factors have been only partially identiied.
RA, a disease that causes chronic inlammation of the
synovial lining of the joints, afects the cervical spine at the
atlantoaxial junction and the subaxial apophyseal joints. hese
changes occur most commonly in patients with difuse disease
of long duration. Cervical spine involvement in RA is associated with a wide range of symptoms and signs, from mild neck
pain and headaches to severe neurologic dysfunction consisting of radiculopathy, paresthesias, incontinence, quadriplegia,
and sudden death.
In the seronegative spondyloarthropathies and RA, joint
pain is most severe in the morning and improves with activity.
Physical examination reveals localized tenderness with palpation and limitation of motion in all planes of motion of the
axial skeleton. Laboratory abnormalities are consistent with
systemic inlammatory disease but are nonspeciic except for
the presence of rheumatoid factor in 80% of patients with RA.
Radiographic evaluation identiies characteristic joint space
narrowing, sclerosis, and fusion in the sacroiliac joints; vertebral body squaring; and ligamentous calciication that may
help in the diferential diagnosis of a patient with spinal
arthritis. Magnetic resonance imaging (MRI) is a valuable tool
identifying individuals with sacroiliac or axial joint inlammation prior to radiographic alterations. his joint modiication
related to early inlammation identiies individuals with
nonradiographic axial spondyloarthritis.
Although there are no cures for these illnesses, medical therapy
consisting of nonsteroidal antiinlammatory drugs (NSAIDs),
and disease-modifying antirheumatic drugs (DMARDs) can

be efective in controlling symptoms and improving function,
particularly with RA. Newer biologic therapies in the form of
tumor necrosis factor (TNF)-α, interleukin (IL)-1, IL-6, and
B-cell inhibitors, among others, ofer the potential to prevent
joint inlammation and destruction to a greater degree than
with prior therapies.
he prognosis and course of these rheumatic conditions are
rarely related to the extent of spine disease alone. Occasionally,
atlantoaxial subluxation secondary to RA or the spondyloarthropathies may result in catastrophic neurologic dysfunction.
In most circumstances, the status of disease in other areas of
the musculoskeletal system and the severity of constitutional
symptoms have a greater efect on the patient’s daily existence.

Ankylosing Spondylitis
AS is a chronic inlammatory disease characterized by a variable symptomatic course and progressive involvement of the
sacroiliac and axial skeletal joints. It is the prototype of the
seronegative spondyloarthropathies. his disease complex is
characterized by axial skeletal arthritis; the absence of rheumatoid factor in serum (seronegative); the lack of rheumatoid
nodules; and the presence of a tissue factor on host cells,
human leukocyte antigen (HLA)-B27.

Epidemiology
AS afects 0.9% to 1.4% of whites, which is equal to the prevalence for RA.1 A strikingly high association between HLA-B27
and AS has been shown. HLA-B27 is present in more than
90% of white patients with AS compared with a frequency of
7% to 8% in a normal white population.2 In North American
whites, with a prevalence of HLA-B27 of 7%,.3 A positive
family history of AS or related spondyloarthropathy increases
the risk to 30% among HLA-B27–positive irst-degree relatives
compared with HLA-B27–positive control subjects (1%–4%).4
he male-to-female ratio is reported in the range of 2 : 1.5
Women tend to be less symptomatic, however, and develop
less severe disease. Women may also present more oten with
cervical spine disease with minimal lumbar spine symptoms
or more peripheral joint involvement. he overall pattern of
illness may be similar in men and women.6
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Pathogenesis
he pathogenesis of AS is unknown. A genetic predisposition
to AS and to the seronegative spondyloarthropathies in general
exists. A genetically determined host response to an environmental factor in genetically susceptible individuals seems to
be the most likely basis for the pathogenesis of the spondyloarthropathies. he presence of HLA-B27 is not suicient to
develop AS; this is supported by the facts that not all individuals with HLA-B27 develop disease, that HLA-B27 even in a
homogeneous form does not cause disease, and that a few
patients with AS do not have HLA-B27.7
Enthesitis (inlammation of an enthesis—attachment of
tendon to bone) is the hallmark that distinguishes the spondyloarthropathies from other forms of arthritis.8 An enthesis
is a dynamic structure undergoing constant modiication in
response to applied stress. his area is a target for inlammation by the activation of resident IL-23–sensitive T cells.
Subsequent downstream activation of IL-17 and IL-22 results
in characteristic spondyloarthritic modiication of skeletal
structures.9 Although entheses are primarily afected in the
spondyloarthropathies, inlammation of these structures is
insuicient to explain the alterations that occur in (sacroiliac)
joints. Synovitis plays an important role. Synovitis may be a
secondary event, however, ater initiation with an enthesitis.10
AS is a disease of the synovial and cartilaginous joints of
the axial skeleton, including sacroiliac joints, spinal apophyseal joints, and symphysis pubis. he large appendicular joints,
hips, shoulders, knees, elbows, and ankles are also afected in
30% of patients. he inlammatory process is characterized
by chondritis (inlammation of cartilage) or osteitis (inlammation of bone) at the junction of the cartilage and bone in
the spine. As opposed to RA, which is associated with osteoporosis as an early manifestation of disease, the inlammation
of AS is characterized by ankylosis of joints and ossiication
of ligaments surrounding the vertebrae (syndesmophytes)
and other musculotendinous structures, such as the heels
and pelvis.

Clinical History
he classic AS patient is a man 15 to 40 years old with intermittent dull low back pain. he associated stifness is slowly
progressive, measured in months to years. AS rarely occurs
in individuals older than 50 years. Patients with spondyloarthropathy initiated ater age 50 years are more likely to have
a non-AS spinal inlammatory disorder, such as psoriatic
spondylitis.11 Back pain, which occurs throughout the disease
in 90% to 95% of patients, is greatest in the morning and is
increased by periods of inactivity. Patients may have diiculty
sleeping because of pain and stifness; they may awaken at
night and ind it necessary to leave bed and move about for a
few minutes before returning to sleep. Fatigue can be a major
symptom and correlates with level of disease activity, functional ability, global well-being, and mental health status.12
Back pain improves with exercise. he mode of onset is
variable, with most patients developing pain in the lumbosacral

region. Peripheral joints (hips, knees, and shoulders) are
initially involved in a few patients; occasionally, acute iridocyclitis (eye inlammation) or heel pain may be the irst
manifestation of disease. Occasionally, individuals older than
50 years may present with mild symptoms despite extensive
spinal involvement.13 Conversely, back pain may be severe,
with radiation into the lower extremities, mimicking acute
lumbar disc herniation. Patients have symptoms related to
the piriformis syndrome. he belly of the piriformis muscle
crosses over the sciatic nerve. Inlammation in the sacroiliac
joint, where the muscle attaches, results in muscle spasm and
nerve compression. here are no abnormal, persistent neurologic signs associated with the sciatic pain. he symptoms are
reversible with medical therapy that relieves joint inlammation. his symptom complex of radicular pain is referred to
as pseudosciatica.
Patients usually have a moderate degree of intermittent
aching pain localized to the lumbosacral area. Paraspinal
musculoskeletal spasm may also contribute to the discomfort.
With progression of the disease, pain develops in the dorsal
and cervical spine and rib joints.
Flattening of the lumbar spine and loss of normal lordosis
are consistent with spinal involvement. horacic spine disease
causes decreased motion at the costovertebral joints, reduced
chest expansion, and impaired pulmonary function. In 81% of
patients, the initial symptoms are back pain; back stifness;
thigh, hip, or groin pain; and sciatica. Pain in peripheral joints
is the initial complaint in 13% of patients, pain in the chest is
the initial complaint in 2%, and generalized aches are the
initial complaint in 1%.
Cervical spine disease occurs less frequently than lumbosacral involvement in AS and at a later time in the course of
the illness. Studies of large groups of AS patients report cervical spine involvement to range from 0% to 53.9%. he primary
symptom of cervical spine disease is neck stifness and pain.
Patients may develop intermittent episodes of torticollis.
Involvement of the cervical spine causes the head to protrude
forward, making it diicult to look straight ahead.
Peripheral joint arthritis (hips, knees, ankles, shoulders,
and elbows) occurs in 30% of patients within the irst 10 years
of disease. Hip disease is the most frequent limiting factor in
mobility rather than spinal stifness. Ankylosis may also occur
in cartilaginous joints, such as the symphysis pubis, sternomanubrial, and costosternal joints. Erosions of the plantar surface
of the calcaneus at the attachment of the plantar fascia result
in an enthesitis. his inlammation causes a fasciitis and
periosteal reaction, which causes heel pain and the formation
of heel spurs. Achilles tendinitis is another enthesitis associated with heel pain and AS.

Neurologic Complications
Atlantoaxial Subluxation
Neurologic complications of AS are secondary to nerve
impingement or trauma to the spinal cord. In a study of 33
patients with AS and neurologic complications, cervical
abnormalities were the most common cause of neurologic
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Spinal Fracture
he other change is the loss of normal lexibility because of
ankylosis of the spinal joints and ligaments. he spine in this
ankylosed state is much more brittle and is prone to fracture,
even with minimal trauma. he most common location for
fracture is the cervical spine, although dorsal and lumbar
spine fractures have also been described.19,20 he occurrence
of traumatic cervical spine injury is 3.5 times greater in AS
patients than in the normal population.21 he risk for fracture
may be present within the irst 2.5 years of diagnosis.22 he
lower cervical spine (C6–C7) is the most frequent location for
fracture, which is oten associated with a fall. Patients who
develop fractures may complain of nothing more than localized pain and decreased or increased spinal motion, but severe
sensory and motor functional loss corresponding to the location of the lesion may develop. he onset of neurologic dysfunction may be delayed for weeks ater initial trauma.
he diagnosis of fracture may be delayed because of the
diiculty of detecting fractures in osteoporotic bone with
plain radiographs. Computed tomography (CT) may be
needed to identify the location of the fracture.23 Neurologic
deicits may persist despite surgical intervention in 85.7% of
patients.24 A mortality rate of 35% to 50% may be found,
particularly in AS patients who are elderly, who have complete
cord lesions, or who develop pulmonary complications ater
fracture.25

Spondylodiscitis
Another complication of AS is spondylodiscitis, a destructive
lesion of the disc and its surrounding vertebral bodies. hese
lesions occur in individuals with younger age at disease onset.26
his lesion may be associated with new onset of localized pain
in the spine, which uncharacteristically for a patient with AS
is improved with bed rest. he cause of these lesions may be
localized inlammation or minor trauma.27 MRI evaluation
reveals increased activity in the central portion of the vertebral endplate, conirming this area as an area of enthesitis. In
most cases, external immobilization is efective in controlling

symptoms; thus, surgical fusion is reserved for more severely
afected patients.

Extraarticular Manifestations
AS is also associated with many nonarticular abnormalities.
Constitutional manifestations of disease—such as fever,
fatigue, and weight loss—are seen in a few patients with active
disease, particularly patients with peripheral joint manifestations. Iritis, inlammation of the anterior uveal tract of the eye,
may be the presenting complaint of 25% of patients with AS
and is present in 40% of patients over the course of the disease.
Cardiac involvement occurs in 10% of patients, with disease
durations of 30 years or longer. A ibrosing lesion causes the
aortic valve and proximal root to thicken. Aortic disease may
be more common in patients with peripheral arthritis. Mild
features include tachycardia, conduction defects, and pericarditis. AS causes cardiac conduction disturbances, particularly
bradyarrhythmias. he most serious cardiac abnormality is
proximal aortitis, which results in aortic valve insuiciency,
heart failure, and death. Prosthetic valve replacement may
forestall cardiac deterioration. Pulmonary involvement is
manifested by decreased chest expansion, which limits lung
capacity, particularly with severely kyphotic individuals.

Physical Examination
A careful musculoskeletal examination is necessary, particularly of the lumbosacral spine, to discover the early indings
of limitation of motion of the axial skeleton, which is especially
noticeable with lateral bending or hyperextension. Percussion
over the sacroiliac joints elicits pain in most circumstances.
Other tests that may be helpful in identifying sacroiliac joint
dysfunction place stress on the joint. he tests to be considered
include a FABER (lexion abduction and external rotation of
the hip) maneuver, Gaenslen test (pressure on a hyperextended
thigh with a contralateral lexed hip), Yoeman test (hyperextension of the thigh with a prone patient), and distraction of
the pelvic wings anteriorly and posteriorly.
Measurements of spinal motion, including the Schober test
(lumbar spine motion), lateral bending of the lumbosacral
spine, occiput to wall (cervical spine motion), and chest expansion, are important in ascertaining limitations of motion and
following the progression of the disease. Paraspinous muscles
may be tender on palpation and in spasm, resulting in limitation of back motion. Finger-to-loor measurements should
be done but are more to determine lexibility, which is more
closely associated with hip motion than with back mobility.
Rotation may be checked with the patient seated. his position
ixes the pelvis, limiting pelvic rotation. Chest expansion is
measured at the fourth intercostal space in men and below the
breasts in women or at the xiphoid process. Patients raise their
hands over their head and are asked to take a deep inspiration.
Normal expansion is 2.5 cm or greater. Cervical spine evaluation includes measurement of all planes of motion. Peripheral
joint examination is also indicated. Careful hip examination is
necessary to determine the potential loss of function involved
with simultaneous arthritis of the back and hip. Examination
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compromise.14 Atlantoaxial subluxation occurs in the setting
of AS but less oten than in RA.15 In a study of 103 AS patients,
21% had atlantoaxial subluxations. Vertical subluxation is a
rare complication. About one-third of patients have progression of subluxations. Five of the 22 patients with subluxation
required surgical fusion.16 Rarely, symptoms of atlantoaxial
subluxation may be the presenting manifestation of AS.17
Signiicant instability may occur without symptoms in RA
because of generalized ligamentous laxity and erosion of bone.
AS patients have symptoms and signs of nerve impingement
more frequently in the setting of instability secondary to the
immobilized state of the calciied structures surrounding the
spine. Spinal cord compression is associated with myelopathic
symptoms, including sensory deicits, spasticity, paresis, and
incontinence. AS patients who are at increased risk are those
with elevated C-reactive protein (CRP), peripheral arthritis,
and lack of response to NSAIDs.18
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of the eyes, heart, lungs, and nervous system may uncover
unsuspected extraarticular disease.

Laboratory Data
Laboratory results are nonspeciic and add little to the diagnosis of AS. Mild anemia is present in 15% of patients. he
erythrocyte sedimentation rate is increased in 80% of patients
with active disease. Patients with normal sedimentation rates
with active arthritis may have elevated levels of CRP.28 Rheumatoid factor and antinuclear antibody are characteristically
absent. Histocompatibility testing (for HLA) is positive in 90%
of AS patients but is also present in an increased percentage
of patients with other spondyloarthropathies (reactive arthritis, psoriatic spondylitis, and spondylitis with inlammatory
bowel disease). It is not a diagnostic test for AS. HLA testing
may be useful in a young patient with early disease for whom
the diferential diagnosis may be narrowed by the presence of
HLA-B27.

FIG. 83.1 Ankylosing spondylitis. Anteroposterior view of the pelvis of a
38-year-old woman with a 15-year history of ankylosing spondylitis shows
bilateral fused sacroiliac joints (arrows). She underwent hip replacement
because of destructive disease secondary to spondyloarthropathy.

Radiographic Evaluation
Characteristic changes of AS in the sacroiliac joints and
lumbosacral spine are helpful in making a diagnosis but may
be diicult to determine in the early stages of the disease.29
he areas of the skeleton most frequently afected include the
sacroiliac, apophyseal, discovertebral, and costovertebral
joints. he disease afects the sacroiliac joints initially and then
appears in the upper lumbar and thoracolumbar areas. Subsequently, in ascending order, the lower lumbar, thoracic, and
cervical spine are involved. he radiographic progression of
disease may be halted at any stage, although sacroiliitis alone
is a rare inding except in some women with spondylitis or in
men in the early stage of disease.
he European League Against Rheumatism (EULAR) has
issued guidelines for the evaluation of spondyloarthritis.30
Evaluation of the sacroiliac joints should be with a conventional anteroposterior supine view of the pelvis and should be
the irst imaging method to diagnose sacroiliitis.30 Other
conventional radiographic views do not ofer greater sensitivity for the increased exposure to radiation.
Sacroiliitis is a bilateral, symmetrical process in AS. During
the next stage, the articular space becomes “pseudowidened”
secondary to joint surface erosions. With continued inlammation, the area of sclerosis widens and is joined by proliferative bony changes that cross the joint space. In the inal stages
of sacroiliitis, complete ankylosis with total obliteration of the
joint space occurs (Fig. 83.1). Ligamentous structures surrounding the sacroiliac joint may also calcify. he radiographic
changes associated with sacroiliitis may be graded from 0
(normal) to 4 (complete ankylosis).
In the lumbar spine, osteitis afecting the anterior corners
of vertebral bodies is an early inding. he inlammation
associated with osteitis causes loss of the normal concavity of
the anterior vertebral surface, resulting in a “squared” body
(Fig. 83.2).
While osteopenia of the bony structures appears, calciication
of disc and ligamentous structures emerges. hin, vertically

FIG. 83.2 Ankylosing spondylitis. Lateral view of the lumbosacral spine
shows “squaring” of all lumbar vertebral bodies (arrows).

oriented calciications of the anulus ibrosus and anterior and
posterior longitudinal ligaments are termed syndesmophytes.
Bamboo spine is the term used to describe the spine of a patient
with AS with extensive syndesmophytes encasing the axial
skeleton (Fig. 83.3).
he apophyseal joints are also afected in the illness. As
the disease progresses, fusion of the apophyseal joints occurs.
Radiographs of the spine may show the loss of joint space
and complete fusion of the joints. Cervical spine ankylosis
may be particularly severe (Fig. 83.4). Complete obliteration
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Clinical Criteria
1. Limitation of motion of lumbar spine in anterior lexion, lateral
lexion, and extension
2. History of or presence of pain at dorsolumbar junction or in lumbar
spine
3. Limitation of chest expansion to ≤1 inch
Radiologic Criteria (Sacroiliitis)
Grade 3: Unequivocal abnormality, moderate or advanced sacroiliitis
with one or more erosions, sclerosis, widening, narrowing, or partial
ankylosis
Grade 4: Severe abnormality, total ankylosis

FIG. 83.3 Ankylosing spondylitis. Anteroposterior view of the pelvis of a
64-year-old man with 40 years of ankylosing spondylitis and bamboo spine.
Sacroiliac joints are fused and interspinous ligaments are calciied (arrows).

Diagnosis
Deinite grade 3-4: Bilateral sacroiliitis + one clinical criterion
Grade 3-4: Unilateral or grade 2 bilateral sacroiliitis with clinical criterion
1 or 2 and 3
Probable grade 3-4: Bilateral sacroiliitis alone

of the odontoid process from the posterior aspect of the atlas
with lexion and extension views of the cervical spine. Widening of the space is indicative of a dynamic subluxation. No
movement of the distance between the atlas and axis suggests
a ixed subluxation. In addition to atlantoaxial subluxation,
migration of the odontoid into the foramen magnum and
rotary subluxation may occur. Subaxial subluxation is more
characteristic of RA than AS.
MRI with fat saturation or contrast medium–enhanced
images are able to detect early inlammatory lesions in the
sacroiliac joints and the lumbar spine before conventional
radiographs.31 MRI is able to identify this group, which has
been classiied as sufering from nonradiographic spondyloarthritis. From a diagnostic and clinical perspective, plain
radiographs normally provide adequate information at a reasonable cost. Plain radiographs remain the usual radiographic
technique used for the diagnosis of AS. MRI is a good choice
for young women with suspected sacroiliitis as a means of
decreasing radiographic exposure and detection of earlier
lesions.
FIG. 83.4 Ankylosing spondylitis. Lateral view of the cervical spine of the
patient in Fig. 83.3. Radiograph shows anterior syndesmophytes (white
arrows) and fusion of posterior zygapophyseal joints (black arrow).

of articular spaces between the posterior elements of C2–C7
results in a column of solid bone. Patients with complete
ankylosis of the apophyseal joints and syndesmophytes may
develop extensive bony resorption of the anterior surface of
the lower cervical vertebrae late in the course of the illness.
Bone under the ligaments connecting the spinous processes
may also be eroded in the setting of apophyseal joint ankylosis.
he C1–C2 joints may become eroded and partially dislocated. Synovial tissue around the dens may cause erosion of
the odontoid process. Further damage of the surrounding ligaments results in instability that is measured by the movement

Diferential Diagnosis
Diagnostic criteria exist for the diagnosis of AS. he modiied
New York criteria require alterations in the sacroiliac joints
(Box 83.1). he criteria include a grading system for radiographs of the sacroiliac joints in addition to limited spine
motion, chest expansion, and back pain.32 Although these
criteria are used mostly for studies of patient populations, they
are helpful in the oice setting. he Assessment of Spondyloarthritis International Society has proposed classiication criteria based on clinical or imaging indings (Table 83.1).33
Although spondyloarthropathies are a common inlammatory musculoskeletal disorder, this group of illnesses
is frequently overlooked by nonrheumatologists. A delay
in diagnosis from the onset of symptoms and referral to a
rheumatologist ranged from 6 to 264 months. Individuals
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who are misdiagnosed by primary care physicians have mild
to moderate disease, with atypical presentations, and are
women.34 he diferential diagnosis of spinal pain includes
other spondyloarthropathies, rheumatoid arthritis, and
herniated intervertebral disc. Characteristics of these speciic
diseases are listed in Table 83.2. he inlammatory disorders
are discussed briely here.

Psoriatic Arthritis
Patients with psoriasis who develop a characteristic pattern of
joint disease have psoriatic arthritis.35 he prevalence of psoriasis is 1% to 3% of the population. Classic psoriatic arthritis
is described as involving distal interphalangeal joints and
associated nail disease alone.36 his pattern occurs in 5% of
patients. he most common form of the disease, afecting 70%
of patients with psoriatic arthritis, is an asymmetrical oligoarthritis; a few large or small joints are involved. Dactylitis,

TABLE 83.1 ASAS Criteria for Axial Spondyloarthritis (SpA) in Patients
With Chronic Back Pain and Age of Onset of Back Pain <45 Years
Sacroiliitis on Imaging Plus
≥1 SpA Feature

HLA-B27 Plus ≥2 Other
SpA Features

or

Active (acute) inlammation on
MRI highly suggestive of
sacroiliitis associated
with SpA
Deinite radiographic sacroiliitis
according to New York criteria

Inlammatory back pain
Arthritis
Enthesitis (heel)
Uveitis
Dactylitis
Psoriasis
Crohn disease
Good response to NSAIDs
Family history of SpA
HLA-B27
Elevated CRP

ASAS, Assessment of Spondyloarthritis International Society; CRP, C-reactive protein;
HLA, human leukocyte antigen; NSAIDs, nonsteroidal antiinlammatory drugs.

TABLE 83.2

difuse swelling of a digit, is most closely associated with this
form of the disease. Skin activity and joint symptoms do not
correlate, and patients with little skin activity may experience
continued joint pain and stifness.
Psoriatic spondyloarthropathy is found in 5% to 23% of
patients with psoriatic arthritis. Patients who develop axial
skeletal disease, sacroiliitis, or spondylitis are usually men who
have onset of psoriasis later in life. HLA-B27 is more common
in individuals with axial disease. Sacroiliac involvement may
be unilateral or bilateral. Percussion over the sacroiliac joints
can elicit symptoms over the afected side. Patients may
develop spondylitis in the absence of sacroiliitis, which has
maximal tenderness with percussion over the spine above the
sacrum. In the cervical spine, limitation of motion is a primary
manifestation of neck involvement. Rarely, patients with
psoriatic arthritis may develop atlantoaxial subluxation with
evidence of cervical myelopathy. Fracture ater minor trauma
may be overlooked for an extended period.37
Spondylitis on radiographs is characterized by asymmetrical involvement of the vertebral bodies and nonmarginal
syndesmophytes. Joint ankylosis occurs less commonly than
in AS. Of patients, 25% can have sacroiliac involvement manifested by sacroiliitis, which can be unilateral or bilateral.
Sacroiliitis may occur without spondylitis. Spinal disease
progression occurs in a random rather than orderly fashion,
ascending the spine as commonly noted in AS. Cervical spine
disease may occur in the absence of sacroiliitis or lumbar
spondylitis. Alterations in the cervical spine include joint
space sclerosis and narrowing and anterior ligamentous calciication (Fig. 83.5).
he Classiication of Psoriatic Arthritis study group proposed classiication criteria for psoriatic arthritis. hese criteria
include the presence of psoriasis, nail changes, dactylitis,
juxtaarticular new bone formation, and the absence of rheumatoid factor. hese criteria have excellent sensitivity in early
and late disease.38

Diferential Diagnosis of Ankylosing Spondylitis
Ankylosing
Spondylitis

Psoriatic Arthritis

Reactive
Arthritis

Enteropathic
Arthritis

Rheumatoid
Arthritis

Herniated Disc

Sacroiliitis

Symmetrical

Asymmetrical

Asymmetrical

Symmetrical

–

–

Axial skeleton

+

±

±

+

–

–

Peripheral joints

Lower

Upper

Lower

Lower

Upper and lower

–

+

–

–

–

Enthesopathy

+

+

ESR

Elevated

Elevated

Elevated

Elevated

Elevated

Normal

Rheumatoid factor

–

–

–

–

+

–

HLA-B27

90%

60%

90%

50%

8%

8%

Course

Continuous

Continuous

Self-limited

Continuous

Continuous

Episodic or continuous

Therapy

NSAIDs,
DMARDs

NSAIDs/DMARDs,
NSAIDs/antibiotics

NSAIDs

Steroids

NSAIDs, DMARD

NSAIDs

TNF

Biologics

Biologics

Biologics

Epidural steroids

Hip

Lower extremity

Lower extremity

Extremities

Radiculopathy

Disability

DMARDs, disease-modifying antirheumatic drugs; ESR, erythrocyte sedimentation rate; HLA, human leukocyte antigen; NSAIDs, nonsteroidal antiinlammatory drugs; TNF, tumor
necrosis factor.
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FIG. 83.5 Psoriatic arthritis. Lateral view of the cervical spine of a
45-year-old woman with psoriasis shows anterior syndesmophytes at levels
C3–C4, C4–C5, and C6–C7 (arrows).

TABLE 83.3

Reactive Arthritis
Reactive arthritis is associated with an infectious agent
causing an aseptic inlammation in joints and other organs.
his disorder has been associated with the triad of urethritis
(inlammation of the lower urinary tract), arthritis, and
conjunctivitis formerly referred to as Reiter syndrome, a form
of reactive arthritis. Reactive arthritis is the most common
cause of arthritis in young men and primarily afects the
lower extremity joints and the low back. Involvement of the
cervical spine is rare. he disease results from the interaction
of an environmental factor, usually a speciic infection, and a
genetically predisposed host. Approximately 3% of patients
with the common infection nongonococcal urethritis develop
the syndrome. he syndrome develops in 0.2% to 15% of
all patients with enteric infections secondary to Shigella,
Salmonella, Campylobacter, and Yersinia. he male-to-female
ratio in venereal infection is 10 : 1, and the ratio is 1 : 1 in large
outbreaks secondary to enteric infection.
Reactive arthritis is associated with HLA-B27 in 60% to 80%
of individuals. he classic patient with reactive arthritis is a
young man about 25 years old who develops urethritis and a
mild conjunctivitis, followed by the onset of a predominantly
lower extremity oligoarthritis. he conjunctivitis is usually mild
and is manifested by an erythema (redness) and crusting of the
lids. Arthritis may occur 1 to 3 weeks ater the initial infection.
In many patients, arthritis is the only manifestation of disease.40
Back pain is a frequent symptom of patients with reactive
arthritis. During the acute course, 31% to 92% of patients may
develop pain in the lumbosacral region. Occasionally, the pain
radiates into the posterior thighs but rarely below the knees; it
may be unilateral. Spondylitis afecting the lumbar, thoracic,
and cervical spine occurs less commonly than sacroiliitis, with
23% of patients with severe disease showing such involvement.41

Disease-Modifying and Biologic Antirheumatic Drugs

Drug

Availability (mg)

Dose (mg)

Toxicities

Comment

200
500
2.5, 5, 7.5
50
10, 20, 100

200–400
1000–2000
5–25
50–300
20

Retinopathy
Gastrointestinal, anemia
Hepatitis, anemia
Hepatitis, leukopenia
Diarrhea, alopecia

Requires 6 mo to work
Sulfa allergy
Requires 6 wk to work
Requires 3 mo to work
100 × 3 initially; onset at 4 wk

Etanercept
Adalimumab
Inliximab
Certolizumab

25, 50
40
100
200

Injection pain, infections
Injection pain, infections
Infusion reactions, infections
Infections

Requires 6 wk to work
Requires 6 wk to work
Best with methotrexate
Less injection pain

Golimumab
Tocilizumab

50
4, 8, 162 (SQ)

Infections
Infections

Best with methotrexate
Monotherapy

Abatacept

Infections

Rituximab

500, 750, 1000 IV,
125 SQ
500

Infusion reaction

Not to be used with TNF
inhibitors
May be repeated

Anakinra
Toicitanib

100
5

50 (IM)
40 every 1–2 wk (IM)
3–10 mg/kg 4–8 wk (IV)
200 every 2 wk or 400 every
4 wk (IM)
50 IM monthly, 50 IV monthly
4 or 8 mg/kg IV or 162 mg IM
every 2 wk
Depending on weight, every
4 wk or 125 SQ weekly
1000 for 2 doses 2 wk apart,
repeated at 6 mo
100, daily injection
5 twice daily

Injection pain
Infections, hyperlipidemia

Given same time every day
With or without methotrexate

Disease Modifying
Hydroxychloroquine
Sulfasalazine
Methotrexate
Azathioprine
Lelunomide
Biologics

IM, intramuscular; IV, intravascular; SQ, subcutaneous; TNF, tumor necrosis factor.
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Treatment of psoriatic arthritis is directed at reducing
inlammation and preventing structural damage with early
intervention. he EULAR has published recommendations for
the pharmacologic therapy of psoriatic arthritis.39 Immunosuppressive agents and TNF-α inhibitors are listed in Table
83.3. Treatments are used indeinitely.
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Neck pain is a rare symptom of patients with reactive arthritis.
Constitutional symptoms occur in about one-third of patients
and include fever, anorexia, weight loss, and fatigue.
On examination, men tend to have involvement in the
knees, ankles, and feet; women have more upper extremity
disease. Percussion tenderness over the sacroiliac joints may
be unilateral, correlating with asymmetrical involvement in
reactive arthritis. he mobility of the lumbosacral and cervical
spine should be measured in all planes of motion. Evaluation
for enthesopathy, heel pain, or Achilles tendon tenderness is
also required.
Sacroiliac involvement may mimic AS (symmetrical
disease) or may be asymmetrical in severity of joint changes.
Unilateral sacroiliac disease occurs early in the disease process.
Variable amounts of sclerosis are associated with erosions. he
progression of radiographic changes shows widening of the
joint (erosion), then narrowing (fusion). Fusion of the joints
occurs less frequently than in AS. Sacroiliitis may be detected
in 5% to 10% of individuals early in the illness and in 60% in
prolonged illness. Spondylitis is discontinuous in its involvement of the axial skeleton (skip lesions) and is characterized
by nonmarginal bony bridging of vertebral bodies. hese
vertebral hyperostoses are markedly thickened compared with
the thin syndesmophytes of AS. Cervical spine disease is
associated with hyperostoses at the anteroinferior corners of
one or more cervical vertebrae.
he joint and enthesopathic manifestations of reactive
arthritis respond to NSAIDs. he drugs are continued as long
as the patient remains symptomatic. Oral corticosteroids have
some eicacy. he role of antibiotic therapy in the acute phase
of reactive arthritis is controversial. Antibiotics may be ineffective for Chlamydia-associated reactive arthritis.41 Sulfasalazine has been reported to improve spinal pain and swollen
joints in patients with reactive arthritis. he usual dose of
sulfasalazine is 2 g/day in divided doses. he immunosuppressive methotrexate is reserved for patients with uncontrolled
progression of joint disease and unresponsive, extensive skin
involvement. he dose of methotrexate ranges from 7.5 to
25 mg/week. he role of anti-TNF drugs remains controversial
in an illness that is associated with infection as its initiating
factor.41
he course of the illness is unpredictable. A self-limited
illness, lasting 3 months to 1 year, occurs in 30% to 40% of
patients. Another 30% to 50% develop a relapsing pattern of
illness with periods of complete remission. he inal 10% to
25% develop chronic, unremitting disease associated with
signiicant disability.

Enteropathic Arthritis
Ulcerative colitis and Crohn disease are inlammatory bowel
diseases. Ulcerative colitis is limited to the colon; Crohn
disease, or regional enteritis, may involve any part of the
gastrointestinal tract.42 Inlammation of the gut results in
numerous gastrointestinal symptoms, including abdominal
pain, fever, and weight loss. hese inlammatory diseases are
also associated with extraintestinal manifestations, including
arthritis. Articular involvement in inlammatory bowel disease

includes peripheral and axial skeleton joints. Peripheral arthritis
is generally nondeforming and follows the activity of the underlying bowel disease.43 Axial skeleton disease is similar to AS and
follows a course independent of activity of bowel inlammation.
Symptomatic ulcerative colitis usually occurs in adults 25
to 45 years old. Crohn disease occurs in all races and is distributed worldwide. In the United States, the annual incidence
of the disease is 4 per 100,000. he disease occurs most oten
in individuals 15 to 35 years old. he frequency of peripheral
arthritis is 11% in ulcerative colitis and 20% in Crohn disease.
Spondylitis occurs in 3% to 4% of both diseases, and radiographic sacroiliitis occurs in 10%. Axial arthritis of inlammatory bowel disease may be a hereditary accompaniment of the
disease and not a manifestation of activity of bowel disease
itself. Non–HLA-related factors and HLA-B27 may play a role.
Early symptoms of ulcerative colitis are frequent bowel
movements with blood or mucus. Mild disease is associated
with some abdominal pain and a few bowel movements per
day. Severe disease is characterized by fatigue, weight loss,
fever, and extracolonic involvement. Crohn disease is frequently an indolent illness characterized by generalized
fatigue, mild nonbloody diarrhea, anorexia, weight loss, and
cramping lower abdominal pain. Patients may have symptoms
for years before the diagnosis is made.
Articular involvement in inlammatory bowel disease is
divided into two forms: peripheral and spondylitic. Axial
skeleton involvement in ulcerative colitis and Crohn disease
is similar. Spondylitis antedates bowel disease in about onethird of patients. his interval may be 10 to 20 years. Of
patients, 70% are HLA-B27 positive, 68% have radiographic
changes of spondylitis, and 25% have iritis. he spondylitis of
inlammatory bowel disease has a course totally independent
of the course of the bowel disease. he clinical and radiographic indings are similar to indings of AS, including
involvement of shoulders and hips.
On examination, patients with spondyloarthropathy may
have decreased motion of the spine in all planes and percussion tenderness over the sacroiliac joints. Rarely, chest expansion is diminished. Patients with more extensive disease have
limitation of motion of the cervical spine. Occiput-to-wall
measurements document the immobility of the entire axial
skeleton, including the cervical spine.
he radiographic changes of spondylitis in inlammatory
bowel disease are indistinguishable from classic AS (Fig. 83.6).
Findings include squaring of vertebral bodies; erosions; widening and fusion of the sacroiliac joints; symmetrical involvement of sacroiliac joints; and marginal syndesmophytes
involving the lumbar, thoracic, or cervical spine.
he factors that help make the diagnosis of enteropathic
spondyloarthropathy are the pattern of peripheral arthritis if
present (upper extremity disease is uncommon in AS and
reactive arthritis; bilateral ankle arthritis is uncommon in
psoriatic disease), erythema nodosum, and iritis. herapy for
enteropathic spondylitis is similar to therapy for classic AS.
TNF-α inhibitors are efective agents for bowel and articular
disease.44
he ultimate course and outcome of these patients depend
on the severity of bowel disease. Patients with severe ulcerative
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FIG. 83.6 Enteropathic spondylitis: a lateral view of the lumbar spine
demonstrates loss of lumbar lordosis, fusion of the facet joints (white
arrows), and early syndesmophyte formation (black arrow) in a 25-year-old
woman with a 9-year history of Crohn disease. (From Borenstein DG, Weisel
SW, Boden SD. Low Back and Neck Pain: Comprehensive Diagnosis and
Management. 3rd ed. Philadelphia: Saunders; 2004.)

FIG. 83.7 Difuse idiopathic skeletal hyperostosis. Lateral view of the
cervical spine shows large anterior, horizontally oriented osteophytes
characteristic of this illness.

colitis have a mortality rate of 10% to 20% over 5 years.
Patients with a severe initial attack, continuous clinical activity, involvement of the entire colon, and disease for 10 years
or longer have a higher risk of developing cancer of the
colon. hese patients may require colectomy. Although Crohn
disease is associated with frequent recurrences, the overall
mortality rate of 5% for the irst 5 years of disease is much less
than in ulcerative colitis.

maintain function, and prevent deformity with avoidance of
undue toxicity. Patients require a comprehensive program of
education, physiotherapy, medications, and other measures.
In 2015, the American College of Rheumatology (ACR)
published recommendations for the treatment of AS.48 he
publication lists nonpharmacologic and pharmacologic
therapies and the strength of evidence for the recommendations.
Nonpharmacologic recommendations include land-based
active physical therapy interventions. Use of braces, splints,
and corsets should be avoided.

Difuse Idiopathic Skeletal Hyperostosis

Nonsteroidal Antiinlammatory Drugs

Difuse idiopathic skeletal hyperostosis (DISH) is another
disease that may occur in the setting of spondylitis. Patients
with AS and DISH should be easily diferentiated by careful
radiographic evaluation.45 DISH may cause alterations of the
sacroiliac joints.46 CT of the sacroiliac joints diferentiates the
hyperostotic joint changes from changes associated with joint
erosion and fusion (Fig. 83.7). Also of note is the occurrence
of fracture in patients with DISH and patients with AS. he
convergence of two common diseases in the same host, a
middle-aged man, is likely. he occurrence of AS and DISH
of the cervical spine has been reported.47

Medications to control pain and inlammation are useful to
patients with AS. NSAIDs possess antipyretic, analgesic, and
antiinlammatory characteristics. hey are antiinlammatory
and analgesic when given long term in larger doses. NSAIDs
are efective at decreasing pain and improving movement but
have not been proven to slow the progression of disease.
Cyclooxygenase-2 inhibitors are another class of NSAIDs
with less gastrointestinal toxicity. hese drugs should be used
continuously in AS patients with high activity of disease.

Treatment
he goals of therapy for AS, as with other forms of inlammatory
arthritis, are to control pain and stifness, reduce inlammation,

Muscle Relaxants
Patients with acute AS may develop severe muscle spasm
with associated limited motion that may hinder their return
to normal daily activities. In these patients, the addition
of muscle relaxant to NSAIDs helps decrease muscle pain
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and muscle spasm and improve back motion. Muscle relaxants, such as cyclobenzaprine, at low dosages (5–10 mg/
day) are helpful while limiting possible drug toxicity. he
sleepiness associated with muscle relaxants with long halflives can be limited by giving the medication 2 hours before
bedtime.

Corticosteroids
Systemic corticosteroids are rarely needed and are inefective
for the spinal articular disease of AS. he ACR publication
recommends against the use of systemic steroids.48

Anti–Tumor Necrosis Factor-α Inhibitors
TNF-α, an inlammatory cytokine, is associated with the
inlammatory process that results in the phenotypic expression of AS. Anti–TNF-α therapies are available in the form of
inliximab, etanercept, certolizumab, golimumab, and adalimumab, which inhibit the inlammatory efects of TNF-α.49
Table 83.3 contains information about these biologic drugs
and their use in rheumatic disease, including AS. Studies have
demonstrated the greater eicacy of each of these agents in
comparison to placebo in the treatment of AS patients.49
he full beneits of anti–TNF-α therapy in AS remain to be
determined. he eicacy of these agents in disease of long
duration is less certain. hese agents are expensive and their
availability is limited. Toxicities are associated with their use,
including the activation of latent tuberculosis. Questions
remain in regard to the potency of TNF drugs to inhibit calciication of the spine in active disease. Also, the ability of
these agents to produce a remission and the opportunity to
discontinue treatment remains an active area of research.

Prognosis
he general course of AS is benign and is characterized by
exacerbations and remissions. Many patients with AS may
have sacroiliitis with mild involvement of the lumbosacral
spine alone. Limitation of lumbosacral motion may be mild.
he disease can become quiescent at any time. Patients who
go on to develop total fusion of the spine may feel better
because ankylosis of the spinal joints is associated with
decreased pain. In a study of 1492 patients for 2 years, the
frequency of patients with a total remission of disease was less
than 2%.50

Rheumatoid Arthritis
RA is a chronic, systemic inlammatory disease that causes
pain, heat, swelling, and destruction in synovial joints. he
joints characteristically afected by RA are small joints of the
hands and feet, wrists, elbows, hips, knees, ankles, and cervical
spine. Most patients with RA have cervical spine disease
manifested as neck pain, headaches, or arm numbness. Signs
of cervical spine disease include decreased neck motion with

stifness; undue prominence of the spinous process of the axis
(C2); and neurologic dysfunction, including paresthesias,
spasticity, incontinence, and quadriplegia. he diagnosis of
RA is made in the setting of a history of persistent joint
inlammation in the appropriate joints and the presence of
speciic serum antibodies (rheumatoid factor). he degree of
cervical spine destruction in RA does not always correlate
with patient complaints and is detected by radiographic evaluation. RA of the cervical spine responds to the same therapy
that is efective for the peripheral joints. Surgical intervention
with stabilization of the cervical spine is required for persistent
neurologic abnormalities.

Epidemiology
he prevalence of RA is 1% of the US population.51 RA is
found in all racial and ethnic groups. he condition occurs in
all age groups but is most common in adults 40 to 70 years
old.52 he male-to-female ratio is approximately 1 : 3. Symptoms of cervical spine disease occur in 40% to 80% of RA
patients. Radiographic evidence of cervical spine involvement
is found in 86% of RA patients, whereas neurologic symptoms
from cervical spine disease occur less frequently in 10% of
patients with radiographic changes. Cervical spine disease
usually occurs in the setting of active peripheral disease;
however, occasionally, neck symptoms may be the initial or
predominant symptom without clinical signs of RA in other
locations. he lumbar spine is rarely involved in the rheumatoid process. One study suggested that 5% of men and 3% of
women with RA have lumbar spine involvement.53

Pathogenesis
RA is a chronic immune-mediated disease whose initiation
and perpetuation are dependent on T-lymphocyte response
to unknown antigens.54 he interaction of genetic factors, the
shared epitope in the HLA-DRB1 region, with environmental
factors, such as smoking, periodontitis, and the gut microbiome, increase the risk for disease. Increased numbers of
CD4+ lymphocytes that activate B lymphocytes to produce
immunoglobulin are frequently found in synovium from RA
patients. he activation of macrophages results in the production of monokines, including TNF-α, interleukins, and
intracellular signaling and transcription factors. hese factors
attract additional lymphocytes and neutrophils. Angiogenesis
factors result in the growth of new capillaries. Synovial cells
cause tissue destruction by release of activated metalloproteinases, including procollagenase and progelatinase. he
inlammatory response is also enhanced by the production of
arachidonic acid metabolites.

Clinical History
Patients with RA develop joint pain, heat, swelling, and tenderness. he joint involvement is additive and symmetrical. he
joints at greatest risk of being afected by the disease process
include the proximal interphalangeal, metacarpocarpal, wrist,
elbow, hip, knee, ankle, and metatarsophalangeal joints. In the
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Cervical Subluxation
In the cervical spine, the structures lined with synovial membrane may be involved in RA. hese structures include the
atlantoaxial joint. his joint connects the atlas (C1) with
the axis (C2) and is responsible for rotation of the skull on
the cervical spine. Synovial tissue is located between the atlas
and axis and between the ligaments and atlas. Other synovial
joints include the zygapophyseal and uncovertebral joints.
RA causes disease in the cervical spine by causing chronic
inlammatory changes to occur in the atlanto-occipital, atlantoaxial, zygapophyseal, and uncovertebral joints along with
the discs and ligamentous and bursal structures. At the level of
the atlantoaxial joint, synovial inlammation of the bursae and
ligaments results in laxity of the transverse ligament that holds
the atlas and axis together. Normally, the distance between the
bones does not exceed 2.5 to 3 mm in adults. he relaxation
of supporting ligaments results in excess motion of the axis in
relation to the atlas-atlantoaxial subluxation.
Luxation of the atlantoaxial joint may occur anteriorly,
posteriorly, superiorly or vertically, or laterally. Anterior

subluxation is the most common form and results from insuficiency of the transverse ligament or fracture of the odontoid
and occurs in 49% of patients.57 Posterior subluxation occurs
when C1 moves posteriorly on C2 and results from erosion
or fracture of the odontoid; this occurs in 7% of patients.
Vertical or superior subluxation results from destruction of
the lateral atlantoaxial joints around the foramen magnum
and is found in 38% of patients. Lateral subluxation occurs in
20%, with erosion of the lateral mass and odontoid. Abnormal
motion of this joint in any direction may result in compression
of the cervical spinal cord or medulla oblongata, resulting
in the development of neurologic symptoms and signs of
myelopathy, including paresthesias, muscle weakness, relex
changes, spasticity, and incontinence. Subluxation of the
atlantoaxial joint by the odontoid process of the axis and the
posterior arch of the atlas may compress the vertebral arteries.
he vertebral arteries are compressed as they travel through
the foramina in the transverse processes of C1 and C2.
Vertebral artery compression may cause tetraplegia, coma, or
sudden death.56
Subluxation may occur between cervical vertebrae below
the atlantoaxial joint. Common levels include C3–C4 and
C4–C5. Inlammation in the zygapophyseal joints and surrounding bursae undermines the stability of these joints,
resulting in excessive motion and angulation of the cervical
spine.58 Intervertebral discs may be invaded by growing synovial tissue, resulting in disc space narrowing. he reported
frequency of subaxial subluxation ranges from 7% to 29% of
RA patients.59
Myelopathy may also occur in patients without atlantoaxial or cervical spine subluxation. he 10-year incidence
of RA-associated cervical myelopathy in Olmsted County,
Minnesota, was 0.7%.60 In these patients, synovitis from the
zygapophyseal joints along with intervertebral disc lesions
may compromise the blood supply to the spinal cord through
stenosis of vertebral vessels that feed the anterior spinal artery.
Ischemic myelopathy is the result. Sudden death may also be
a consequence of thrombosis of vertebral vessels.61

Physical Examination
Physical examination of a patient with RA with cervical spine
disease reveals difuse peripheral joint involvement characterized by heat, swelling, bogginess, tenderness, and loss of
motion. Nodules over the extensor surfaces are noted in 20%
of RA patients. Examination of the cervical spine may show
tenderness with palpation over the bony skeleton and limitation of all spinal movements. Inspection may show ixation of
the head tilted down and to one side. his lateral tilt is caused by
the asymmetrical destruction of the lateral atlantoaxial joints.
Normal cervical lordosis may also be absent. With the neck
lexed, the spinous process of the axis may be prominent in the
midline of the neck of a patient with atlantoaxial subluxation.
Patients with subaxial subluxation may show abnormalities
in the upper extremities. Compression of C6–C8 segments
causes distinctive numb, clumsy hands and tactile agnosia.62
Neurologic abnormalities are seen in approximately 7% of
RA patients.
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axial skeleton, the cervical spine is most frequently afected.
Patients have joint pain and stifness, which are most severe in
the morning. Activity improves symptoms. he phenomenon
of stifness of a joint with rest occurs frequently with active
disease. As a component of systemic inlammation, aternoon
fatigue, anorexia, and weight loss are common complaints.
Neck movement frequently precipitates or aggravates neck
pain that is aching and deep in quality. Atlantoaxial disease is
experienced in the upper part of the cervical spine; pain radiates over the occiput into the temporal and frontal regions
with increasing disease of the C1–C2 joint. Occipital headaches are frequently associated with active rheumatoid
involvement of the cervical spine. Other symptoms of C1–C2
subluxation include a sensation of the head falling forward
with lexion of the neck, loss of consciousness or syncope,
incontinence, dysphagia, vertigo, convulsions, hemiplegia,
dysarthria, nystagmus, or peripheral paresthesias.55 Peripheral
joint erosion is a harbinger of C1–C2 subluxation. Development of cervical subluxation occurs in patients who have joint
erosions of hands and feet, serum rheumatoid factor, and
subcutaneous nodules.
Pain associated with RA in the subaxial segments of the
cervical spine is located in the lateral aspects of the neck and
clavicles (C3–C4) and over the shoulders (C5–C6). Neurologic
symptoms include paresthesias and numbness. Paresthesias
have a burning quality that may be attributed to an entrapment neuropathy (carpal tunnel syndrome) but is suiciently
diferent not to be confused with joint pain. Patients with
sensory symptoms alone may have their symptoms ascribed
to arthritis, delaying the diagnosis of cervical myelopathy.56
he appearance of spasticity, gait disturbance, muscular
weakness, and incontinence (urinary or rectal) indicates
signiicant compression of the spinal cord. Symptoms suggesting vertebrobasilar artery insuiciency include visual
disturbances, dizziness, paresthesias of the face, ataxia, and
dysarthria.
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Laboratory Data
Abnormal laboratory indings include anemia, elevated erythrocyte sedimentation rate, and increases in serum globulin
levels. hrombocytosis is found in patients with active RA.
Rheumatoid factors (antibodies directed against host antibodies) are present in up to 80% of patients with RA. Citrullination
alters arginine and occurs in inlammatory environments,
such as the gingiva and the lung.63 Measurement of antibodies
directed against cyclic citrullinated protein has speciicity for
RA in the range of 95%.64 Antinuclear antibodies are present
in 30% of RA patients. C-reactive protein, an acute-phase
reactant, may be helpful when obtained in a serial manner to
predict individuals who are at increased risk for joint deterioration and as a measure of response to therapy. Individuals
with persistent elevations in C-reactive protein are at risk of
progressive cervical spine subluxations.65 Synovial luid analysis shows inlammatory luid characterized by poor viscosity,
increased numbers of white blood cells, decreased glucose
level, and increased protein level.

Radiographic Evaluation
Characteristic radiographic changes of RA in peripheral joints
include sot tissue swelling, bony erosion without reactive
sclerotic bone, joint space narrowing, and periarticular osteopenia. Radiographic evaluation of the cervical spine includes
anteroposterior, lateral with lexion and extension, oblique,
and open-mouth frontal projections.
he radiographic criteria for the diagnosis of RA cervical
spine disease as proposed by Bland and colleagues66 are (1)
atlantoaxial subluxation of 2.5 mm or more; (2) multiple
subluxation of C2–C3, C3–C4, C4–C5, and C5–C6; (3) narrow
disc spaces with little or no osteophytosis; (4) erosion of vertebrae, especially vertebral plates; (5) odontoid, small, pointed,
eroded loss of cortex; (6) basilar impression; (7) apophyseal
joint erosion and blurred facets; (8) cervical spine osteoporosis; (9) wide space (>5 mm) between posterior arch of the atlas
and spinous process of the axis (lexion to extension); and (10)
secondary osteosclerosis of the atlantoaxial-occipital complex,
which may indicate local degenerative change. he normal
distance between the odontoid and atlas is 2.5 mm in women
and 3 mm in men as measured from the posteroinferior aspect
of the tubercle of C1 to the nearest point on the odontoid (Fig.
83.8).67 he posterior atlanto-odontoid interval is the remaining distance between the posterior surface of the odontoid
process and the anterior edge of the posterior ring of the atlas.
RA patients with a posterior interval of more than 14 mm did
not have neurologic deicits. Posterior subluxation may also
occur if the atlas “jumps” over the axis, resting in a dorsal
position resulting in posterior subluxation. Vertebrobasilar
artery insuiciency associated with neurologic dysfunction is
a manifestation of this form of subluxation.
Upward translocation occurs when the bony and ligamentous integrity of the atlanto-occipital articulations is disrupted.
Disease of the occipital condyles, lateral masses of the atlas,
and lateral articulations of the axis results in bony erosions or
collapse. Erosion of the lateral apophyseal joints allows for a

FIG. 83.8 Rheumatoid arthritis. Lateral view of the cervical spine in a
56-year-old woman with more than 20 years of disease. She developed
increasing neck pain and dysesthesias in the arms. She had signiicant
dynamic subluxations. C1–C2 spinous processes were wired together; she
has had resolution of her symptoms for the subsequent 5 years.
(Reproduced with permission from Borenstein DG, Weisel SW, Boden SD.
Low Back and Neck Pain: Comprehensive Diagnosis and Management. 3rd ed.
Philadelphia: Saunders; 2004.)

rotational head tilt. he open-mouth view may show narrowing of the atlanto-occipital and atlantoaxial joints and erosion
of the odontoid. Subluxation occurs when the lateral masses
of the atlas are displaced more than 2 mm with respect to
masses of the axis. Bony erosion is the most important factor
in the development of severe lateral subluxation.
In addition to changes in the upper cervical spine, radiographic abnormalities—including subaxial subluxation,
apophyseal joint narrowing, and disc space narrowing—occur
in the lower cervical spine. Subaxial subluxation is present in
instances of malalignment of more than 3.5 mm. he stability
of lexion and extension of the lower cervical spine depends
on the integrity of the anterior and posterior longitudinal ligaments. Greater than 3.5 mm of malalignment is indicative of
a mechanically unstable spine. Multiple subluxations may
occur, producing a “staircase” appearance on lateral radiographs. Anterior subluxation is more frequent than posterior
subluxation. Subaxial subluxation is most notable on a lateral
lexion view of the cervical spine (Fig. 83.9). Apophyseal joint
disease includes narrowing, erosions, and sclerosis. Disc
destruction in the cervical spine is associated with disc space
narrowing and is caused by extension of erosive disease from
uncovertebral joints or by ongoing trauma to vertebral endplates secondary to instability. he inal stage of apophyseal
disease is ibrous ankylosis of one or more levels, which may
rarely simulate the appearance of AS.
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Criteria

Score

A. Joint Involvement
1 large joint
2–10 large joints
1–3 small joints (with or without large joints)
4–10 small joints (with or without large joints)
>10 joints (at least 1 small joint)

0
1
2
3
5

B. Serology (At Least 1 Test Result Is Needed for Classiication)
Negative RF and negative ACPA
Low-positive RF or low-positive ACPA
High-positive RF or high-positive ACPA

0
2
3

C. Acute-Phase Reactants (At Least 1 Test Result for Classiication)
Normal CRP and normal ESR
Abnormal CRP or abnormal ESR

0
1

D. Duration of Symptoms
<6 wk
>6 wk
TOTAL (score of ≥6/10 = deinite RA diagnosis)

FIG. 83.9 Rheumatoid arthritis. Lateral view of the lexed cervical spine of a
45-year-old woman with 15 years of disease. She has neck and shoulder
pain. The neck has anterior subluxation at C3–C4 (arrow). Cervical lordosis is
reversed.

0
1

ACPA, anti-citrullinated protein antibody; CRP, C-reactive protein; ESR, erythrocyte
sedimentation rate; RA, rheumatoid arthritis; RF rheumatoid factor.
From Aletaha D, Neogi T, Silman AJ et al. 2010 Rheumatoid Arthritis classiication
criteria: an American College of Rheumatology/European League Against Rheumatism
collaborative initiative. Arthritis Rheum. 2010;62:2569-2581.

arthritis, enteropathic arthritis, osteoarthritis, and DISH are
associated with new bone formation or ligamentous calciication that diferentiate them from RA. Occasionally, atlantoaxial
subluxation may occur alone in the setting of little peripheral
disease. In those circumstances, other disease processes that
may cause subluxation include AS, psoriatic arthritis, reactive
arthritis, trauma, or local infection.

CT is a useful imaging technique for detecting the extent
of bony destruction of structures that may not be easily visualized with plain radiographs. CT detects the position of an
eroded odontoid process that may not be seen on open-mouth
view radiographs.
MRI is a noninvasive method that is useful in detecting sot
tissue abnormalities in the cervical spine of RA patients. It is
able to detect pannus around the odontoid and alterations in
the substance of the spinal cord. MRI may also be useful in
documenting the response of pannus to therapy or the status
of the spinal cord in the postoperative state. Compared with
CT and plain radiographs, MRI with plain radiographs shows
lytic lesions and odontoid erosions and vertical atlantoaxial
subluxations more oten, shows anterior subluxations as oten,
and shows lateral subluxations less oten.68

he treatment of RA has undergone a paradigm shit with the
advent of new drug therapies directed at control of the factors
that mediate the immunologic destruction of joints. he ACR
has reviewed all the available therapies and has proposed new
options for the treatment of RA.69,70 hese new guidelines
include data supporting the use of biologic agents in the
therapy for RA.

Diferential Diagnosis

Nonsteroidal Antiinlammatory Drugs

RA is a clinical diagnosis based on history of joint pain, distribution of joint involvement, and characteristic laboratory
abnormalities (rheumatoid factor). New classiication criteria
for RA were published by the ACR in partnership with the
EULAR in 2010 (Table 83.4).69 he focus of the new criteria
is to identify individuals with earlier stages of disease. In the
setting of generalized active disease, the inding of neck pain
associated with multiple abnormalities—including atlantoaxial subluxation, apophyseal joint erosion without sclerosis,
disc space narrowing without osteophytes, and multiple
subluxations—is most appropriately attributed to RA. he
cervical spine abnormalities of AS, psoriatic arthritis, reactive

NSAIDs are medications that control pain and inlammation
and are useful in patients with RA for symptomatic relief.
However, NSAIDs do not prevent joint destruction and should
be discontinued when disease activity is controlled with other
forms of drug therapy.

Treatment

Disease-Modifying Antirheumatic Drugs
Patients who have joint inlammation or damage (joint space
narrowing, bony erosions, or cysts) are candidates for remittive therapy. Remittive agents have a delayed onset of action
compared with NSAIDs. Table 83.3 lists DMARDs used for
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the treatment of RA. Methotrexate at doses of 7.5 to 25 mg/
week is efective in decreasing the inlammation of RA and
may slow disease progression. Methotrexate may be given all
at once during the week. It is efective over a long duration of
therapy.
Lelunomide is an oral pyrimidine inhibitor used to treat
RA.71 he dose is 100 mg for 3 days, then 20 mg or 10 mg daily
as tolerated. Toxicities include abnormal liver function tests
and diarrhea. Lelunomide and methotrexate can be used
together. Patients taking this combination need to be monitored closely for potential hepatotoxicity.52
Systemic corticosteroids are efective in controlling the
inlammatory components of RA. Corticosteroids are the
most powerful and predictable remedy, inducing immediate
relief of joint inlammation in RA. Corticosteroids at low
doses (5–10 mg) have a modest efect on reducing the rate of
radiologically detected joint destruction. A prospective trial
showed disease-modifying properties of 10 mg of prednisone
over a 2-year period.72 Corticosteroids are also associated with
a wide range of toxicities, from hypertension and diabetes to
cataracts and obesity.

Biologic Therapies, Including Anti–Tumor
Necrosis Factor-α Inhibitors
A variety of biologic therapies are available for the treatment
of RA (see Table 83.3).70 No category of biologic therapy is
clearly superior in eicacy compared to another. he decision
to use one agent as opposed to another involves a number of
issues, including the preferred method of administration (oral,
injection, or infusion).
TNF therapies are eicacious in decreasing inlammatory
signs and slowing joint damage. TNF drugs indicated for the
therapy for RA include inliximab, etanercept, adalimumab,
certolizumab, and golimumab. Inliximab is partly humanized
mouse monoclonal antibody directed against TNF-α. It is
administered intravenously. Inliximab is added to methotrexate to limit the production of neutralizing antibodies to the
mouse component of the agent. In a 30-week trial, combined
inliximab and methotrexate was more efective than methotrexate alone in patients with active RA.73 In a 54-week study,
inliximab, 3 mg/kg or 10 mg/kg, and a stable dose of methotrexate prevented radiographic progression to a greater degree
than methotrexate alone.74
Etanercept is a recombinant form of the p75 TNF receptor
fusion protein. Etanercept 25 mg is administered by subcutaneous injection twice weekly or 50 mg once a week. Etanercept
is more efective than placebo in limiting joint activity in RA.75
It is also efective and safe when added to methotrexate.76 his
drug is also efective over a 12-month period.77
Adalimumab is a fully human monoclonal TNF-α antibody
given by subcutaneous injection every 2 weeks at a dose of
40 mg. his anti–TNF-α factor is efective with methotrexate
in decreasing joint activity.78
Certolizumab pegol is a recombinant, humanized Fc-free,
polyethylene glycol anti-TNF monoclonal antibody. Certolizumab 200 mg every 2 weeks or 400 mg every 4 weeks is
administered by subcutaneous injection. Certolizumab with

methotrexate is more efective than methotrexate and placebo
in limiting joint destruction in active RA.79
Golimumab is a fully humanized monoclonal antibody to
anti-TNF. Golimumab is administered 50 mg subcutaneously
monthly or 2 mg/kg infused every 8 weeks. Golimumab plus
methotrexate decreases signs and symptoms of RA to a greater
degree than methotrexate alone.80
he concern with anti–TNF-α therapies are the toxicities.
Blocking TNF-α increases the risk for serious infection.
TNF-α helps to maintain containment of organisms in granulomas. Inhibition of TNF-α has been associated with the
reactivation of tuberculosis.81,82
Other biologic therapies include inhibitors of interleukins,
inhibitors of cellular stimulation, cell-directed therapies, and
intracellular signal inhibitors. hese therapies afect diferent
components of the immune process that result in joint damage
in RA.
Anakinra is a recombinant, nonglycosylated form of human
IL-1 receptor antagonist. his agent works by competitively
inhibiting IL-1 from binding to its receptor site. Anakinra
100 mg is given as a daily subcutaneous injection. It has been
shown to be an efective agent in combination with methotrexate in the improvement of RA.83
Tocilizumab is a recombinant, fully humanized monoclonal
antibody against IL-6 receptor, inhibiting IL-6 functioning.
Tocilizumab is administered by infusion at a dose between
4 mg/kg to 8 mg/kg on a 4-week basis. Tocilizumab plus
methotrexate inhibits joint damage to a greater degree than
methotrexate alone.84
Abatacept is a soluble fusion protein composed of the extracellular domain of human cytotoxic T lymphocyte antigen 4
and a fragment of the Fc portion of human immunoglobulin
G1. Abatacept is a selective costimulation modulator that
functions to inhibit T-cell activation by preventing binding
of CD86 to CD28 on the surface of T lymphocytes. Abatacept
is administered as 10 mg/kg intravenously on a 4-week basis
or 125 mg subcutaneously on a weekly basis. Abatacept plus
methotrexate is more efective than methotrexate alone in
decreasing disease symptoms and joint destruction that can
be sustained.85
Rituximab is a genetically engineered, chimeric monoclonal antibody directed against the CD20 transmembrane
protein on B cells, resulting in subsequent cell death and
depletion of B cells. Rituximab is administered intravenously
at a dose of 1000 mg separated by 15 days repeated at 6-month
intervals. Rituximab is efective in controlling RA in patients
who have failed TNF therapy.86
Tofacitinib is a small-molecule chemical inhibitor of Janus
kinase 3, which is an activator of transcription molecules that
upregulates immune function. Tofacitinib is an oral agent
given as a 5-mg dose twice daily. Tofacitinib is efective in
controlling active RA in comparison to placebo.87

Immunosuppressive Agents
Immunosuppressive agents are associated with severe toxicities (aplastic anemia and cancer), which limits their beneit to
severely afected patients. Only a few patients with RA require
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Cervical Spine Therapy
Conservative treatment of RA of the cervical spine is supportive. Early aggressive medical management is important to
prevent joint destruction. Early DMARD therapy results in
better outcomes. Combination therapy used early in the
course of RA can limit the development of atlantoaxial and
vertical subluxations. Sulfasalazine, methotrexate, hydroxychloroquine, and prednisolone were more efective than a
single DMARD with prednisolone in preventing cervical
subluxation.88 Sot cervical collars ofer comfort but do not
protect against progressive subluxations. Rigid collars can
limit anterior subluxations but do not allow reduction of the
subluxations in extension. hey are poorly tolerated by RA
patients with temporomandibular disease.89

Prognosis
he course of RA cannot be predicted at time of onset. Some
patients develop sustained disease that is associated with joint
destruction and resistance to therapy. Patients who are older
with seropositive generalized disease with nodules are at
greater risk of developing cervical spine disease. Not all
patients develop subluxation. In a 5- to 14-year follow-up
study, 25% of patients had an increase in subluxation, 50% had
no change, and 25% had improvement. In a 5-year study of
106 RA patients, the prevalence of cervical spine subluxation
increased from 43% to 70%. In subaxial disease, myelopathy
was associated with narrowing of the canal, destruction of
spinous processes, axial shortening, younger age of patient,
longer duration of disease, higher dose of corticosteroids, and
higher stage of disease. Sudden death remains a complication
of RA cervical spine disease, particularly in patients with
vertical subluxation. Individuals with subluxations had eight
times the mortality as RA patients without subluxations.90 In
those RA patients who do develop neurologic deicits with
cervical spine disease, surgical repair to relieve nerve compression and spinal stability is appropriate.91
PEARLS
1. Most HLA-B27–positive individuals (98%) do not have an
inlammatory arthropathy of the spine.
2. Enthesopathy is a frequent mechanism of axial and peripheral
arthritis in spondyloarthropathies.
3. Plain radiographs are the preferred imaging technique for
identiication of sacroiliitis.
4. New biologic therapies for treatment of RA and
spondyloarthropathies may ofer an opportunity to control
inlammation before skeletal damage occurs in individuals who
fail disease-modifying drug therapy.
5. AS and enteropathic arthritis share common clinical indings
that difer from indings associated with reactive arthritis and
psoriatic arthritis.

PITFALLS
1. Patients with spondyloarthropathy may have signiicant axial
disease without pain.
2. A minimal amount of trauma can cause devastating fracture in a
patient with a fused spine.
3. Atlantoaxial subluxation may occur without signiicant degrees
of peripheral disease in RA.
4. Inlammatory arthropathies of the axial skeleton are chronic
illnesses that do not have a cure.
5. A patient with stable AS of long duration may develop
spondylodiscitis with spinal instability that is diicult to treat.

KEY POINTS
1. Inlammatory spinal arthritis is an important, relatively common
form of speciic low back and neck pain.
2. Most patients with inlammatory spinal arthritis may be
identiied based on historical and physical examination indings
along with plain radiographs.
3. New biologic therapies directed at speciic cytokines can control
the signs and symptoms of inlammatory arthritis and may slow
progression of the disease.
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Rheumatoid arthritis (RA) is a chronic, progressive, systemic
disease with widespread involvement of connective tissues,
primarily synovial joints. Females are afected two to three
times more oten than males, with the majority of cases
presenting in the fourth or ith decades. Improvements in
medical management have correlated with a decrease in hospitalizations for severe rheumatoid disease over the years.1 he
efect of biologic medications and other disease-modifying
antirheumatic drugs (DMARDs) on the incidence of cervical spine surgery, however, varies in literature, with some
studies showing decreased incidence and others no signiicant
change.2,3 he cervical spine is involved in 25% to 90% of
patients with RA, making it the most commonly afected
site ater the metatarsophalangeal and metacarpophalangeal
joints.4,5 In contrast to RA of the thoracic and lumbar spine,
cervical spine involvement carries signiicant risks of spinal
cord, medullary, and vertebral artery compromise, which can
lead to sudden death.6–8
Patients with cervical instability may be asymptomatic or
present with pain and/or neurologic complaints. Neva et al.
attempted to deine the prevalence of cervical subluxation in
this population.9 hey evaluated 154 Finnish patients with RA
who were awaiting an orthopaedic procedure and found that
44% of patients had radiographic evidence of cervical subluxation or prior surgical fusion. Excluding patients with fusions,
69% of the patients with radiographic subluxation reported
neck pain compared to 65% of patients without subluxation.
Rates of occipital, temporal, retro-orbital, and upper extremity
radicular pain were similar, with or without cervical instability. Nazarinia et al. studied 100 asymptomatic rheumatoid
patients and found cervical subluxation in 17% on dynamic
radiographs.10 he only meaningful correlation found was
with elevated C-reactive protein (CRP). Unfortunately, a large
proportion of patients with signiicant cervical involvement
may be overlooked by the treating physician due to the lack
of clear indings on physical examination. he physician must
therefore be cognizant of the natural history, pathophysiology,
clinical presentation, radiologic indings, and treatment
options to avoid potentially signiicant consequences of rheumatoid disease of the cervical spine.

Historical Perspective
here is some evidence that RA was described in the 17th and
18th centuries.11,12 However, a more concrete description was
reported around 1800 by Landré-Beauvais, a French medical
student, in his doctoral thesis.13 Rheumatoid involvement of
the cervical spine was described much later (in 1890) by A. E.
Garrod.14
Reports on cervical instability increased in the 1950s and
1960s15–18 and articles on its surgical treatment followed in the
1960s and 1970s.19–23 For the most part, C1–C2 fusion with
Gallie-type24 wiring and grat techniques were utilized early
on and later modiied by Brooks,25 Wertheim and Bohlman,26
and Clark et al.27 Other types of C1–C2 ixation emerged with
the use of the Halifax interlaminar clamp,28 Magerl transarticular screw,29–34 and posterior C1 lateral mass–C2 pedicle
screw ixation.35
Occipitocervical procedures were originally described by
Foerster in 192736 and modiied to include iliac crest bone
grat by Kahn and Yglesias in 1935.37 he addition of wiring by
Hamblen in 1967 was described in four rheumatoid patients.21
Brattström and Granholm modiied the wiring technique for
occipitocervical fusion by adding methylmethacrylate in a
1976 report.19 Evolution of techniques continued in the 1980s
with the emergence of the looped rod with iliac crest bone
grat as described by Ransford et al.38 and Flint et al39 and later
by occipitocervical plating, described by Grob et al.29,40 and
Smith et al.41 Current use of plate or rod ixation extends to
the subaxial spine, especially with ixation of the lateral masses
as described by Magerl and Roy-Camille.30,31,33

Pathophysiology
he inlammatory process in the cervical spine mirrors that in
other sites of the body and consists predominantly of T lymphocytes, macrophages, and plasma cells in a hypervascular
synoviocytic pannus.42,43 he inlammatory reaction has a
predilection for synovial joints; as such, the facets, uncovertebral, atlanto-occipital, and atlantodens joints are preferably
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afected over the discoligamentous structures in the cervical
spine.44 his is in contrast to the traditional pattern of agerelated degenerative changes. he cervical spine relies heavily
on ligaments and joint congruency for stability and thus is at
greater risk for instability than the thoracic or lumbar spine.
Cervical instability can result from inlammatory changes that
cause pannus formation and erosion of joint surfaces and
capsular structures. hese manifest as atlantoaxial (C1–C2)
subluxation (AAS), subaxial subluxation, cranial settling (also
known as basilar invagination or atlantoaxial impaction), or a
combination of these. Although biologic pharmaceuticals and
other DMARDs have been credited with lowering the prevalence of cervical spine instability, modern medical treatment
cannot prevent progression of preexisting damage.45–48 Rheumatoid discitis may also occur at the discovertebral junctions
with noninfectious erosion of the endplates.6
Atlantoaxial instability is the most common instability
pattern in the rheumatoid cervical spine and associated with
the development of a periodontoid pannus and progressive
inlammatory joint destruction.44,49,50 Pannus formation localizes around the synovial joint formed between the transverse
ligament, the posterior arch of the atlas, and the base of the
odontoid. he sot tissue may compress the spinal cord and
oten distends and erodes the surrounding periodontoidligamentous structures (alar, apical, and transverse ligaments),
the odontoid process (dens), and the lateral articular masses
between C1 and C2.51 Erosion of the dens may even lead to
the development of occult, atraumatic dens fractures.52 Subsequent static or dynamic instability or subluxation occurred
historically in 50% to 70% of patients.23,53 Most oten, the
subluxation is anterior (70%), but lateral, posterior, and rotational subluxations can also occur.54,55 Anterior subluxation of
0 to 3 mm is normal in adults, 3 to 6 mm suggests instability
with disruption of the transverse ligament, and 9 mm or more
suggests disruption of the entire periodontoid-ligamentous
and capsular structures with gross instability.23,56,57
he combination of periodontoid pannus buildup and
instability may cause spinal cord and root impingement
leading to myeloradiculopathy and potentially sudden death.
Delamarter and Bohlman58 conducted postmortem studies
suggesting that paralysis can be due to both mechanical neural
compression and/or vascular impairment of the neural structures. Henderson et al.59 reported that difuse axonal injury
with or without frank necrosis may irreversibly afect the
spinal cord due to mechanical damage. hese indings may
partly explain the smaller diameter and cross-sectional area of
the spinal cord found in patients with severe disease.60 Surgical
stabilization can result in pannus regression.49,61
Posterior atlantoaxial subluxation is rare and should raise
the possibility of an anterior arch defect of the atlas or erosion,
or fracture, of the odontoid.57 Patients usually present with
myelopathy and posterior kinking of the cord without radiographic compression.62 Lateral subluxation is deined as more
than 2 mm of lateral displacement of the C1–C2 lateral masses,
occurs in up to 21% of atlantoaxial subluxations,57 and is oten
accompanied by rotational deformity.63
Subaxial subluxation is the second most common instability pattern and results from destruction of the facet joints,

interspinous ligaments, and discovertebral joints.53,64 hese
pathologic changes can lead to longitudinal collapse, bony
erosion, sot tissue hypertrophy, and multisegmental sagittal
plane instability, causing a “step ladder” type of deformity
pattern. Patients can demonstrate signiicant preoperative
neurologic deicits, and improvements from surgical intervention are at times short lived. Worsening rheumatoid disease
and complications can result in deterioration of outcome and
mortality rates as high as 20% and 33% at 5 and 10 years,
respectively, even ater surgery.65 Cranial settling is the least
common, yet most ominous, form of instability and occurs
primarily due to bone and cartilage destruction at the atlantoaxial and occipitoatlantal joints. Caudad settling of the
cranium and apparent cranial migration of the odontoid are
characteristic. As a result, there is an increased risk of sudden
death from either static or dynamic stenosis of the foramen
magnum and compression of the brain stem. Other sequelae
include obstructive hydrocephalus or syringomyelia, presumably from obstructing the normal low of cerebrospinal luid.
In some cases, ixed rotation of the head may occur due to
unilateral joint destruction.

Natural History
It is diicult to study the natural history of RA since patients
are usually treated at some stage of the disease. Studies have
shown that inlammatory processes in the cervical spine begin
early ater the onset of RA and progress along with peripheral
involvement. Atlantoaxial instability may be detected within
2 to 10 years of disease onset,66 and there is a strong correlation
between cervical spine subluxation and peripheral erosions of
the hands and feet.66 Although the spine is commonly afected,
only approximately 10% of patients with cervical spine
involvement will eventually require surgery.67 he natural
history of RA of the spine without surgical intervention,
especially in patients with myelopathy, is one of progressive
disability and risk of sudden death. Vertebral artery injury and
positional occlusion can also result from progressive instability.8,68 In one study of 21 rheumatoid patients treated medically,
76% showed deterioration at an average of 6 years of followup.69 All patients in the study became bedridden within 3 years
of developing myelopathy and all died within 7 years, with
one-third dying suddenly for unknown reasons. Risk factors
for progression include mutilating articular disease, history of
high-dose corticosteroid use, high seropositivity (rheumatoid
factor), rheumatoid subcutaneous nodules, vasculitis, and
male gender. Other potential risk factors for cervical involvement include high serum CRP level and HLA-Dw2 or -B27
positivity.70,71 As the disease progresses, pain, neurologic deicits, and sudden death are the primary risks.

Clinical Presentation
Neck pain is the most common symptom in patients with
cervical spine involvement. Peripheral erosive changes similarly occur along the apophyseal joints and surrounding sot
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TABLE 84.1

Ranawat Criteria for Pain and Neural Assessment

Grade/Class

Description

Pain Assessment
Grade 0
Grade 1
Grade 2
Grade 3

None
Mild, intermittent, requiring only aspirin analgesia
Moderate; a cervical collar is needed
Severe; pain could not be relieved by either aspirin or
collar

Neural Assessment
Class I
Class II
Class IIIA
Class IIIB

No neural deicit
Subjective weakness with hyperrelexia and dysesthesias
Objective indings of paresis and long tract signs, but
walking possible
Quadriparesis with resultant inability to walk or feed
oneself

From Ranawat CS, O'Leary P, Pellici P, et al. Cervical spine fusion in rheumatoid arthritis.
J Bone Joint Surg Am. 1979;61A:1003–1010.

deicit; class II has subjective weakness, dysesthesia, and
hyperrelexia; and class III has objective weakness and longtract signs. Class III is further subdivided into ambulatory
patients (A) and quadriparetic nonambulatory patients (B).
Casey et al. reported that only 25% of Ranawat IIIB patients
who underwent surgical decompression and stabilization had
a favorable outcome. he mortality rate was 13% ater 30 days
and 60% by 4 years.77

Radiologic Evaluation
Plain radiographs are an efective screening tool for identifying patients with atlantoaxial instability, cranial settling, or
subaxial subluxations. Standard anterior-posterior (AP), open
mouth (odontoid view), lateral, and controlled lexionextension plain views should suice. he lexion–extension
views are the most important in detecting whether there is
dynamic or static instability in the upper or lower cervical
spine and allow for measurement of the anterior atlantodental
interval (AADI) and posterior atlantodental interval (PADI).
he AADI is the transverse distance from the anterior surface
of the dens to the posterior margin of the anterior ring of C1,
while the PADI is the distance between the posterior surface
of the dens and the anterior margin of the posterior ring of
the atlas. Historically, the AADI was used to screen patients
who required surgical stabilization for atlantoaxial instability
based on an AADI greater than 9 mm, with 0 to 6 mm suggesting instability and 0 to 3 mm being normal.57 he AADI
is limited by the occasional diiculty of obtaining accurate
measurements in some patients because of erosive changes
that distort anatomy and because there is some variation in
the size of the C1 ring. In contrast, Boden et al.78 showed that
the PADI more reliably predicts neurologic outcome since it
represents the space available for the cord. Patients with a
PADI of at least 14 mm were more likely to have neurologic
recovery ater surgical stabilization, while those with a PADI
less than 10 mm had no neurologic recovery. Anatomically,
this correlates to the dura taking up 1 mm on the anterior and
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tissues and may be a source of pain. Cervical instability may
cause secondary impingement of the posterior rami of the
lesser and greater occipital nerves, which may lead to occipital
headaches. In general, pain in the suboccipital region suggests
atlantoaxial pathology or cranial settling. Middle or lower
cervical pain should suggest subaxial subluxation. Subaxial
involvement may also lead to painful neck deformity with loss
of sagittal plane supporting structures, which may later
become ixed due to postinlammatory ankylosis. Patients
may complain of a “clunking” sensation in the neck with neck
motion. his condition/symptom is most common with C1–
C2 instability due to spontaneous reduction of the subluxation
with neck extension (Sharp-Purser test).72
Progressive instability can lead to decreased canal diameter
and brain stem or cord compression. Myelopathy and vertebrobasilar dysfunction may result due to mechanical and
ischemic damage to the white and gray matter evidenced on
histologic specimens by long tract demyelinization, lateral
column necrosis, and focal gliosis.58 According to Bell,73 C1–
C2 instability may lead to a phenomenon termed “cruciate
paralysis,” characterized by upper motor neuron dysfunction
of the upper extremities and normal lower extremities, similar
to a mild central cord syndrome ater trauma. Pathologically,
there is selective injury to the decussating corticospinal tracts
of the upper extremities at the level of the cervicomedullary
junction with sparing of the uncrossed lower extremity pyramidal and extrapyramidal tracts.
Additional neurovascular changes may occur due to vertebral artery occlusion with decreased low into the posterior
inferior cerebellar artery and cephalad brain stem circulation.
Without adequate collateral blood low, these patients may
develop Wallenberg syndrome or lateral medullary infarction.
hese clinical syndromes are characterized by ipsilateral
cranial nerve palsies (cranial nerves V, IX, X, and XI), cerebellar ataxia, Horner syndrome (ptosis, miosis, anhidrosis, and
enophthalmos), facial pain, and contralateral loss of pain and
temperature sensation.74 In rare instances, patients may
develop quadriplegia, quadriplegia with facial muscle paralysis
(locked-in syndrome),75 and sudden death.43,69
Unlike pain symptoms, neurologic signs are less straightforward. Patients must be assessed keeping their global disease
in mind. Progressive myelopathy may not be evident by loss
of ine motor control, gait imbalance, or global numbness of
the hands, but rather by the slow onset of deteriorating
independence and becoming wheelchair bound. Oten, hand
deformities will mask motor deicits in the upper extremities
and the patients’ deteriorating ambulatory status may be
attributed to large joint involvement rather than myelopathy.
Progression of myelopathy, especially early disease, may be
misinterpreted as progression of their peripheral disease.
herefore, a high index of suspicion is necessary to diagnose
myelopathy, as these patients do poorly without early surgical
intervention.43,69
he Ranawat grading system may provide some useful
clinical information in assessing patients with neurologic
deicits76 (Table 84.1). his system classiies pain as none
(grade 0), mild (1), moderate (2), or severe (3). Neurologic
function falls into three classes: Class I has no neurologic

1469

XII

1470

AFFLICTIONS OF THE VERTEBRAE

posterior sides, 2 mm of cerebrospinal luid, and 10 mm for
the cord for a total of 14 mm.79 Neither measurement on plain
ilms takes into account possible pannus formation with mass
efect on the cord, which requires advanced imaging.
he open-mouth view is useful to identify lateral subluxation.57,63 Erosive changes of the dens and C1–C2 articulations
may also be visualized. Taniguchi et al. deined the atlantodental lateral shit (ADLS) as a means of assessing lateral
atlantoaxial instability.80 Utilizing dynamic open-mouth
odontoid views (taken in maximal let and right lateral
bending), the ADLS is calculated by dividing the distance
from the center of the dens to the medial edge of the C1 lateral
mass (in the direction of lateral bending) by the distance
between the medial borders of the bilateral C1 lateral masses
and is expressed as a percentage. In rheumatoid patients, the
ADLS averaged 14.8% compared to 6.1% in control patients.
Among patients with increased AADI, the ADLS averaged
20.6% versus 12.7% in patients without anterior atlantoaxial
instability.
Posterior subluxation, though rare, may be seen on lateral
radiographs of the cervical spine and should be suspected in
patients with an absent or fractured odontoid process.62 It is
important to note that the AADI will decrease with worsening
cranial settling as the arch of the atlas approaches the wider
base of the odontoid process and is a potential source of
mistaken radiographic improvement.
Cranial settling carries the greatest risk of neurologic deicits and sudden death, especially when superimposed on
atlantoaxial instability. As a consequence, several measurement techniques have been utilized with varying sensitivity
and speciicity, based on lateral plain radiographs of the upper
cervical spine81 (Fig. 84.1). he majority of these techniques
assess the relationship between the tip of the odontoid, the
hard palate, and the base of the skull. Traditionally, the
McGregor line (drawn from the posterior-superior tip of the
hard palate to the caudad base of the occiput) has been widely

McCrae
Occiput

Hard palate

used for its simplicity. Cranial settling occurs when the tip of
the dens is more than 4.5 mm above this line. Erosive changes
in the odontoid anatomy may make it diicult to analyze many
of the measurement techniques; thus, Redlund-Johnell and
Pettersson82 described a technique that measured the vertical
line from the midpoint of the caudad margin of C2 to the
McGregor line. Cranial settling occurs when the distance is
less than 34 mm in males or 29 mm in females. Ranawat
et al.76 described a similar technique in which the distance
along the odontoid was measured from the C2 pedicle to the
transverse axis of the ring of C1. his technique avoided
problems with changes in odontoid anatomy and identifying
the bony landmarks at the base of the skull and hard palate.
Cranial settling was positive if the distance was less than
15 mm in males or 13 mm in females. Clark et al.27 (Fig. 84.2)
deined the “station of the atlas,” which indicates the position
of the anterior ring of C1 to parts of the body of the axis
divided into thirds. Normally, the atlas is adjacent to the upper
third (station I) of the axis. Riew et al.81 noted that none of the
current radiographic measurements alone had a high sensitivity, speciicity, or negative or positive predictive value greater
than 90% and therefore recommended the combination of the
Clark station, Redlund-Johnell, and the Ranawat criteria with
sensitivity and negative predictive values of 94% and 91%,
respectively.
Subaxial subluxation can be evaluated on AP and lateral
static and dynamic radiographs. White and Panjabi83 deined
radiographic cervical instability as 3.5 mm or more of vertebral translation and greater than 11 degrees of angular changes
between adjacent motion segments, although their study is
more representative of acute conditions. he space available
for the cord should also be considered since critical stenosis
may be present with or without instability. Boden et al.78 correlated anatomic measurements with neurologic indings and
reported that a sagittal diameter less than 14 mm is considered
critically stenotic in the rheumatoid subaxial spine. his is in
contrast to 13 mm in cervical spondylotic patients who do not
have pannus in the canal.

I

Chamberlain
II
McGregor
Redlund-Johnell

FIG. 84.1 Various measurements of basilar invagination. Chamberlain line:
odontoid tip >6 mm above the line. McCrae line: odontoid tip above this
line. McGregor line: males, odontoid tip >8 mm above the line; females,
odontoid tip >9.7 mm above the line. Redlund-Johnell distance: males,
<34 mm; females, <29 mm.

III

FIG. 84.2 The station of the atlas is determined by dividing the odontoid
process into thirds in the sagittal plane. Normally, the anterior ring of the
atlas should be adjacent to the cephalad third of the axis (station I). If the
ring of the atlas is adjacent to the middle third of the axis, mild cranial
settling is indicated (station II). If the anterior ring of the atlas is adjacent to
the base of the axis, it is considered evidence of severe cranial settling
(station III). (From Clark CR, Goetz DD, Menezes AH. Arthrodesis of the
cervical spine in rheumatoid arthritis. J Bone Joint Surg Am. 1989;71:381-392.)
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FIG. 84.3 Forward subluxation of the atlas on the axis, pannus formation
around the odontoid process, and osseous erosions. There is severe
compression of the spinal cord between the pannus anteriorly and the arch
of the atlas posteriorly. (From Boden SD, Dodge LD, Bohlman HH, et al.
Rheumatoid arthritis of the cervical spine: a long term analysis with
predictors of paralysis and recovery. J Bone Joint Surg Am. 1993;
75:1282-1297.)

Patients with any radiographic instability, with or without
symptoms or neurologic deicits, should be followed closely as
existing instability of any subgroup (AAS, vertical subluxation,
or subaxial subluxation) is at risk for accelerated progression
to severe instability within 5 years.84
Computed tomography (CT), especially with intrathecal
contrast, is a valuable addition to plain radiographs in delineating the bony anatomy and identifying cord compression
and cranial settling. he degree of medullary compression on
CT scans has been shown to correlate with myelopathy.49 Static
or dynamic magnetic resonance imaging (MRI), however, is
the best option to assess the sot tissues and to look for the
presence of periodontoid pannus (Fig. 84.3) and spinal cord
or brain stem compression.49,61,85–87 Myelopathic signs correlate
with MRI indings87 of a cervicomedullary angle of less than
135 degrees (normal, 135–175 degrees). his angle measures
the intersection of vertical lines drawn along the anterior
surface of the brain stem and the cord on a sagittal MRI.

Nonsurgical Treatment
Although life expectancy is lower in rheumatoid patients,
many are living longer with advances in medical therapy that
has slowed disease progression with fewer side efects.70 Only
a minority of these patients will eventually need surgical stabilization. Patients with early cervical disease and intermittent

Patients with any one or more of the instability patterns
described earlier—with or without associated pain, myelopathy, or neurologic deicits—should consider early surgery.
Presence of mild or moderate instability should be followed
closely due to high risk of progression to severe symptomatic
instability.84 As noted previously, radiographic indicators for
surgery include an AADI of 9 mm or more, PADI of less than
14 mm, mobile subaxial subluxation greater than 3.5 mm,
cord compression or space available for the cord of less than
14 mm, and cranial settling measured most accurately by the
combination of the Clark station, Redlund-Johnell, and
Ranawat criteria.81 Computed tomographic myelograms and
MRI demonstrating cord compression or a cervicomedullary
angle of less than 135 degrees are suggestive of impending
neurologic deicits and should be weighed heavily as an indication for surgery within the context of the remaining clinical
picture. Patients with headaches in the distribution of the
greater or lesser occipital nerve are likely to have atlantoaxial
instability and may need C1–C2 arthrodesis for pain relief.
Timing of surgical intervention is crucial. In a retrospective
review of 110 patients who underwent cervical spine fusion
for RA, only three of 55 patients (5.5%) with early C1–C2
fusion for isolated AAS developed subaxial subluxation
requiring surgery an average of 9 years later.44 In contrast, 36%
of patients who were stabilized for more progressive instability
(atlantoaxial with cranial settling) developed recurrent cervical instability at a mean of 2.6 years. hese authors recommended early surgery before cranial settling to decrease the
risks of recurrent instability. In a series of 28 patients, SchmittSody et al.89 reported that seven of 10 patients who were
Ranawat class II improved to class I following surgery, whereas
only one of 11 class III patients improved (class IIIA to class
II), and two patients deteriorated (class IIIA to class IIIB)
postoperatively. Similarly, these authors recommended early
surgical stabilization prior to the development of neurologic
symptoms.
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pain without radiographic instability or myelopathy can be
managed with a sot cervical orthosis or trials of physical
therapy. Medication options include nonsteroidal antiinlammatory drugs (NSAIDs), oral steroids (prednisone), and
DMARDs such as methotrexate, gold, sulfasalazine, hydroxychloroquine, d-penicillamine, and azathioprine. Biologic
agents such as tumor necrosis factor-α (TNF-α) and
interleukin-1 (IL-1) antagonists have become more common.
he addition of antiresorptive osteoporosis therapy may
improve vertebral bone strength in rheumatoid patients.88
Patients should be followed closely for neurologic or radiographic changes. Cervical collars provide support, warmth,
some pain relief, and a feeling of stability; however, rigid collars
are oten poorly tolerated, especially in patients with temporomandibular disease, dental problems, and skin sensitivity and
may have further detrimental efects by blocking spontaneous
reduction of anterior atlantoaxial subluxation in extension.
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Preoperative Assessment
he goals of surgery should be pain relief, restoration of spinal
alignment, decompression of neurologic deicits, and stabilization of the involved motion segments.
horough preoperative assessment is a prerequisite to good
outcome in this oten-fragile patient population. he quality
of bone stock, presence of irreducible subluxations, and the
overall medical condition of the patients should guide the
preoperative decision-making process, including the potential
need for awake iberoptic nasal or endotracheal intubation.90
Patients with severe basilar invagination should be considered for preoperative skeletal traction using a halo ring (which
can be incorporated into a halo vest ater surgery) or cranial
tongs. Preoperative traction can improve alignment and the
resultant indirect decompression can improve neurologic
symptoms and pain. Traction may be required for 3 to 7 days
or longer, with wheelchair-halo conigurations available to
allow the patient greater mobility and avoid secondary problems, such as decubitus ulcers and pulmonary issues, associated with prolonged bed rest.62,91,92 Gentle traction along the
midline longitudinal axis with approximately 7 to 12 pounds,
while avoiding hyperlexion or hyperextension, is recommended. Patients are monitored with frequent neurologic
examinations (every 1–2 hours), and plain radiographs should
be obtained to avoid overdistraction during the process. We
have not felt the need to routinely use preoperative traction in
atlantoaxial instability or subaxial subluxation. Many of these
instabilities that moved little on preoperative lexion-extension
views are better reduced when the patient is under general
anesthesia positioned with the head holder (with concomitant
use of neurophysiologic monitoring).
Once in the operating room, obtaining baseline neurophysiologic data, including somatosensory evoked potentials
(SSEPs) and motor evoked potentials (MEPs), before and ater
positioning a myelopathic patient may alert the surgeon to
impending spinal cord injury during or ater positioning of
the head and neck. Finally, the surgical approach should be
determined by the underlying pathology and its location, in
part analogous to the approach for compressive lesions in
cervical spondylotic patients.93,94

Perioperative Management of
Rheumatoid Medication
Approximately 80% of rheumatoid patients undergoing elective joint arthroplasty surgery are on corticosteroid therapy
and 75% to 84% are on either traditional or biologic
(anti-TNF-α) DMARDs.95 Patients with rheumatoid spinal
disease, in comparison, are typically older with greater disease
progression, thereby making the possibility of medication
complications even higher. Despite this potential, perioperative management of rheumatoid medications continues to be
debated. Recommendations difer between rheumatologists
and vary widely even among the rheumatology organizations;
for example, anti-TNF-α discontinuation ranges from >1
week before surgery (American College of Rheumatology), to
2, 3, or up to 5 times the half-life of the drug (Canadian

Rheumatology Association and British Society).96–99 Commonly used agents range from potent antiinlammatories to
immune modulators and have varying degrees of efect on
wound healing and bony fusion, the latter of which continues
to be poorly described in the literature. Stopping or resuming
these medications requires walking the ine line between
risking systemic lare-ups versus potential complications, such
as wound infections, delayed healing, or delayed fusion. A
lare in the postoperative period can also crucially impair a
patient’s ability to mobilize and rehabilitate. here continues
to be a paucity of prospective research in optimal perioperative medication management, making true evidence-based
recommendations diicult.
Because of the risk of increased bleeding time and potentially increased intraoperative blood loss, NSAIDs should be
discontinued 3 to 5 half-lives prior to surgery.100 In addition,
NSAIDs have been previously shown to inhibit bone healing
and therefore should be held as long as possible postoperatively so as not to impair formation of a spinal fusion.
Corticosteroids produce immunosuppression, which can
adversely afect wound and bone healing. he risk of infection
is also directly proportional to absolute and cumulative doses,
with 100% of patients treated for 3 years or more developing
an infection.101 In addition, sudden stoppage of chronic
corticosteroids may lead to adrenal insuiciency and hypotension, and patients are frequently given stress dosing. Several
studies indicate, however, that patients receiving their usual
dose of steroids responded to surgery (major and minor) with
an increase in serum cortisol levels without signs of hemodynamic instability.102–105 Most spinal procedures for this patient
population, however, would be considered highly stressful,
and patients on chronic moderate- to high-dose regimens
(>20 mg/day of prednisone) should receive stress dose steroids
on the day of surgery with rapid tapering over 1 to 2 days to
their usual chronic dosage.100,106
Continued use of methotrexate in the perioperative period
has not been shown to increase infection rates.107 Previous
studies linked methotrexate with nonunion following osteotomy of the extremities108; however, this result has not been
found to be true in the existing spine literature.109 Although
withholding methotrexate may increase the likelihood of a
lare-up of rheumatoid symptoms, we routinely discontinue
its use 1 week preoperatively, and recommend that patients
remain of of methotrexate postoperatively as long as symptomatology allows, up to 6 to 8 weeks.
Few studies exist to direct perioperative management of
biologic agents such as TNF-α and IL-1 antagonists. Because
of their strong immunoregulatory efects, these agents may
predispose patients for opportunistic infections.100,106 Early
innate immune response to infection, particularly in the presence of orthopaedic implants, is heavily dependent on cellular
defense mechanisms and activation by cytokines, such as
TNF-α and IL-6.110 In a recent meta-analysis of rheumatoid
patients undergoing major orthopaedic surgery (the majority
were joint arthroplasties), 3681 patients had a history of preoperative treatment by TNF-α inhibitors and 4310 patients
did not. Exposure to an anti-TNF-α agent preoperatively was
shown to favor infection. Odds ratios were 3.16 for studies
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FIG. 84.4 Modiied Gallie-type wiring for a posterior C1–C2 arthrodesis.

with conirmed rheumatoid diagnoses and 3.01 for studies
meeting Centers for Disease Control and Prevention (CDC)
criteria for infection. All studies included were retrospective.
here are no data on these agents’ efects on bone fusion;
however, anti-TNF-α agents may allow expedited postoperative hemoglobin recovery.111 Duration of discontinuation lacks
high-quality evidence and control in the available literature,
as cohorts are comprised of a heterogeneous mix of surgical
procedures and variable arbitrary time intervals selected for
withholding treatment.112,113 Current recommendations are to
discontinue biologic agents preoperatively (for 1.5 times the
dosing interval),114 and restart 10 to 14 days postoperatively at
wound healing.
It is our practice to confer with the treating rheumatologist
and individualize the duration of drug holiday, before and
ater surgery, based on patient factors (disease severity, duration, quality of disease control) and the extent of surgery
required. As treatment with anti-TNF-α agents has been
linked with neurologic adverse events such as demyelinating
lesions and peripheral neuropathy, nontraditional manifestation of spinal disease should be worked up prior to surgery.115,116
Postoperatively, patients should be monitored with daily laboratory tests due to baseline myelosuppression and placed on a
regimen for nutritional optimization and vitamin/mineral
supplementation.

Operative Procedures
Atlantoaxial (C1–C2) Instability
Posterior fusion is considered the standard treatment for
C1–C2 instability.35,117–119 he Gallie24 and Brooks25 wiring
techniques require the presence of the posterior arch of C1,
supplemental bone grat, and external immobilization. Clawtype constructs such as the Halifax clamp are rarely used today
because of biomechanical limitations and better options.
Transarticular screw ixation is popular because of its multidirectional rigidity, but it requires intraoperative luoroscopy
and preoperative axial imaging to visualize the vertebral artery
anatomy. Direct screw ixation of the C1 lateral masses and C2
pedicles, pars, or lamina has become the most common and
efective technique.35,117–120
Wire Techniques
Stand-alone wiring techniques have largely fallen by the
wayside in favor of transarticular screw or direct screw-rod

ixation techniques. Wiring techniques are frequently used as
adjuncts to other ixation, particularly for securing bone grat
material to help facilitate fusion or as a “bailout” in patients
with anatomy unfavorable to other techniques. Sublaminar
wire ixation is obtained on the C1 ring and around the C2
spinous process (Fig. 84.4). However, we recommend a modiication of the Gallie technique. he patient’s head is placed in
a tong-type holder for rigid positioning with reduction
checked by intraoperative imaging. he chin should be tucked
to open the space between the occiput and C1 to facilitate
passage of sublaminar wire. Note that an occiput–C2 fusion
may be safer with or without a C1 laminectomy in cases of an
inadequate posterior space available for safe wire passage of
an unreducible C1 ring.
A posterior exposure is utilized, remaining close to the
midline with approximately 1.5 cm lateral dissection in each
direction on the C1 ring to avoid the vertebral artery and the
venous plexus between C1 and C2. Cobb elevators are utilized
to subperiosteally expose the base of the occiput to the caudad
aspect of the C2 lamina at a minimum. Small curettes can be
used to develop the plane under the C1 ring for wire passage.
Loop a 20-gauge wire with the tip contoured for safe passage
under the C1 ring. A nerve hook is used to engage the loop
and pull it through approximately 2 cm. he free ends of the
20-gauge wire are then fed through the loop and the wire is
cinched down tightly onto the C1 ring at the midline. Alternatively, sutures may be passed underneath C1 with a Mayo
needle placed in a reverse manner with the blunt end from
caudad to cephalad. Wires are then placed within the suture
loops and passed underneath the lamina as the sutures are
withdrawn caudally. A burr hole is made at the base of the C2
spinous process and a second 20-gauge wire is passed through
the hole and looped beneath the spinous process and through
the hole again to provide stress distribution. Two rectangular
blocks of corticocancellous iliac crest bone grat can be harvested and placed over the laminae of C1 and C2 on either
side of the midline. he grats should be near full thickness to
allow for tightening of the wires with less risk of breaking
through the fragile bone. he wires are tightened over the grat
while watching closely to prevent wire breakthrough. Cancellous chips can be placed around the bone blocks, especially on
the ring of C1, where nonunions tend to occur. A drain is
typically used and the wound closed in layers. If no supplemental internal ixation is used, a halo vest may be needed
postoperatively to help maintain reduction. Care must be
taken when tightening the wires in the unusual case of a

S E C T I O N

Bone graft

XII

1474

AFFLICTIONS OF THE VERTEBRAE

posteriorly subluxed C1 ring, as this action will tend to sublux
the C1 ring posteriorly. We suggest a Brooks technique in this
situation.
A Brooks-type modiication of the Gallie technique utilizes
bilateral sublaminar wires beneath C1 and C2 (Fig. 84.5). A
laminotomy may be done between C2 and C3 to facilitate wire
passage; a 20-gauge wire is looped and the looped end threaded
beneath the lamina of C2 and C1 on either side of the midline.
Near full-thickness corticocancellous iliac crest bone grats are
harvested and placed on the lamina of C1 and C2. he grats
should be contoured to it snugly to reduce the risk of grat
slippage. Alternatively, a full bone block may be used with a
caudad notch to it around the C2 spinous process. Decortication is not necessary and risks weakening the lamina. he
wires are then tightened down in a longitudinal fashion over
the bone block on either side. his ixation may provide more
rotational stability over the Gallie technique because of ixation on both sides of the midline. A halo vest may be used at
the discretion of the surgeon based on the need for maintaining reduction and the adequacy of intraoperative ixation.

thoracic kyphosis (which complicates screw placement),
cranial settling with collapsed lateral masses, irreducible
subluxations, substantial osteoporosis and osteopenia, comminuted fractures of the atlas and axis vertebrae, and an
anomalous vertebral artery or foramen transversarium.
Patient positioning is similar to what has been described
earlier, but the arm attachments from the tongs to the operating table should be radiolucent for intraoperative luoroscopy.
A longer incision may facilitate angling of the drill guide and
screw placement. It is common to use bilateral percutaneous
stab wounds about the level between the T2–T6 spinous
process to achieve the correct angle for screw placement. he
starting point for drill placement is 3 mm above the C2–C3
facet articulation and 2 to 3 mm lateral to the medial border
of the C2 facet. he drill guide should be aimed 0 to 10 degrees
medially and toward the dorsal cortex of the anterior arch of
C1. Consider palpating the medial wall of the pedicle with a
nerve hook or a small blunt elevator through a laminotomy
between C1 and C2. Biplanar luoroscopic images should be
obtained prior to inserting the starting Kirschner wire and
during drilling to ensure that the wire hugs the superior cortex
of the isthmus to avoid the vertebral artery inferiorly. he
vertebral artery is inferior on lateral views and parallel or
slightly lateral to the cord on AP views. he tip of the wire
should end about 3 mm short of the anterior cortex of C1 to
avoid passing the drill into the oropharynx. Instrumentations
are cannulated, which makes it easier to place screws. Usually,
a 3.5- or 4.5-mm cannulated screw measuring 40 to 44 mm is
adequate. Ideally, guide wires are drilled on both sides prior
to placing the screws bilaterally. A Gallie-type posterior ixation technique with autologous iliac crest bone grat can be
used to supplement the ixation. External immobilization
devices should be prescribed based on the strength of the
construct and bone quality. In many cases, a sot collar is all
that is required.

Transarticular Screw Fixation
his technique provides rigid ixation for atlantoaxial fusion
and can be used in conjunction with wire techniques to
provide three-point ixation.33 (Figs. 84.6 and 84.7) It rigidly
ixes the C1 and C2 facets, minimizing the need for postoperative external immobilization. Preoperative CT scan is necessary to adequately deine the vertebral artery anatomy. It also
ensures that the C2 isthmus is wide enough to accept at least
a 3.5-mm screw and that the lateral mass of C1 is reduced and
aligned with the superior facet of C2. Other considerations
that may preclude the use of this technique include signiicant

A

Posterior C1–C2 Intraarticular Screw Fixation
A variation of this concept is the use of a C1–C2 intraarticular
interference screw, as described by Tokuhashi et al.121 In this
technique, posterior dissection exposes the C1–C2 joints
bilaterally. he joint capsule is dissected of the bone and
retracted superiorly with the greater occipital nerve. When
placing a screw on one side, atlantoaxial subluxation is reduced
and maintained by application of a Halifax interlaminar clamp
to the contralateral side. A 1-mm Kirschner wire is inserted

B

FIG. 84.5 Brooks-type wiring for a posterior C1–C2 arthrodesis. (A) Sublaminar
wires are passed under both C1 and C2 and are tightened down over
wedge-shaped, sculpted corticocancellous grafts. (B) The shaping of the
grafts minimizes the chance of graft displacement into the canal.

A

B
FIG. 84.6 Transarticular screw technique for C1–C2 arthrodesis.
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FIG. 84.7 A 52-year-old woman with long-standing rheumatoid arthritis had neck pain without evidence of
frank myelopathy. (A–B) Flexion and extension lateral cervical spine radiographs show C1–C2 instability.
There is incomplete reduction in extension. (C) A sagittal magnetic resonance image shows pannus around
the dens. This is likely blocking complete reduction in extension. There is still enough space available for the
spinal cord, however, as visualized on this image. (D–E) A lateral intraoperative luoroscopic view of C1–C2 and
postoperative lateral radiographic view following transarticular screw placement, modiied Gallie-type wiring
with bone grafting for posterior C1–C2 arthrodesis.

directly into the C1–C2 joint and a cannulated tap is used to
prepare the site for insertion of the cannulated 5.6- or 6.5-mm
titanium interference screw. hese screws are typically 8 mm
or 10 mm long. he procedure is then performed on the
opposite side. Finally, corticocancellous bone grat is fashioned
to it the intralaminar space and is secured beneath bilateral
Halifax clamps. Patients are placed in a cervical collar postoperatively. Tokuhashi et al.121 used this technique in 22 rheumatoid patients, all of whom reported signiicant improvement
in pain, and all patients who were Ranawat class IIIA or above
improved neurologically by 2-year follow-up. Atlantoaxial
reduction was maintained and bony fusion was noted in all
patients; although four patients developed subaxial pathology,
none required surgical intervention.
Posterior C1–C2 Screw-Rod Constructs
Several methods of posterior C1–C2 rigid instrumentation
have been described. Harms and Melcher35 reported a

technique involving placement of 3.5-mm polyaxial screws
directly into the lateral mass of C1 and into the pars interarticularis or pedicle of C2 bilaterally (Fig. 84.8). Vertical rods
are then attached to these screws, followed by bone grating
for arthrodesis. Recently, the use of posterior C1–C2 screwrod constructs has become the most commonly employed
technique.122 his method allows for direct manipulation and
reduction of C1 on C2 as needed. he advantages of this
technique includes rigid three-column ixation, high fusion
rates (97.5%), low rates of implant failure, and the theoretical
decreased risk to the vertebral artery compared to C1–C2
transarticular screws.122,123 Bleeding from the venous lakes
covering the C1 lateral masses can easily be encountered and
is a disadvantage. his bleeding is usually minimized by
meticulous subperiosteal dissection and can typically be
controlled by hemostatic agents. Either technique requires an
intimate knowledge of the anatomy by the operating surgeon
aided by good luoroscopic technique.
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FIG. 84.8 Posterior C1–C2 ixation technique with polyaxial screws and rods. Screws are placed into the lateral
masses of C1 and into the pedicles of C2.

A

B

FIG. 84.9 Posterior C1–C2 ixation with placement of C1 lateral mass screws and C2 intralaminar screws.
(A) Axial computed tomographic (CT) scan through C1 demonstrating location of lateral mass screws. (B) Axial
CT through C2 laminae showing bilateral intralaminar screws. Note that because of the technique required for
insertion, the screws are not in exactly the same axial plane.

Ater exposure, the C1–C2 joint is identiied since this
serves as the anatomic landmark for accurate placement of the
C1 lateral mass screw. Removing a small amount of the caudal
part of the C1 posterior arch with a burr will aid in visualizing
the C1 screw starting point. he C2 nerve root can be gently
retracted caudally for visualization or sacriiced, which has
been shown to result in less neuralgia, decreased operative
time, and decreased blood loss in studies. However, patients
should be warned of postoperative numbness.122,124 he screw
is placed in the center of the lateral mass, irst using a highspeed burr to create a dimple so that the drill bit does not skid
while drilling. he pilot hole is drilled straight or slightly
convergent and parallel to the C1 posterior arch in the sagittal
direction. he drill hole is typically 18 to 22 mm, which should
be conirmed with luoroscopy. A longer screw than this will
be needed since the polyaxial screw head will need to be elevated of of the cortex of the lateral mass in order to accommodate rod ixation. Typically, partially threaded screws are
used, which allow the threads to remain within the bone of

the lateral mass, while the nerve root then lies against the
smooth shat of the screw. he entry point for the C2 pedicle
screw is in the upper and medial quadrants of the isthmus
surface. he direction of the pilot hole is approximately 20 to
30 degrees in a convergent and cephalad direction. he medial
border of the C2 pars interarticularis can initially be palpated
with a small elevator or the edge of a nerve hook to help with
accurate placement of C2 screws. A typical length for C2
pedicle screws is 22 to 28 mm, which should be conirmed
with luoroscopy. In their study, Harms and Melcher did not
wire in grats for their fusion technique35; however, this technique is certainly an option to augment the stability of the
screw–rod construct and to help ensure a successful arthrodesis
(see Fig. 84.7).
An alternative to the C2 pedicle or pars screw is placement
of an intralaminar C2 screw (Fig. 84.9). As described by
Wright, this technique provides excellent ixation of C2 with
virtually no risk of injury to neurovascular structures.117
Exposure is as described earlier for the placement of C1 lateral
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Cranial Settling or Atlantoaxial
Subluxation With C1 Stenosis
Occipitocervical Fusion
he technique of choice to treat patients with cranial settling
or ixed AAS with posterior cord impingement from the ring
of C1 is occipitocervical fusion.62,92,127 In the latter case, an
occiput to C2 fusion with a C1 laminectomy is preferred.
Patient positioning is same as with wire techniques. Particular
care must be taken to ensure neutral alignment of the head in
the sagittal and axial planes. Excess lexion or extension can
lead to chronic pain, dysphagia, breathing problems, and
functional impairment due to disruption of forward gaze. he
skin incision extends proximally to the external occipital

protuberance (EOP). Historical techniques include direct
wiring of bone grat to the skull or the use of looped rods
wired into place. Presently, rigid ixation with occipital platescrew constructs is the standard treatment.
Wiring and Graft Technique
his technique utilizes corticocancellous bone blocks wired to
the occiput and laminae62,92,127 (Fig. 84.10). he prominent
bony protuberance (inion) that is present approximately 2 cm
below the EOP is the site of wire ixation (approximately
5–7 cm from the base of the skull). A 2-mm diamond burr is
used to make unicortical holes to form a tunnel with a bridge
of supericial cortical bone on each side of the midline. he
holes are connected with a towel clamp between the inner and
outer tables of the skull. A 20-gauge wire is passed through
the tunnel and looped back under and out again to wrap
around the bony bridge. A second wire is passed beneath the
C1 lamina (if it has not been removed) and looped onto itself
to cinch down on the lamina. A wire is passed transversely
through the base of the C2 spinous process and looped around
and passed back through to distribute stress. Other interspinous or sublaminar wires can be used in more caudad segments as needed. Long, thick corticocancellous posterior iliac
crest grats are harvested, typically 9 mm to 10 cm in length
and 1.5 cm wide. For occiput to C2 fusions, a single block of
grat may be used with the caudad end fashioned to it around
the C2 spinous process. A 1.5-mm drill bit is used to place
holes through the grat. he wires are threaded through the
grat with the cancellous side facing the exposed skull and
laminae. he concavity of the central part of the iliac crest
facilitates excellent contact between the occiput and the
laminae. In severely osteopenic patients, a wire mesh may be
placed over the cortical side of the grat to prevent the wires
from cutting through the grat.62 he wires are tightened down
cautiously to prevent breakage or cutting through the grat.
Cancellous bone chips may be added to the construct. A drain
is typically used and the wound closed in layers. Without
adjuvant ixation, most patients are managed in a halo vest
postoperatively, but a two-poster brace or other cervical
orthosis may be used based on the stability of the construct.
Occipitocervical Plating
his technique provides more rigid ixation compared with
wiring techniques,40,41,128,129 even in patients with signiicant
osteoporosis. Current implants incorporate plate-rod hybrid
constructs (Fig. 84.11). It may be technically challenging to
produce the correct amount of contour required at the base of
the skull. In longer fusions, it is recommended that ixation is
achieved in and below C2 before ixation into the skull, since
the distal ixation points require more precise placement. C2
ixation can be done with pedicle screws, transarticular screws,
or intralaminar screws. Due to inferior pullout strength, C2
pars screws should not be used unless the fusion will be
carried down into the subaxial cervical spine.
Fixation to the skull requires knowledge of the venous
sinus anatomy to avoid bleeding complications. Screws should
be placed distal to the transverse sinus, which lies at the level
of the EOP. he thickness of the skull decreases laterally away
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mass and C2 pedicle screws. Placement of the C1 lateral mass
screws is performed by the previously described technique.
For placement of the C2 intralaminar screws, a high-speed
burr is used to open a small cortical window at the cranial end
of the junction of the C2 spinous process and lamina. A hand
drill is then used to drill the intercortical space of the contralateral lamina to a depth of approximately 30 mm while
maintaining alignment of the drill with the exposed dorsal
aspect of the lamina. Ater palpation of the drill tract with a
ball-tip probe, a 4.0 × 30 mm polyaxial screw is inserted. A
starting hole is then burred in the contralateral side at the
caudal junction of the spinous process and lamina and, using
the same technique, an intralaminar screw is inserted. Care
must be taken when inserting the screws to maintain the angle
of insertion slightly shallower than the angle of the lamina;
this technique will ensure that any cortical breach occurs
dorsally rather than ventrally into the spinal canal. he polyaxial screw heads from C1 and C2 are then connected with a
rod. In some instances, because of the angle of the screws relative to one another, ofset connectors may need to be used to
facilitate rod insertion. he laminae of C1 and C2 may then
be decorticated and corticocancellous bone grat applied (and
wired into place if desired).
A biomechanical study examined the relative stability of
several C1–C2 screw-rod constructs in an odontoid fracture
model.125 Using cadaveric specimens, C1 lateral mass screws
were placed and connected to either C2 intralaminar screws,
C2 pars screws, or C2 pedicle screws. Insertional torque for
C2 pedicle screws and intralaminar screws was similar, and
both of these screw types were signiicantly higher than pars
screws. Pullout strength was greatest for pedicle screws. In
intact models, intralaminar screws provided superior resistance to axial rotation compared to pars screws and similar
resistance to pedicle screws. Ater experimentally induced
odontoid fracture, both pars and pedicle screws were superior
in resisting lateral bending. Pedicle screws overall provided
the greatest stability of C1–C2 in all planes, particularly ater
experimental odontoid fracture. Lapiswala et al.126 noted
similar results, with C2 intralaminar screws providing less
resistance to lateral bending than C2 pedicle screws or C2–C1
transarticular screws. All posterior constructs, when supplemented with posterior cable ixation, provided similar stifness
in lexion–extension and axial rotation.
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FIG. 84.10 Technique of posterior occipitocervical fusion. (A) A burr hole is made in the nuchal bony ridge,
staying between the cortical table. (B) Twenty-gauge wires are passed down; looping the wire through a
second time improves the grip and distributes the stress. (C) Near-full-thickness corticocancellous grafts are
harvested from the ilium. (D) The grafts are wired in place as shown. Cancellous bone is also packed in the
crevices. (Modiied from Werthein SB, Bohlman HH. Occipitocervical fusion: indications, technique, and
long-term results in thirteen patients. J Bone Joint Surg Am. 1987;69A:833–836.)

from the midline and closer to the foramen magnum.130
Unicortical ixation is adequate in the thicker areas of the
skull, but bicortical ixation can be performed safely. Two to
three screws should be used on each side of the midline. A
2-mm diamond burr is used to minimize the chance of a
spinal luid leak common when using more aggressive carbide
burrs. he holes are tapped and 3.5- to 4.5-mm screws between
6 and 12 mm in length are placed. In case of a spinal luid leak,
bone wax may be suicient to stop the leak; otherwise, placing
the screw usually tamponades the leak. here does not appear
to be any adverse efect from breaching the inner table. Structural bone grat may be wired in or around the construct and
augmented with cancellous bone. he head and neck are
immobilized in a two-poster brace or a halo vest in osteoporotic patients with questionable ixation; in other patients, a
hard cervical collar may be used. Patients are typically changed
to a sot collar for comfort ater 8 weeks.
Contoured Loop/Rod Techniques
his technique was irst proposed by Ransford and colleagues38
in 1986 and is used with segmental wiring to provide occipitocervical ixation.38,131–133 he exposure is similar to that
described earlier for plate ixation. Wires are placed in the

occiput and beneath the lamina of C1 and the subaxial vertebrae. Earlier constructs relied on a horseshoe-shaped loop of
5/32 threaded stainless steel rods. he horizontal limb should
be approximately 3.5 to 4 cm wide and the length of the
occipital portion of the loop should be 2.5 to 3 cm. More
recent constructs utilize a custom-contoured threaded titanium loop with titanium-threaded cables, which allows for
postoperative MRI.
Resection of the Odontoid
Mild to moderate cervicomedullary compression can be
treated with posterior C1 laminectomy and occipitocervical
fusion as described earlier. he pannus will resorb with stabilization.49 However, anterior decompression may be needed to
treat an irreducible anterior extradural compression of the
cervicomedullary junction by pannus or a severely migrated
odontoid.134,135 he transoral approach is associated with an
increased risk of infection with mouth lora; the high retropharyngeal approach is a good alternative in many patients.136
Supplemental posterior fusion is required unless there is a
solid prior posterior fusion mass, in which case resection of
the odontoid without grating will suice. In cases without
prior posterior fusion, anterior strut grating with iliac crest
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FIG. 84.11 This 46-year-old woman had a long history of rheumatoid arthritis since she was a young girl.
She had chronic neck pain but developed worsening neck pain over the previous 6 weeks with increasing
numbness of her arms and some truncal numbness. Some weakness of her upper extremities was evident
on physical examination. (A–B) Magnetic resonance imaging showed severe cord compression, primarily
at the C2–C3 level. She had multiple levels of subluxation in the subaxial spine, including C7–T1. (C–D)
Anteroposterior and lateral postoperative plain ilms after a posterior decompression at C2–C3 followed by a
long occipitocervical fusion with bone grafting and posterior instrumentation. Screws were placed in the
pedicles of C7 and T1 for maximum ixation and osteoporotic bone.

or ibula is required between C2 or C3 and the clivus, followed
by posterior occipitocervical fusion. horough preoperative
assessment is necessary, which includes swallowing and respiratory function considerations, dental assessment, and the
presence of a mobile temporomandibular joint to allow about
2.5 to 3 cm of opening.

and strongly considered for supplemental posterior ixation
since anterior column instability may occur from grat resorption or settling into the osteoporotic vertebral bodies. Mobile
subluxations are best treated with traction to realign the spine
and posterior instrumented fusion. Better reduction may be
obtained ater anesthesia when positioning of the head is done
gently with neuromonitoring.

Subaxial Subluxation

Anterior Fusion
Anterior decompression and fusion may be utilized for treatment of ixed cervical kyphosis or when needed to decompress

Subaxial subluxations may be ixed or mobile. he ixed types
may be best treated with anterior decompression and fusion
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C6

C6

FIG. 84.12 Bohlman triple-wire technique for posterior cervical arthrodesis.

stenotic segments. hese techniques may be performed as
described for treatment of spondylotic disease elsewhere in
this text. Because patients with RA frequently require multilevel procedures and because of the risk for grat settling into
osteoporotic bone, consideration must be given to a supplemental posterior fusion.

and risks to the vertebral artery.137 Because of the risk of
subluxation with a long cervical fusion, consideration should
be given to extending the fusion across the cervicothoracic
junction.

Wiring Techniques
Posterior wiring and autogenous bone grating may provide
stable ixation at a high fusion rate. he preferred method for
wire stabilization is the triple-wire technique described by
Bohlman136 (Fig. 84.12). he irst 20-gauge wire is woven in a
igure-of-eight fashion through holes burred into the base of
the spinous processes of the involved vertebrae. his wire
tethers the midline and is typically looped onto itself ater
passing through the spinous process to help distribute stress.
Twenty-two-gauge wires can then individually pass through
the same holes to loop around the spinous processes at the
ends of the segments to be fused. he ends of these wires will
pass through drill holes in the rectangular corticocancellous
iliac crest autograts. he wires are tightened down on the grat
to force the grat against the laminae. Decortication is not
necessary; the wound is closed in layers over a drain. A twoposter cervical brace or halo is used for 6 to 8 weeks to allow
solid fusion.

Complications of cervical spine surgery in rheumatoid patients
include dural tears, quadriplegia, infection, wound dehiscence,
skin problems from external immobilization devices, nonunion, and subaxial subluxation above or below a fused
segment. Anterior fusion procedures are at risk for grat
resorption and anterior column collapse due to the inlammatory process and secondary osteoporosis of the vertebral
bodies and may beneit from adjunctive posterior stabilization. he progressive nature of rheumatoid disease of the spine
demands long-term follow-up to assess for the development
of new symptoms in previously asymptomatic segments (see
Fig. 84.12). In a study of 51 rheumatoid patients undergoing
cervical fusion for instability, Clarke et al. reported that 39%
of patients undergoing C1–C2 ixation developed subaxial
subluxation at an average of 8 years.138 No patient who underwent long posterior fusions (C1–C6 through T1) for combined
atlantoaxial and subaxial instability required secondary procedures. In contrast, Tanouchi et al.139 noted a 26% incidence
of adjacent-level failures in 35 rheumatoid patients ater
occipitothoracic fusion. All failures were due to fracture at the
distal junction. Including all involved unstable levels in the
initial fusion procedure may reduce the risk of subsequent
adjacent-level subluxation; however, fusion length and stress
of the lever arm must be considered in these fragile patients.
Age, presence of atlantoaxial instability, and perioperative
complications are independent predictors of long-term mortality following cervical surgery in this population.140

Lateral Mass Fixation
his treatment provides rigid ixation of the subaxial spine.
Several modiications exist in the way the screws are angled
in the lateral mass.30–33 According to An,30 15 degrees of
superior angulation and 30 degrees of lateral angulation best
avoids violating the facet joints and nerve roots. All the techniques avoid the vertebral artery, which lies anterior to the
lateral mass. he starting point is 1 mm medial to the center
of the lateral mass. he screws average between 12 and 16 mm,
depending on the size of the patient. he C7 lateral mass is
thin and may require pedicle screw placement or supplemental
posterior wiring between the C6 and C7 spinous processes, as
described earlier. Fluoroscopy is helpful in placing C7 pedicle
screws if the shoulders are not in the way, but a C7 laminotomy
provides direct palpation of the medial wall of the pedicle for
safer screw placement. A 25- to 30-degree medial angulation
is recommended.30 Pedicle screw ixation of all involved levels
of the cervical vertebrae has been described frequently in
other patient populations but has limitations of pedicle size

Complications

Thoracolumbar Disease
Unlike the cervical spine, rheumatoid disease of the thoracic
and lumbar spine less frequently leads to severe neurologic
symptoms, thus has received less attention. Yet cases of thoracic myelopathy, lumbar radiculopathy, and cauda equina
syndrome have been reported and appear to be due to bony
destruction leading to instability and subluxation with or
without the presence of pannus or nodules.141–143 Radiographic

Chapter 84 Surgical Management of Rheumatoid Arthritis

Summary
he majority of patients with RA of the cervical spine can
be managed nonoperatively. hese patients, however, should
be monitored closely since the progression of disease may be
silent and the clinical indings nonspeciic. Screening lexion
and extension lateral radiographs should be done periodically
before neurologic symptoms develop as well as prior to any
planned surgical procedure that may require general anesthesia, intubation, or manipulation of the cervical spine. he
beneits of early detection and surgical intervention in patients
with progressive cervical instability cannot be overemphasized
and should be done before the development of cranial settling
or frank neurologic symptoms.44,60,92 Otherwise, mortality
and morbidity signiicantly increase as patients become less
functional and fall under Ranawat class III criteria.60,69,76,91,136
Although surgery in patients with quadriparesis may provide
some neurologic and functional recovery, the results are not
as predictable as with early surgery.

PEARLS
1. The periodontoid pannus begins to resorb as early as 6 weeks
after atlantoaxial fusion.
2. Radiographic AADI 9 mm or greater conirms AAS and is a
relative indication for cervical fusion.
3. A PADI less than 14 mm has a high sensitivity of predicting
paralysis and is a more reliable radiographic criterion for cervical
fusion than the AADI. A PADI less than 10 mm is associated with
poor motor recovery after fusion, while a PADI greater than
14 mm has a higher likelihood of recovery.
4. A cervicomedullary angle of less than 135 degrees (normal,
135–175 degrees) correlates with myelopathic signs and
suggests AAS as the source of myelopathy.
5. Patients with AAS have better outcomes if surgery is done prior
to neurologic impairment.
PITFALLS
1. Anterior fusion procedures are at risk for graft resorption and
anterior column collapse due to the inlammatory process and
secondary osteoporosis of the vertebral bodies. Patients may
therefore beneit from adjunctive posterior stabilization.
2. Radiologic improvement of AAS is a “radiographic illusion” and is
due to worsening cranial settling of the anterior arch of C1 onto
the base of the odontoid in reality.
3. Rheumatoid patients are at risk for late segmental instability
below a previous fusion; therefore, they should be followed long
term.
4. Myelopathy patients are at high risk for progression and sudden
death if treated nonoperatively.
5. Perioperative upper airway complications are 14 times higher if
intubation is done without iberoptic assistance in rheumatoid
patients undergoing posterior cervical fusion.
6. Attempts should not be made to pass sublaminar wires beneath
a severely stenotic or unreduced C1 arch. Consider
occipitocervical fusion with or without C1 laminectomy.
7. Commonly used rheumatic medications potentially place
patients at risk for postoperative wound infections and their
efects on spinal fusion are unknown. Most should be stopped
preoperatively and held for as long as possible postoperatively.
Close collaboration with the patient’s rheumatologist is essential
in balancing the need to minimize perioperative complications
while preventing lares of rheumatoid symptoms.
8. Patients on chronic steroids may require perioperative stress
dosing.

KEY POINTS
1. The cervical spine is involved in 25% to 90% of rheumatoid
patients. Because cervical instability may be asymptomatic in
many rheumatoid patients, the clinician must be vigilant in
evaluating the cervical spine, especially preoperatively, for spinal
or nonspinal procedures.
2. RA has a predilection for synovial joints, including the facet,
occipitoatlantal, and atlantoaxial joints. The resulting joint
erosion can lead to instability, of which the most common
pattern is atlantoaxial, followed by subaxial and occipitoatlantal
instability. Patients frequently present with pain but may also
present with neurologic symptoms.
3. Surgical indications include the presence of myelopathy.
Radiographic indicators include an AADI 9 mm or greater, PADI
less than 14 mm, mobile subaxial subluxation greater than
3.5 mm, space available for the cord less than 14 mm, and
cranial settling. A cervicomedullary angle less than 135 degrees

S E C T I O N

indings include poorly deined margins of the vertebral
endplates and a relative lack of osteophytes.6,7 Involvement of
the facet joints may lead to spondylolisthesis and instability
on lexion-extension ilms. Heywood and Meyers postulated
that the pathologic process in the lumbar spine begins with
synovitis of the facet joints causing functional incompetence,
allowing AP and lateral translation.6 his step is followed by
discitis, which may start as an enthesopathy at the junction of
the endplate and disc, resulting in loss of disc height and
further contributing to instability. In the thoracic spine, the
disease may also spread directly into the spine via the costovertebral joints. Nerve root impingement may be due to spinal
instability as well as direct impingement from rheumatoid
pannus.6 To correlate radiographic indings with clinical
symptoms, Kawaguchi et al. studied 106 rheumatoid patients
and found a 40% rate of back pain, 18% had leg pain, and 12%
exhibited symptoms of neurogenic claudication.7 hey
reported abnormal radiographic indings in 57% of patients,
most commonly disc space narrowing (37%), followed by
coronal plane deformity (28%), spondylolisthesis (23%), and
endplate or facet erosion (20%). hey noted a high percentage
of osteoporosis related to steroid therapy. Using MRI, Sakai
et al.144 reported a 45.2% incidence of lumbar involvement in
RA and described two distinct patterns of disc destruction:
narrowing, in which the disc space progressively collapsed,
and ballooning, in which endplate changes gave the illusion of
increasing disc height. Additionally, they found that the degree
of lumbar involvement related to the severity of peripheral
joint involvement.
Surgical treatment of the rheumatoid lumbar spine is tailored to the speciic pathology involved; outcomes are similar
to nonrheumatoid patients with similar pathology.145 Complications, however, are more common and comprise screw
loosening and cut-out, likely due to the relative osteoporosis
of the population, and a greater risk of wound infections
related to immune modulators used to treat the disease.
Junctional breakdown can also occur.
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suggests impending neurologic deicit. Surgical intervention
performed early, before clinically signiicant impairment, has the
best functional outcomes.
4. Rheumatoid medications should be managed carefully in the
perioperative period, as many mechanisms of action can
increase the risk of infection, delayed wound healing, or afect
fusion.
5. Modern rigid internal ixation should be used for surgical
stabilization whenever possible. Because of variations in patient
anatomy, the surgeon must be aware of diferent ixation
options, such as C2 pedicle screws, C2 interlaminar screws,
transarticular screws, or classical ixation techniques (e.g.,
wiring), as these may be the only available options at times. A
clear understanding of the individual patient’s anatomy and
pathology is necessary to perform safe, efective surgery.

KEY REFERENCES
1. Boden SD, Dodge LD, Bohlman HH, Rechtine GR. Rheumatoid
arthritis of the cervical spine. J Bone Joint Surg Am.
1993;75A:1282-1297.
The authors showed that the PADI may be more reliable in
predicting neurologic outcome since it is a more accurate indicator
of the space available for the cord. Patients with a PADI of at least
14 mm were more likely to have neurologic recovery after surgical
stabilization, whereas those with a PADI less than 10 mm had no
neurologic recovery. The critical space available for the cord in the
subaxial spine was also shown to be 14 mm.
2. Bundschuh C, Modic MT, Kearney F, Morris R, Deal C.
Rheumatoid arthritis of the cervical spine: surface-coil MR
imaging. AJNR Am J Neuroradiol. 1988;9:565-571.
The authors determined that patients with a cervicomedullary angle
less than 135 degrees (normal, 135–175 degrees) were likely to have
evidence of brain stem compression, cervical myelopathy, or C2 root
pain.
3. Larsson E-M, Holtås S, Zygmunt S. Pre- and postoperative MR
imaging of the craniocervical junction in rheumatoid arthritis.
AJNR Am J Neuroradiol. 1989;152:561-566.
The authors noted reduction of the periodontoid pannus as early as
6 weeks after surgical stabilization of the atlantoaxial instability.
4. Ranawat CS, O’Leary P, Pellici P, et al. Cervical spine fusion in
rheumatoid arthritis. J Bone Joint Surg Am. 1979;61A:1003-1010.
The authors studied 33 patients with cervical instability and devised
a classiication of pain and neurologic dysfunction that is widely
used to assess the functional capacity of rheumatoid patients with
cervical disease. An improved method to measure the amount of
cranial settling was also presented.
5. Riew KD, Hilibrand A, Palumbo MA, Sethi N, Bohlman HH.
Diagnosing basilar invagination in the rheumatoid patient.
J Bone Joint Surg Am. 2001;83A:194-200.
The authors noted that none of the traditional radiographic
measurements alone had a high sensitivity, speciicity, or negative or
positive predictive value greater than 90% but that the combination
of the Clark station, Redlund-Johnell, and the Ranawat criteria had a
sensitivity and negative predictive value of 94% and 91%, respectively.
6. Harms J, Melcher R. Posterior C1-C2 fusion with polyaxial screw
and rod ixation. Spine. 2001;26:2467-2471.
The authors describe the surgical technique for posterior C1 lateral
mass and C2 pedicle screw ixation, which has become the preferred
method of atlantoaxial ixation.

REFERENCES
1. Ward MM. Decreases in rates of hospitalizations for
manifestations of severe rheumatoid arthritis, 1983-2001.
Arthritis Rheum. 2004;50(4):1122-1131.

2. Stein BE, et al. Changing trends in cervical spine
fusions in patients with rheumatoid arthritis. Spine.
2014;39(15):1178-1182.
3. Sugita S, et al. Clinical characteristics of rheumatoid arthritis
patients undergoing cervical spine surgery: an analysis of
National Database of Rheumatic Diseases in Japan. BMC
Musculoskelet Disord. 2014;15:203.
4. Bland JH. Rheumatoid arthritis of the cervical spine.
J Rheumatol. 1974;3:319-341.
5. da Corte FC, Neves N. Cervical spine instability in
rheumatoid arthritis. Eur J Orthop Surg Traumatol.
2014;24(suppl 1):S83-S91.
6. Heywood AW, Meyers OL. Rheumatoid arthritis of
the thoracic and lumbar spine. J Bone Joint Surg Br.
1986;68(3):362-368.
7. Kawaguchi Y, et al. Radiologic indings of the lumbar spine in
patients with rheumatoid arthritis, and a review of pathologic
mechanisms. J Spinal Disord Tech. 2003;16(1):38-43.
8. Mahajan R, Huisa BN. Vertebral artery dissection in
rheumatoid arthritis with cervical spine disease. J Stroke
Cerebrovasc Dis. 2013;22(7):e245-e246.
9. Neva MH, et al. High prevalence of asymptomatic
cervical spine subluxation in patients with rheumatoid
arthritis waiting for orthopaedic surgery. Ann Rheum Dis.
2006;65(7):884-888.
10. Nazarinia M, et al. Asymptomatic atlantoaxial subluxation
in rheumatoid arthritis. Acta Med Iran. 2014;52(6):
462-466.
11. Hansen SE. he recognition of rheumatoid arthritis in the
eighteenth century. he contribution of Linne and Boissier de
la Croix de Sauvages. Scand J Rheumatol. 1993;22(4):
178-182.
12. Short CL. he antiquity of rheumatoid arthritis. Arthritis
Rheum. 1974;17(3):193-205.
13. Snorrason E. Landre-Beauvais and his “goutte asthenique
primitive.” Acta Med Scand Suppl. 1952;266:115-118.
14. Garrod AE. A Treatise on Rheumatism and Rheumatoid
Arthritis. London: Griin; 1890.
15. Lourie H, Stewart WA. Spontaneous atlantoaxial dislocation.
A complication of rheumatoid disease. N Engl J Med.
1961;265:677-681.
16. Pratt TL. Spontaneous dislocation of the atlanto-axial
articularion occurring in ankylosing spondylitis and
rheumatoid arthritis. J Fac Radiol. 1959;10(1):40-43.
17. Werne S. Spontaneous dislocation of the atlas as a
complication in rheumatoid arthritis. Acta Rheumatol Scand.
1956;2(4):101-107.
18. Wilson PD Jr, Dangelmajer RC. he problem of atlanto-axial
dislocation in rheumatoid arthritis. J Bone Joint Surg Am.
1963;45:1780.
19. Brattstrom H, Granholm L. Atlanto-axial fusion in
rheumatoid arthritis. A new method of ixation with wire and
bone cement. Acta Orthop Scand. 1976;47(6):619-628.
20. Ferlic DC, et al. Surgical treatment of the symptomatic
unstable cervical spine in rheumatoid arthritis. J Bone Joint
Surg Am. 1975;57(3):349-354.
21. Hamblen DL. Occipito-cervical fusion. Indications, technique
and results. J Bone Joint Surg Br. 1967;49(1):33-45.
22. McGraw RW, Rusch RM. Atlanto-axial arthrodesis. J Bone
Joint Surg Br. 1973;55(3):482-489.
23. Rana NA, et al. Atlanto-axial subluxation in rheumatoid
arthritis. J Bone Joint Surg Br. 1973;55(3):458-470.
24. Gallie WE. Fractures and dislocations of the cervical spine.
Am J Surg. 1939;46:495-499.

Chapter 84 Surgical Management of Rheumatoid Arthritis

48. Kaito T, et al. Efect of biological agents on cervical
spine lesions in rheumatoid arthritis. Spine. 2012;37(20):
1742-1746.
49. Larsson EM, Holtas S, Zygmunt S. Pre- and postoperative
MR imaging of the craniocervical junction in rheumatoid
arthritis. AJR Am J Roentgenol. 1989;152(3):561-566.
50. Toolanen G, Larsson SE, Fagerlund M. Medullary
compression in rheumatoid atlanto-axial subluxation
evaluated by computerized tomography. Spine.
1986;11(3):191-194.
51. Chen TY, Lin KL, Ho HH. Morphologic characteristics of
atlantoaxial complex in rheumatoid arthritis and surgical
consideration among Chinese. Spine. 2004;29(9):1000-1004.
52. Lewandrowski KU, et al. Atraumatic odontoid fractures in
patients with rheumatoid arthritis. Spine J. 2006;6(5):529-533.
53. Smith PH, Benn RT, Sharp J. Natural history of rheumatoid
cervical luxations. Ann Rheum Dis. 1972;31(6):431-439.
54. Bogduk N, Major GA, Carter J. Lateral subluxation of the
atlas in rheumatoid arthritis: a case report and post-mortem
study. Ann Rheum Dis. 1984;43(2):341-346.
55. Rana NA. Natural history of atlanto-axial subluxation in
rheumatoid arthritis. Spine. 1989;14(10):1054-1056.
56. Papadopoulos SM, Dickman CA, Sonntag VK. Atlantoaxial
stabilization in rheumatoid arthritis. J Neurosurg.
1991;74(1):1-7.
57. Weissman BN, et al. Prognostic features of atlantoaxial
subluxation in rheumatoid arthritis patients. Radiology.
1982;144(4):745-751.
58. Delamarter RB, Bohlman HH. Postmortem osseous and
neuropathologic analysis of the rheumatoid cervical spine.
Spine. 1994;19(20):2267-2274.
59. Henderson FC, Geddes JF, Crockard HA. Neuropathology
of the brainstem and spinal cord in end stage rheumatoid
arthritis: implications for treatment. Ann Rheum Dis.
1993;52(9):629-637.
60. Casey AT, et al. Surgery on the rheumatoid cervical spine for
the non-ambulant myelopathic patient—too much, too late?
Lancet. 1996;347(9007):1004-1007.
61. Bydon M, et al. Regression of an atlantoaxial rheumatoid
pannus following posterior instrumented fusion. Clin Neurol
Neurosurg. 2015;137:28-33.
62. Lipson SJ. Cervical myelopathy and posterior atlanto-axial
subluxation in patients with rheumatoid arthritis. J Bone Joint
Surg Am. 1985;67(4):593-597.
63. Burry HC, et al. Lateral subluxation of the atlanto-axial joint
in rheumatoid arthritis. Ann Rheum Dis. 1978;37(6):525-528.
64. Kudo H, Iwano K. Surgical treatment of subaxial cervical
myelopathy in rheumatoid arthritis. J Bone Joint Surg Br.
1991;73(3):474-480.
65. Miyamoto H, Sumi M, Uno K. Outcome of surgery for
rheumatoid cervical spine at one institute over three decades.
Spine J. 2013;13(11):1477-1484.
66. Winield J, et al. A prospective study of the radiological
changes in the cervical spine in early rheumatoid disease. Ann
Rheum Dis. 1981;40(2):109-114.
67. Pellicci PM, et al. A prospective study of the progression of
rheumatoid arthritis of the cervical spine. J Bone Joint Surg
Am. 1981;63(3):342-350.
68. Takeshima Y, et al. Rheumatoid arthritis-induced lateral
atlantoaxial subluxation with multiple vertebrobasilar
infarctions. Spine. 2015;40(3):E186-E189.
69. Sunahara N, et al. Clinical course of conservatively managed
rheumatoid arthritis patients with myelopathy. Spine.
1997;22(22):2603-2607.

S E C T I O N

25. Brooks AL, Jenkins EB. Atlanto-axial arthrodesis by
the wedge compression method. J Bone Joint Surg Am.
1978;60(3):279-284.
26. Wertheim SB, Bohlman HH. Occipitocervical fusion.
Indications, technique, and long-term results in thirteen
patients. J Bone Joint Surg Am. 1987;69(6):833-836.
27. Clark CR, Goetz DD, Menezes AH. Arthrodesis of the
cervical spine in rheumatoid arthritis. J Bone Joint Surg Am.
1989;71(3):381-392.
28. Cybulski GR, et al. Use of Halifax interlaminar
clamps for posterior C1-C2 arthrodesis. Neurosurgery.
1988;22(2):429-431.
29. Grob D, et al. Posterior occipitocervical fusion. A preliminary
report of a new technique. Spine. 1991;16(3 suppl):
S17-S24.
30. An HS, Gordin R, Renner K. Anatomic considerations for
plate-screw ixation of the cervical spine. Spine. 1991;16(10
suppl):S548-S551.
31. Heller JG, et al. Anatomic comparison of the Roy-Camille and
Magerl techniques for screw placement in the lower cervical
spine. Spine. 1991;16(10 suppl):S552-S557.
32. Anderson PA, et al. Posterior cervical arthrodesis with
AO reconstruction plates and bone grat. Spine. 1991;16(3
suppl):S72-S79.
33. Magerl F, Seeman PS. Stable posterior fusion of the atlas and
axis by transarticular screw ixation. In: Weidner A, Kehr P,
eds. Cervical Spine. Berlin: Springer-Verlag; 1986:322-327.
34. Grob D, et al. Atlanto-axial fusion with transarticular screw
ixation. J Bone Joint Surg Br. 1991;73(6):972-976.
35. Harms J, Melcher RP. Posterior C1-C2 fusion with polyaxial
screw and rod ixation. Spine. 2001;26(22):2467-2471.
36. Foerster O. Die Leitungsbahnen des Schmerzgefuhls. Berlin
und Wein: Urgan und Schwarzenburg; 1927:266.
37. Kahn EA, Yglesias L. Progressive atlanto-axial dislocation.
JAMA. 1935;105:348-352.
38. Ransford AO, et al. Craniocervical instability treated
by contoured loop ixation. J Bone Joint Surg Br.
1986;68(2):173-177.
39. Flint GA, et al. A new method of occipitocervical fusion using
internal ixation. Neurosurgery. 1987;21(6):947-950.
40. Grob D, et al. he role of plate and screw ixation in
occipitocervical fusion in rheumatoid arthritis. Spine.
1994;19(22):2545-2551.
41. Smith MD, Anderson P, Grady MS. Occipitocervical
arthrodesis using contoured plate ixation. An early report on
a versatile ixation technique. Spine. 1993;18(14):1984-1990.
42. Konttinen YT, et al. Inlammatory involvement of cervical
spine ligaments in patients with rheumatoid arthritis and
atlantoaxial subluxation. J Rheumatol. 1987;14(3):531-534.
43. Mikulowski P, et al. Sudden death in rheumatoid
arthritis with atlanto-axial dislocation. Acta Med Scand.
1975;198(6):445-451.
44. Agarwal AK, et al. Recurrence of cervical spine instability in
rheumatoid arthritis following previous fusion: can disease
progression be prevented by early surgery? J Rheumatol.
1992;19(9):1364-1370.
45. Joaquim AF, Appenzeller S. Cervical spine involvement in
rheumatoid arthritis—a systematic review. Autoimmun Rev.
2014;13(12):1195-1202.
46. Takahashi S, et al. Current prevalence and characteristics of
cervical spine instability in patients with rheumatoid arthritis
in the era of biologics. Mod Rheumatol. 2014;24(6):904-909.
47. Alcala JM, et al. Radiographic changes of cervical spine in
rheumatoid arthritis. Rev Bras Reumatol. 2013;53(5):388-393.

1483

XII

1484

AFFLICTIONS OF THE VERTEBRAE

70. Paimela L, et al. Progression of cervical spine changes
in patients with early rheumatoid arthritis. J Rheumatol.
1997;24(7):1280-1284.
71. Young A, et al. A prognostic index for erosive changes in the
hands, feet, and cervical spines in early rheumatoid arthritis.
Br J Rheumatol. 1988;27(2):94-101.
72. Sharp J, Purser DW. Spontaneous atlanto-axial dislocation in
ankylosing spondylitis and rheumatoid arthritis. Ann Rheum
Dis. 1961;20(1):47-77.
73. Bell HS. Paralysis of both arms from injury of the upper
portion of the pyramidal decussation: “cruciate paralysis”.
J Neurosurg. 1970;33(4):376-380.
74. Gurley JP, Bell GR. he surgical management of patients with
rheumatoid cervical spine disease. Rheum Dis Clin North Am.
1997;23(2):317-332.
75. Rana NA, et al. Upward translocation of the dens in
rheumatoid arthritis. J Bone Joint Surg Br. 1973;55(3):
471-477.
76. Ranawat CS, et al. Cervical spine fusion in rheumatoid
arthritis. J Bone Joint Surg Am. 1979;61(7):1003-1010.
77. Casey AT, et al. Predictors of outcome in the quadriparetic
nonambulatory myelopathic patient with rheumatoid arthritis:
a prospective study of 55 surgically treated Ranawat class IIIb
patients. J Neurosurg. 1996;85(4):574-581.
78. Boden SD, et al. Rheumatoid arthritis of the cervical spine. A
long-term analysis with predictors of paralysis and recovery.
J Bone Joint Surg Am. 1993;75(9):1282-1297.
79. Koehler PR, et al. MR measurement of normal and
pathologic brainstem diameters. AJNR Am J Neuroradiol.
1985;6(3):425-427.
80. Taniguchi D, et al. Evaluation of lateral instability of
the atlanto-axial joint in rheumatoid arthritis using
dynamic open-mouth view radiographs. Clin Rheumatol.
2008;27(7):851-857.
81. Riew KD, et al. Diagnosing basilar invagination in the
rheumatoid patient. he reliability of radiographic criteria.
J Bone Joint Surg Am. 2001;83-A(2):194-200.
82. Redlund-Johnell I, Pettersson H. Radiographic measurements
of the cranio-vertebral region. Designed for evaluation of
abnormalities in rheumatoid arthritis. Acta Radiol Diagn
(Stockh). 1984;25(1):23-28.
83. White AA, Panjabi MM. Clinical Biomechanics of the Spine.
2nd ed. Philadelphia: JB Lippincott; 1990.
84. Yurube T, et al. Accelerated development of cervical spine
instabilities in rheumatoid arthritis: a prospective minimum
5-year cohort study. PLoS One. 2014;9(2):e88970.
85. Dvorak J, et al. Functional evaluation of the spinal cord by
magnetic resonance imaging in patients with rheumatoid
arthritis and instability of upper cervical spine. Spine.
1989;14(10):1057-1064.
86. Bell GR, Stearns KL. Flexion-extension MRI of the upper
rheumatoid cervical spine. Orthopedics. 1991;14(9):969-973.
87. Bundschuh C, et al. Rheumatoid arthritis of the cervical
spine: surface-coil MR imaging. AJR Am J Roentgenol.
1988;151(1):181-187.
88. Mawatari T, et al. Vertebral strength changes in rheumatoid
arthritis patients treated with alendronate, as assessed by
inite element analysis of clinical computed tomography scans:
a prospective randomized clinical trial. Arthritis Rheum.
2008;58(11):3340-3349.
89. Schmitt-Sody M, et al. Timing of cervical spine stabilisation
and outcome in patients with rheumatoid arthritis. Int
Orthop. 2008;32(4):511-516.

90. Wattenmaker I, et al. Upper-airway obstruction and
perioperative management of the airway in patients managed
with posterior operations on the cervical spine for rheumatoid
arthritis. J Bone Joint Surg Am. 1994;76(3):360-365.
91. van Asselt KM, et al. Outcome of cervical spine surgery
in patients with rheumatoid arthritis. Ann Rheum Dis.
2001;60(5):448-452.
92. Peppelman WC, et al. Cervical spine surgery in rheumatoid
arthritis: improvement of neurologic deicit ater cervical
spine fusion. Spine. 1993;18(16):2375-2379.
93. Emery SE, et al. Anterior cervical decompression and
arthrodesis for the treatment of cervical spondylotic
myelopathy. Two to seventeen-year follow-up. J Bone Joint
Surg Am. 1998;80(7):941-951.
94. Chin KR, Ozuna R. Options in the surgical treatment of
cervical spondylotic myelopathy. Current Opinions Orthop.
2000;11:151-157.
95. Goodman SM, et al. Patients with rheumatoid arthritis are
more likely to have pain and poor function ater total hip
replacements than patients with osteoarthritis. J Rheumatol.
2014;41(9):1774-1780.
96. Saag KG, et al. American College of Rheumatology 2008
recommendations for the use of nonbiologic and biologic
disease-modifying antirheumatic drugs in rheumatoid
arthritis. Arthritis Rheum. 2008;59(6):762-784.
97. Ledingham J, Deighton C. Update on the British Society
for Rheumatology guidelines for prescribing TNFalpha
blockers in adults with rheumatoid arthritis (update of
previous guidelines of April 2001). Rheumatology (Oxford).
2005;44(2):157-163.
98. Bombardier C, et al. Canadian Rheumatology Association
recommendations for the pharmacological management of
rheumatoid arthritis with traditional and biologic diseasemodifying antirheumatic drugs: part II. Safety. J Rheumatol.
2012;39(8):1583-1602.
99. Johnson BK, et al. Patterns and associated risk of
perioperative use of anti-tumor necrosis factor in patients
with rheumatoid arthritis undergoing total knee replacement.
J Rheumatol. 2013;40(5):617-623.
100. Howe CR, Gardner GC, Kadel NJ. Perioperative medication
management for the patient with rheumatoid arthritis. J Am
Acad Orthop Surg. 2006;14(9):544-551.
101. Dixon WG, Suissa S, Hudson M. he association between
systemic glucocorticoid therapy and the risk of infection in
patients with rheumatoid arthritis: systematic review and
meta-analyses. Arthritis Res her. 2011;13(4):R139.
102. Friedman RJ, Schif CF, Bromberg JS. Use of supplemental
steroids in patients having orthopaedic operations. J Bone
Joint Surg Am. 1995;77(12):1801-1806.
103. Yong SL, et al. Supplemental perioperative steroids for
surgical patients with adrenal insuiciency. Cochrane
Database Syst Rev. 2009;(4):CD005367.
104. Glowniak JV, Loriaux DL. A double-blind study of
perioperative steroid requirements in secondary adrenal
insuiciency. Surgery. 1997;121(2):123-129.
105. Marik PE, Varon J. Requirement of perioperative stress doses
of corticosteroids: a systematic review of the literature. Arch
Surg. 2008;143(12):1222-1226.
106. Scanzello CR, et al. Perioperative management of medications
used in the treatment of rheumatoid arthritis. HSS J.
2006;2(2):141-147.
107. Grennan DM, et al. Methotrexate and early postoperative
complications in patients with rheumatoid arthritis

Chapter 84 Surgical Management of Rheumatoid Arthritis

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.
124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.
138.

139.

140.

141.

142.

143.

144.

145.

transarticular, C1 to C2 pedicle, and C1 to C2 intralaminar
screws. Neurosurgery. 2006;58(3):516-521.
McAfee PC, et al. Fusion of the occiput to the upper
cervical spine. A review of 37 cases. Spine. 1991;16(10
suppl):S490-S494.
Huckell CB, et al. Functional outcome of plate fusions for
disorders of the occipitocervical junction. Clin Orthop Relat
Res. 1999;359:136-145.
Sasso RC, et al. Occipitocervical fusion with posterior plate
and screw instrumentation. A long-term follow-up study.
Spine. 1994;19(20):2364-2368.
Roberts DA, Doherty BJ, Heggeness MH. Quantitative anatomy
of the occiput and the biomechanics of occipital screw ixation.
Spine. 1998;23(10):1100-1107.
Fehlings MG, et al. Occipitocervical fusion with a
ive-millimeter malleable rod and segmental ixation.
Neurosurgery. 1993;32(2):198-207.
Matsunaga S, Ijiri K, Koga H. Results of a longer than 10-year
follow-up of patients with rheumatoid arthritis treated by
occipitocervical fusion. Spine. 2000;25(14):1749-1753.
Moskovich R, et al. Occipitocervical stabilization for
myelopathy in patients with rheumatoid arthritis.
Implications of not bone-grating. J Bone Joint Surg Am.
2000;82(3):349-365.
Kerschbaumer F, et al. Transoral decompression, anterior
plate ixation, and posterior wire fusion for irreducible
atlantoaxial kyphosis in rheumatoid arthritis. Spine.
2000;25(20):2708-2715.
Crockard HA, Calder I, Ransford AO. One-stage transoral
decompression and posterior ixation in rheumatoid atlantoaxial subluxation. J Bone Joint Surg Br. 1990;72(4):682-685.
McAfee PC, Bohlman HH. One-stage anterior cervical
decompression and posterior stabilization with
circumferential arthrodesis. A study of twenty-four patients
who had a traumatic or a neoplastic lesion. J Bone Joint Surg
Am. 1989;71(1):78-88.
Kast E, et al. Complications of transpedicular screw ixation
in the cervical spine. Eur Spine J. 2006;15(3):327-334.
Clarke MJ, et al. Long-term incidence of subaxial cervical
spine instability following cervical arthrodesis surgery
in patients with rheumatoid arthritis. Surg Neurol.
2006;66(2):136-140.
Tanouchi T, et al. Adjacent-level failures ater occipitothoracic fusion for rheumatoid cervical disorders. Eur Spine J.
2014;23(3):635-640.
Ronkainen A, et al. Cervical spine surgery in patients with
rheumatoid arthritis: longterm mortality and its determinants.
J Rheumatol. 2006;33(3):517-522.
Nakamura C, et al. Upper thoracic myelopathy caused by
vertebral collapse and subluxation in rheumatoid arthritis:
report of two cases. J Orthop Sci. 2004;9(6):629-634.
Hirohashi N, et al. Lumbar radiculopathy caused by
extradural rheumatoid nodules. Case report. J Neurosurg
Spine. 2007;7(3):352-356.
Kawaji H, et al. A case report of rapidly progressing cauda
equina symptoms due to rheumatoid arthritis. J Nippon Med
Sch. 2005;72(5):290-294.
Sakai T, et al. Radiological features of lumbar spinal
lesions in patients with rheumatoid arthritis with special
reference to the changes around intervertebral discs. Spine J.
2008;8(4):605-611.
Crawford CH 3rd, et al. Lumbar fusion outcomes in patients
with rheumatoid arthritis. Eur Spine J. 2008;17(6):822-825.

S E C T I O N

108.

undergoing elective orthopaedic surgery. Ann Rheum Dis.
2001;60(3):214-217.
Gerster JC, Bossy R, Dudler J. Bone non-union ater
osteotomy in patients treated with methotrexate. J Rheumatol.
1999;26(12):2695-2697.
Khanna R, et al. he impact of steroids, methotrexate,
and biologics on clinical and radiographic outcomes in
patients with rheumatoid arthritis undergoing fusions at
the craniovertebral junction. J Craniovertebr Junction Spine.
2015;6(2):60-64.
Zimmerli W, Moser C. Pathogenesis and treatment concepts
of orthopaedic bioilm infections. FEMS Immunol Med
Microbiol. 2012;65(2):158-168.
Hirano Y, et al. Inluences of anti-tumour necrosis factor
agents on postoperative recovery in patients with rheumatoid
arthritis. Clin Rheumatol. 2010;29(5):495-500.
den Broeder AA, et al. Risk factors for surgical site infections
and other complications in elective surgery in patients with
rheumatoid arthritis with special attention for anti-tumor
necrosis factor: a large retrospective study. J Rheumatol.
2007;34(4):689-695.
Ruyssen-Witrand A, et al. Complication rates of 127 surgical
procedures performed in rheumatic patients receiving
tumor necrosis factor alpha blockers. Clin Exp Rheumatol.
2007;25(3):430-436.
Goodman SM. Rheumatoid arthritis: perioperative
management of biologics and DMARDs. Semin Arthritis
Rheum. 2015;44(6):627-632.
Kaltsonoudis E, et al. Neurological adverse events in patients
receiving anti-TNF therapy: a prospective imaging and
electrophysiological study. Arthritis Res her. 2014;16(3):R125.
Fromont A, et al. Inlammatory demyelinating events
following treatment with anti-tumor necrosis factor. Cytokine.
2009;45(2):55-57.
Wright NM. Posterior C2 ixation using bilateral, crossing C2
laminar screws: case series and technical note. J Spinal Disord
Tech. 2004;17(2):158-162.
Payer M, Luzi M, Tessitore E. Posterior atlanto-axial ixation
with polyaxial C1 lateral mass screws and C2 pars screws.
Acta Neurochir (Wien). 2009;151(3):223-229.
Sinha S, et al. Occiput/C1-C2 ixations using intra-laminar
screw of axis—a long-term follow-up. Br J Neurosurg.
2015;29(2):260-264.
Chieng LO, Madhavan K, Vanni S. Pooled data analysis on
anterior versus posterior approach for rheumatoid arthritis at
the craniovertebral junction. Neurosurg Focus. 2015;38(4):E18.
Tokuhashi Y, et al. C1-C2 intra-articular screw ixation
for atlantoaxial subluxation due to rheumatoid arthritis.
Orthopedics. 2009;32(3):172.
Elliott RE, et al. Atlantoaxial fusion with screw-rod
constructs: meta-analysis and review of literature. World
Neurosurg. 2014;81(2):411-421.
Okamoto T, et al. Mechanical implant failure in posterior
cervical spine fusion. Eur Spine J. 2012;21(2):328-334.
Squires J, Molinari RW. C1 lateral mass screw placement with
intentional sacriice of the C2 ganglion: functional outcomes and
morbidity in elderly patients. Eur Spine J. 2010;19(8):1318-1324.
Dmitriev AE, et al. Acute and long-term stability of
atlantoaxial ixation methods: a biomechanical comparison
of pars, pedicle, and intralaminar ixation in an intact and
odontoid fracture model. Spine. 2009;34(4):365-370.
Lapsiwala SB, et al. Biomechanical comparison of four C1 to
C2 rigid ixative techniques: anterior transarticular, posterior

1485

XII

This page intentionally left blank

S E C T I O N

85

C H A P T E R

Ankylosing Spondylitis
Dheera Ananthakrishnan
Serena S. Hu

Ankylosing spondylitis (AS) was irst described in the late
1800s by a group of French neurologists. It is currently classiied as one of the spondyloarthritides. he hallmark of the
disease is pain and stifness of joints, mainly in the axial
skeleton, with early inlammation in the sacroiliac joints and
the spine and later indings of increased bone formation,
leading to global and regional stifness. he disease usually is
diagnosed in men in their second and third decades of life.
here is some debate about the true male-to-female ratio. It
was previously thought that the ratio was almost 10 : 1. It is
now accepted that the ratio is much lower, probably about 4 : 1.
he disease afects males predominantly, with a 2 : 1 ratio. he
disease in women is usually less severe, possibly leading to
what may be perceived as a decreased incidence. AS is an
autoimmune condition that oten results in chronic pain, disability, deformity, and fractures, much of which is of a spinal
etiology. In addition, large joints—most notably the hips,
knees, and shoulders—develop early arthritic changes.

Pathophysiology
he association between the major histocompatibility complex
antigen HLA-B27 and AS has been well established.1–6
Approximately 90% of AS patients are positive for the HLA-B27
antigen, although less than 10% of patients who are HLA-B27
positive manifest the signs and symptoms of AS. First-degree
relatives of AS patients who are HLA-B27 positive who are
also positive for the antigen have a 30% risk of having AS in
contrast to the prevalence in the general population, which is
1% to 2%. he exact mechanism of the AS and HLA-B27
connection is unknown, although a bacterial association has
been proposed. Recent research has revealed complex associations of AS with cytokines, such as the interleukins and tumor
necrosis factor; this research has led to new treatment algorithms for disease modiication.
AS is an inlammatory disease in which joints become
arthritic and eroded, followed by autofusion (ankylosis).
Microscopic evaluation of early lesions shows lymphocytic
iniltrates, plasma cells, and macrophages. he irst joints to

be afected are usually the sacroiliac joints, followed by the
vertebral apophyses, followed by the costovertebral joints.
When the costovertebral joints have been fused, chest expansion is much reduced, leading to a decrease in pulmonary
function. Enthesopathies are also common, leading to inlammation and erosions of the junction of the anulus and the
vertebral endplate. Subchondral marrow edema is a classic
inding in enthesopathies associated with AS. Erosions lead
to ossiication of the endplates, which is manifested by the
bridging syndesmophytes seen on plain radiographs. Ankylosis of the facet joints leads to the “bamboo spine” seen on
plain radiographs. During the progression of facet ankylosis,
patients tend to assume a kyphotic posture to unload the
joints and relieve the pain. With time, this compensatory
mechanism leads to the ixed deformities of cervicothoracic,
thoracic, and lumbar kyphosis commonly seen in AS patients
who present to spinal surgeons. hese deformities lead to
diiculty with horizontal gaze, ambulation, and activities of
daily living.
When the spine has become completely ankylosed, it functions as a rigid, brittle beam, leading to an increased incidence
of fracture with even minor trauma. hese fractures represent
the second pressing issue that spine surgeons must deal with
when treating patients with AS. Osteoporosis also plays an
important role in AS.1,7–10 he greatest decrease in bone mass
occurs early in the course of the disease, although the reason
for this is unknown. Decreased bone density in AS patients is
multifactorial: it results from the uncoupling of bone formation and resorption, stress shielding in the vertebral bodies,
and decreased activity and decreased muscle mass.
AS afects peripheral joints as well. he most common joint
involved is the hip joint, where protrusio acetabuli can be
seen. Hip involvement is oten bilateral and oten occurs early
in the course of the disease. In addition, the presence of thoracic and lumbar kyphosis compounds the problems seen with
hip lexion contractures because these conditions contribute
to an inability to stand upright. he shoulders, knees, wrists,
and hands are also afected but to a much lesser degree.
Disease modifying antirheumatic drugs are currently being
researched for treatment of AS.10–12 In particular, tumor
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necrosis factor blocking agents such as inliximab have been
shown to improve clinical symptoms as well as decrease
inlammatory markers and decrease appearance of inlammation on magnetic resonance imaging (MRI), all in the axial
skeleton. hese drugs have been promising, particularly when
compared with traditional agents such as sulfasalazine, methotrexate, and nonsteroidal antiinlammatory drugs (NSAIDs),
which have not been shown to be very efective in the axial
skeleton, although they have been shown to help in the appendicular skeleton.

Nonorthopaedic Manifestations
Although it is the musculoskeletal system that is mainly
afected by AS, there are other serious efects of the disease.
he most common extraskeletal abnormality is anterior uveitis
(approximately 25% of patients), which is usually treated with
topical agents and rarely leads to vision loss. Ankylosis in the
thoracic spine and at the costovertebral joints leads to markedly diminished chest wall expansion, resulting in restrictive
lung disease with decreased lung volumes (vital capacity and
total lung volume) and increased dependence on diaphragmatic excursion. Preoperative pulmonary function tests are
recommended as is smoking cessation and aggressive postoperative pulmonary toilet. Some AS patients (25–30%) also
have a component of ileitis or colitis, or both; regardless, all
patients for whom surgery is being contemplated should have
a preoperative nutritional assessment and should be considered for perioperative nutritional supplementation. he incidence of aortic stenosis and aortic valve insuiciency is
increased in these patients as well; a preoperative echocardiogram is recommended routinely.

Physical Examination and Diagnosis
A patient with AS is most oten a young man who gives a
history of vague nonlocalizing back pain, morning stifness,
and possibly increasing diiculty with activities of daily
living. Although women are afected with AS, men oten
present earlier or with more advanced disease. Upon physical
examination, diminished spinal mobility, especially in the
sagittal plane, is usually present. he Schober test is used to
evaluate lumbar spinal motion: points 10 cm above and 5 cm
below the lumbosacral junction in the midline are marked
on the patient in the fully upright position. With full forward
lexion, there should be at least 5 cm of excursion between
these two points. Chest expansion is commonly limited
to less than 2.5 cm of excursion and is typically measured
at the fourth intercostal space. he modiied New York
diagnostic criteria for AS were outlined in 1984 and are as
follows13:
1. Sacroiliitis conirmed by radiographs
2. Persistent low back pain greater than 3 months in duration
3. Diminished chest expansion (as just described)
4. Limited range of motion of the lumbar spine in the sagittal
and coronal planes

he presence of sacroiliac inlammation and one of the
other three criteria are generally considered enough to establish the diagnosis of AS.
Sacroiliitis is usually identiied on an anteroposterior pelvis
ilm (with or without a Ferguson view). It is widely accepted
that the presence of sacroiliitis is crucial for the diagnosis of
AS. Sacroiliac joint destruction is the earliest manifestation of
AS. he earliest stages of sacroiliitis show some blurring of the
cortical margins; this progresses to subcortical erosions (more
commonly on the iliac side because it is less robust than the
sacral side). In advanced stages, the sacroiliac joints become
completely fused and the cortical erosions disappear. Sacroiliac joint involvement usually is symmetrical and bilateral.
Studies have suggested that the use of bony pelvis computed
tomography (CT) or MRI in conjunction with plain radiographs may lead to earlier diagnosis of AS.8 It has yet to be
determined whether this early diagnosis favorably afects
clinical outcomes.

Management of Acute Injury
he spinal surgeon is usually not the physician making the
initial diagnosis of AS but rather is called on to address spinal
deformity caused by AS in the clinic and spinal trauma in an
AS patient in an emergency setting. A trauma patient with AS
also presents a great challenge to the spinal surgeon. he spine
in AS functions as a long rigid beam, acting much like a long
bone. his altered biomechanical state, plus the presence of
osteoporosis and the lack of ligamentous constraints, signiicantly decreases the fracture threshold of the ankylosed spine.
he key to detecting fractures in these patients is having a high
index of suspicion, especially ater minor trauma. Delay in
diagnosis is common and is associated with secondary neurologic injury. he cervical and cervicothoracic regions are the
most commonly afected, followed by the thoracolumbar
junction. Plain radiography is neither sensitive nor speciic in
these instances; in many trauma centers, plain radiography
has been replaced by CT as the initial radiographic evaluation
for a suspected spinal injury. Epidural hematoma, spinal cord
injury, and disc injury can be visualized with MRI as a secondary evaluation. he physician making the initial evaluation
should keep in mind that oten CT scan is not sensitive enough
to pick up an occult fracture; given the high cost of missing
these fractures, an MRI should be obtained in cases of clinically suspected fracture not visualized on CT scan.
A patient with AS may present with a progressive neurologic deicit without obvious bony injury or with progression
of the spinal deformity and increased pain. his may be a
missed spinal column injury that presents at a later time to the
clinic or the emergency department with progressive neurologic deicit or worsening of deformity, or both. he evaluating
clinician must also be aware of possible hyperextension
through a fracture at a kyphotic segment, which may result in
relatively normal sagittal alignment. Attempts to determine
the patient’s preexisting deformity from history and prior
radiographs should always be made. here have been reports
of neurologic injury in patients strapped to spine boards in a
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was due to a greater percentage of bone density loss during
this period, resulting in a decreased fracture threshold. In
addition, the dampening structures present in a normal spine
have lost their load-absorbing qualities in the ankylosed spine.
he intervertebral discs are stif, as are the ligamentous structures, and the facet joints are ankylosed.
Whang and colleagues21 compared a cohort of 12 patients
with AS who sustained spinal injuries with 18 patients with
difuse idiopathic skeletal hyperostosis (DISH) who sustained
spinal injuries. he DISH group represents a group of patients
of similar age whose spinal condition results in stif segments
above and below any spinal fracture. Falls from a standing
position were the most common mechanism of injury. here
was a greater likelihood that the DISH patients did not incur
any neurologic deicit (44.4%) compared with AS patients
(25% of whom did not have a neurologic deicit). Complication rates were higher in the AS group (42% vs. 33% in the
DISH group). here were two deaths in each group related to
the injury or its treatment, all of which were considered to be
related to the use of the halo vest (aspiration [two deaths],
respiratory failure, and multisystem organ failure). Several
patients died of unrelated causes during the follow-up period;
however, all surviving patients were contacted and were classiied as having excellent or good outcomes.
Caron et al.22 looked retrospectively at 112 patients with
AS and DISH who sustained 122 fractures. he majority of
these were extension-type injuries, most at the C6–C7 disc
level. Nearly 60% had a spinal cord injury. Nineteen percent
of the patients had a delayed fracture diagnosis. Subgroup
analysis noted no signiicant diferences between the AS group
and the DISH group (28 and 74, respectively). Two-thirds of
the patients underwent surgery, which usually consisted of
a posterior fusion with a minimum of three levels of ixation above and below the injury level. here was a high rate
of complications (84%) as well as a high rate of mortality
(32%), the latter of which correlated with advanced age (>70
years old). However, 34% of the patients with a spinal cord
injury improved neurologically, and these authors did feel that
surgery could be beneicial, though diicult, in these patients.
Westerveld et al.12 did a literature review of fractures
in patients with AS and DISH. Ninety-three articles were
reviewed, with 345 ankylosing spondylitis patients and 55
DISH patients. hey noted that most of the injuries were as
a result of a low-energy insult (65–69%) and that most were
cervical spine fractures (60–81%). Of the AS patients, 17%
had a delay in diagnosis, with 14% of patients sustaining a
secondary neurologic decline. Of the patients, 54% underwent surgery; the majority of these surgeries were posterior
spinal fusions. hey did note some unusual complications
ater surgery, such as aortic dissection, pseudoaneurysm, and
tracheal rupture; however, the patients treated nonoperatively
had a similar mortality rate compared to the surgically treated
patients (11–13% vs. 6–7%, not signiicantly diferent from a
statistical standpoint).
Finkelstein and colleagues23 looked retrospectively at 21
AS patients with a diagnosis of spinal trauma. One-third of
these patients had a delay in diagnosis; three had complete
spinal cord injuries on presentation, and three experienced
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position of hyperextension when compared with their preinjury alignment.14,15 Because of the stif and osteoporotic spine,
minor trauma may result in acute angulation or moderately
rapid deformity progression. One should refrain from attempting acute correction through such a fracture. he patient
should be initially immobilized in a halo vest in the preinjury
alignment. Every attempt to maintain the patient’s preinjury
posture while performing the evaluation should be made.
For a patient with a neurologic deicit, MRI is imperative.
MRI may reveal an epidural hematoma, buckling of the ligamentum lavum, or a disc herniation. Hematomas can occur
in these patients from minor trauma from the osteoporotic
bone or from scarred epidural vessels adjacent to a fracture.
Evacuation of a hematoma is essential in the presence of
progressive neurologic deicit. he decompression required
may signiicantly destabilize the AS patient; thus, the surgeon
should be prepared to stabilize the spine at the same setting.
Usually, rigid instrumentation is required, although rarely
halo immobilization may be suicient for some cervical cases.
As with instrumentation for elective cases, the screw-bone
interface is compromised because of osteoporosis and the
overall spinal column can be extremely unstable in these situations. Both of these concerns warrant aggressive stabilization
with multiple ixation points above and below the fracture site.
he incidence of neurologic injuries in these patients is
quite high (58–65%) owing to excessive bleeding at the fracture site leaking into the conined epidural space and translation (displacement) at the fracture site. he translation causes
direct injury to the spinal cord and persistent bleeding due to
motion, resulting in an enlarging compressive hematoma.
Most spinal injuries in AS patients are three-column injuries
(because of the stifness of the load-absorbing structures).
hese injuries are highly unstable because there are two long
lever arms hinging at the fracture site. In addition, the presence of preinjury kyphosis increases the likelihood of translation at the level of the injury, which subsequently increases the
likelihood of neurologic injury. Last, poor bone stock and
diicult radiographic evaluation can lead to a delay in diagnosis and a secondary neurologic decline. Most of these
injuries (60–75%) are at the cervicothoracic junction, which
is notoriously diicult to evaluate with plain radiographs. If
the surgeon uses lateral mass screws in the cervical spine,
these constructs should generally be supplemented by external
support, such as with a halo vest. Laminar hooks may be more
rigid in many patients, but external bracing should still be
considered.
It is generally accepted that AS patients sustain more spinal
fractures and dislocations than individuals without AS, anywhere from 4 to 7 times the fracture rate of those unafected
by AS.10–12,16–20 Carbone and colleagues2 retrospectively looked
at 158 patients in Rochester, Minnesota, with AS and found a
sevenfold increase in the incidence of spinal fractures over
that of a cohort of patients without AS. hey found no such
increase in extremity fractures. he patients with spinal fractures tended to be older and had a greater preinjury involvement of the spine than patients without fractures. Cooper and
colleagues16 also noted that this higher incidence was mainly
during the irst 5 years ater diagnosis and suggested that this
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neurologic deterioration to complete spinal cord injuries ater
admission. hese authors recommended quick-screening cervical and thoracic MRI (one ilm) and screening lumbosacral
spine MRI (one ilm) for diagnosis, in addition to minimal
transfers and immediate stabilization. hey did not comment
on their deinitive protocol for treatment of these patients
(operative vs. nonoperative).
Hitchon and colleagues24 retrospectively reviewed 11
patients with AS and thoracic and lumbar fractures. hey
found that 10 of these patients had sustained three-column
injuries; 9 patients had extension-type injuries. More than half
of these patients had a neurologic deicit (the speciics of
which the study authors did not mention); half of these neurologically injured patients had some improvement in function. hese authors recommended surgical intervention for
stabilization of thoracic and lumbar three-column injuries
because of their inherent instability.
he relatively recent adoption of minimally invasive techniques has been looked at in the AS population. Nayak et al.25
looked at 11 consecutive patients with AS and/or DISH treated
with minimally invasive surgery stabilization ater hyperextension injuries of the thoracolumbar spine. he mean age was
77 years and the mean American Society of Anesthesiologists
grade was 3. An average of 7 segments were instrumented. Of
note is that the authors did not comment on whether they
attempted a fusion in these patients or not. here were no
revisions, and the clinical outcomes were similar to those of
elective lumbar degenerative surgery.
Graham and van Peteghem26 looked retrospectively at 15
patients over 6 years (1978–84) comparing types of injuries
and treatments. Of the patients, 12 had cervical spine injuries;
9 of these had spinal cord injuries. he two patients with
thoracic injuries had anterior cord syndromes. here were
no compression-type injuries; most injuries resulted from a
lexion-extension type of mechanism. he only patient treated
with operative intervention was the patient with the lumbar
injury, who had hardware failure and had to undergo revision. Two patients died, and three patients had pulmonary
complications.
Apple and Anson27 reviewed AS patients with spinal fracture and spinal cord injury, comparing operative versus
nonoperative treatments. his study was a retrospective,
multicenter study of 59 patients. In the operative group, 37
patients were treated with a variety of procedures. Patients in
the nonoperative group were placed in halo traction followed
by halo vests and placed on bed rest. here were no signiicant
diferences between the two groups with regard to motor
recovery, fusion complications, or mortality rate (22% in both
groups). he nonoperative group did have signiicantly shorter
hospital stays. No analysis of the patients according to type of
injury or treatment was done, and no discussion of the deaths
was presented.
Hunter and Dubo17 reviewed the cases of 19 AS patients
who had sustained cervical spine fractures. Five of these
patients had a complete spinal cord injury, and all of these
patients died ater their injury without having had any surgical
intervention. All of these patients were treated nonoperatively.
No patient developed neurologic deterioration, and all of the

patients with incomplete cord injury regained some function.
he authors concluded that nonoperative treatment worked
well in these patients, although they suggested that surgery be
considered in patients with grossly unstable injuries.
In a classic article, Bohlman28 retrospectively reviewed 300
patients with cervical spine injuries.28 He found only eight
patients who carried a preinjury diagnosis of AS. Five of
these patients died of pulmonary or gastrointestinal causes.
Clinically signiicant epidural hematomas were found only
in the AS patients. Bohlman recommended decompression
for patients with progressive neurologic deicit. here was a
delay in diagnosis in four patients, all of whom developed
spinal cord injuries.
he generally accepted protocol with respect to the management of spine trauma in AS patients is as follows. If the
clinician has even the slightest suspicion of spinal injury,
the patient should be immobilized in the preinjury position.
Plain radiography and ine-cut CT with reconstructions
should be obtained. If the patient has a neurologic injury,
MRI should be considered, looking for an epidural hematoma.
If a fracture is detected and displacement or gross instability is noted, low-weight inline traction should be used in an
attempt to facilitate a reduction to the preinjury alignment.
If a reduction is obtained, the patient should be placed in a
halo vest for deinitive treatment. If a reduction cannot be
obtained, internal ixation is recommended, with or without
decompression if indicated by the patient’s neurologic status.
Postoperative immobilization in the form of a halo vest is
then recommended. In a patient with a progressive neurologic
deicit, MRI is likely to reveal the presence of a hematoma.
In a patient with a stable deicit and no hematoma, the cord
injury likely occurred at the time of injury; as long as the
spine is stable, management of the neurologic injury should be
expected. If the spine is unstable, reduction and stabilization
either with traction followed by a halo vest or with surgery
is recommended if the patient is medically able to tolerate
surgery. If not, external immobilization, such as a halo vest
or rigid thoracolumbar orthosis, can be used to manage these
injuries, but in general the clinical outcomes are better with
surgical intervention due to the high rate of unstable injuries.
Despite some case reports to the contrary,12,14 the standard of
care for the AS patient with a spinal fracture is not to attempt
a deformity correction at the same sitting as fracture stabilization. Rather, the two issues should be dealt with separately,
allowing the patient to recover from the fracture and the
surgery, then planning an elective deformity correction if it is
warranted and the patient is able to tolerate it.
Complications can arise at the time of injury and from
treatment of the injury. Deformity and neurologic injury can
occur as a result of the injury; treatment with decompression
and internal ixation carries risks of nonunion, hardware
failure, failure of the bone-screw interface that results in
loss of ixation, and infection. Halo management carries its
own risk of complications. Skull fractures, pin tract infections, intracerebral hemorrhage, and intracranial air all have
been reported with halo immobilization in these patients.14,29
Taggard and Traynelis30 described a posterior cervical fusion
(lateral mass plating) that they used in seven AS patients who
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Deformity
he deformities seen in AS are a result of excessive kyphosis
throughout the spine and excessive lexion at the hip joints.
All areas of the spine can be afected, with the lumbar spine
afected most oten, followed by the thoracic and cervical
spine. If the physical examination and radiographic examinations indicate that the hip lexion contracture plays a signiicant
role in the overall deformity, hip arthroplasty should be performed before spinal surgical intervention. In this manner, the
less morbid operation is performed irst; in addition, the spine
surgeon can better assess the actual amount of sagittal imbalance attributable to the spine.
he spine surgeon must carefully examine the patient in
the standing, seated, and supine positions to determine the
major component of the deformity. If a major portion of the
deformity corrects on moving from a standing to a seated
position, the deformity is most likely arising from the hip
joints or the lumbar spine and arthroplasty should be performed irst. If the deformity persists on sitting but corrects
in the supine position, the deformity is arising from the thoracic, thoracolumbar, or lumbar spine, and a lumbar osteotomy
is usually indicated. If the deformity persists even in the supine
position, the deformity is in the cervicothoracic area, and an
osteotomy in this area is indicated.
From a radiographic standpoint, a full spine lateral radiograph with the neck in a neutral position and the hips in a
fully extended position is crucial for surgical planning. his
radiograph allows measurement of the chin-brow angle, which
is formed by a line from the chin-brow to the loor vertical
angle. his measurement is helpful when planning any osteotomy. Ideally, the chin-brow angle should be zero. Suk and
colleagues31 looked at the signiicance of the chin-brow measurement in assessing the success of surgical intervention.
hese investigators evaluated 34 AS patients undergoing
lumbar or thoracolumbar osteotomies for correction of sagittal imbalance. Preoperative and postoperative chin-brow
angles were measured. Clinical outcome assessment involved
the Modiied Arthritis Impairment Scales (AIMS). his questionnaire consists of three simple questions plus numerous
subscales: function, indoor activity, outdoor activity, psychosocial activity, pain, and overall subjectivity. he authors
found improved postoperative AIMS scores for questions
involving looking forward, going up stairs, and going down
stairs. here was a negative correlation between chin-brow
angles and correction obtained but no correlation between

chin-brow angle and clinical outcome. he patients who were
overcorrected (to an angle <10 degrees) had worse scores with
regard to looking forward and going down stairs; these results
were found to be statistically signiicant.
Song et al.32 investigated the optimal chin-brow angle for
AS patients. hey looked at 25 patients with AS who underwent surgical intervention for deformity correction, evaluating
the inal chin-brow angle as well as visual ield–related life
quality measurement scales and subjective appearance. In
addition, they evaluated a number of indoor and outdoor
activities. hey found that the optimal chin-brow angle for
best function and appearance was between 10 and 20 degrees.
When the location of the primary spine deformity is determined, the surgeon must decide what type of osteotomy would
be most appropriate. It is preferable to place the osteotomy at
the apex of the deformity, but this is not always possible.
horacic and thoracolumbar osteotomies are limited by the
rib cage, the spinal cord, and the conus medullaris. Deformities in these areas are oten almost always treated with a
lumbar osteotomy. By moving the osteotomy more caudally,
one can obtain more sagittal plane alignment correction owing
to a longer lever arm. By overcorrecting at the lumbar level,
one can address the thoracic kyphosis and lumbar kyphosis.
If overcorrection is to be performed, the surgeon should take
into account what portion of the deformity is cervicothoracic
because the patient’s horizontal gaze would be afected and
may not be restored. Of note, however, is that lumbar osteotomies present their own assortment of problems, such as dificulty with visualization and fewer points of ixation available
distal to the osteotomy. hese issues may lead the surgeon to
perform an osteotomy or vertebral body resection in the
thoracic spine, which carry their own set of risks and potential
complications.

Preoperative Assessment
A careful history should yield information about the patient’s
lifestyle, habits, and medications. Smoking cessation is
imperative in these patients; many surgeons do not undertake
the operation while a patient is actively smoking. NSAIDs
should be discontinued at least 2 weeks before surgery. Preoperative pulmonary function tests are indicated because most
of these patients have restrictive lung disease. Preoperative
echocardiography may also be indicated, as previously mentioned, although cardiac intervention is not oten needed.
Results of renal function tests should be obtained before
surgery; an awareness of tenuous renal function would beneit
intraoperative and postoperative luid management. Many AS
patients have a component of renal dysfunction because of
long-term use of NSAIDs. Cervical spine lexibility should be
assessed by the orthopedist and the anesthesia service before
the procedure; iberoptic intubation is usually needed because
of concomitant ankylosis of the cervical spine.
Historically, most osteotomies in AS patients were performed with the patient awake or using a Stagnara wake-up
test for evaluation of spinal cord function before, during, and
ater a correction. Somatosensory evoked potentials and motor
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had sustained fractures. he fusions were supplemented with
autologous rib grats. Postoperatively, the patients were immobilized in collars only, with the exception of one, who was
placed in a sternal-occipital-mandibular immobilizer. Fusion
occurred in all patients; there were two deaths in quadriplegic
patients. he authors recommended operative intervention
as a means of avoiding postoperative halo immobilization.
Other complications that have been reported include cardiac
issues, aortic rupture, postoperative dysphagia, and infection,
to name a few.
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evoked potentials (epidural or transcranial) have become more
reliable so that the wake-up test is less frequently needed.
he anterior tracts are better monitored by motor evoked
potentials. hese tracts can be preferentially afected during an
extension maneuver when addressing kyphotic deformities,
either by direct compression or by impairing the vascular
supply to the spinal cord. Of note is that in 2006, Simmons
presented his 36 years of experience with his classically
described cervicothoracic osteoclasis procedure performed in
the seated position under local anesthesia alone.61 He noted
a slight change in technique in the latter years, with a larger
area of bony resection laterally, but the anesthesia and surgical
position remained the same. No instrumentation was used;
rather, all patients were placed in a halo vest for 4 months.
He reviewed 131 cases and noted three cases of intraoperative
paraplegia, one of which resolved ater the dura was split, one
of which was thought to be related to a carotid artery distraction. he third did not recover signiicantly ater splitting of
the dura. Sixteen patients developed a C8 radiculopathy. Four
patients died within 3 months of surgery from pulmonary and
cardiac complications. Also noted were few complications of
pseudarthrosis, pneumonia, deep vein thrombosis, and halo
pin infections.
A preoperative nutritional assessment (albumin, prealbumin, total protein) should be performed; perioperative
nutritional supplementation (tube feedings or parenteral
nutritional assessment) may be indicated. Klein and colleagues33 noted a signiicant increase in complications, such as
deep wound infection in patients undergoing lumbar spinal
fusion who were malnourished by nutritional parameters
preoperatively. Hu and colleagues34 and Lapp and colleagues35
showed that supplementation in the form of parenteral nutrition is beneicial in reducing complication rates ater reconstructive spine surgery.

Lumbar Osteotomies
he irst lumbar osteotomy was described in 1945 by SmithPetersen for use in the rheumatoid patient.36 his osteotomy
is an opening osteotomy, meaning that the apex of the wedge
lies posteriorly, opening up the anterior column during correction (osteoclasis through ossiied disc space and anterior
longitudinal ligament). Smith-Petersen and colleagues performed multilevel osteotomies in six patients. hese osteotomies were V-shaped in the coronal plane, with the point of the
“V” at the midline in the interlaminar space. he osteotomies
are carried out through the articular processes bilaterally at
two or three levels. It is imperative that adequate amounts of
lamina and lavum are resected before correction so that
compression of the neural elements on closure does not occur.
Cauda equina syndrome has been reported by Simmons37
as a result of a decrease in canal dimensions. he posteriorly
based closing wedge type of osteotomy results in an anterior
opening at the level of the disc space. his anterior opening
can be better achieved in an AS patient than a patient without
AS because of the stifness of the disc space. Complications of
an opening wedge osteotomy include superior mesentery

artery syndrome and aortic rupture owing to stretching of the
abdominal vasculature.38,39 Vascular complications are rare
and tend to occur in older patients with calciic, adherent
abdominal vessels.
Lichtblau and Wilson38 described a patient who underwent
closed osteoclasis followed by cast placement. his patient
died in the immediate postoperative period of an aortic
rupture. His history was signiicant for a large dose of radiation that was used to treat the ankylosed spine. Fazl and colleagues39 described an AS patient who sustained a fracture
through the T12–L1 disc space. He was treated with Harrington rod instrumentation and fusion but died 2 days
postoperatively from an aortic rupture at the level of the
injury. Aortic necrosis was present at autopsy, as were adhesions of the vessels to the spine. More common complications
reported include ileus, pneumonia, and root traction injury.
Cauda equina syndrome with laccid paralysis below the level
of injury, although rare, was reported in these studies as well.
Patients originally were immobilized in plaster; segmental
instrumentation currently is indicated for these patients.
Many investigators have reported their results ater multilevel
Smith-Petersen osteotomies.36,40,41 Nonunion rates resulting in
recurrence and progression of deformity were signiicant.
Soon ater the original description of this technique, reports
of “plugging up” the open disc spaces with interbody fusions
showed increased fusion rates and decreased complications.42
he complications associated with opening wedge osteotomies
led to modiications of Smith-Petersen’s techniques. In 1949,
Wilson and Turkell43 described a procedure similar to the
Smith-Petersen procedure in which less bone is removed but
more osteotomies are created. he anterior longitudinal ligament is not ruptured; the anterior column length is not
changed. In 1985, McMaster41 described the addition of Harrington compression instrumentation to Smith-Petersen
osteotomies in 14 patients. his instrumentation was used to
close the wedges produced ater osteotomy. Postoperatively,
the patients were placed in casts for 9 months. Mean correction was 33 degrees at inal follow-up. Subjective improvement
was found in horizontal gaze and height and posture. he
author suggested that a slow controlled osteotomy closure was
beneicial in terms of overall stability and protection of neural
elements. Püschel and Zielke44 also performed multiple
wedge-shaped Smith-Petersen type osteotomies and used
Zielke instrumentation to close the osteotomies. hey also
recommended a slow correction with a gradual lordosis.
Ater reports of nonunions and concerns about stretching of the abdominal vasculature and viscera, homasen45
described a closing wedge osteotomy. He reported on 11
patients in whom he performed a complete laminectomy
at L2, transected the transverse processes, and resected the
ankylosed facets at L2–L3. he pedicles of L2 were removed
in their entirety down to the posterior aspect of the vertebral
body. he entire vertebral body was decancellated, followed
by removal of the posterior cortex and osteotomies of both
lateral cortices. Ater careful mobilization of the dura above
and below L2, homasen45 closed the wedge by gradual lexion
of the table. Internal ixation (plates and wiring) was used
in six patients; all patients were placed in casts. One patient
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performed as desired, gaining correction at each level, which
can be facilitated by extending the operative table. A rod of
the desired and intended coniguration should be contoured
in preparation for the correction. If a three-column osteotomy
is needed, the laminectomy is performed at the desired level.
his is most oten L3 or L4, since the more distal correction
will allow more improvement of the sagittal vertical axis but
still allow three levels of ixation distally. he pedicle is skeletonized and then removed; the vertebral body is then decancellated in a wedge coniguration. Oten, a temporary rod is
needed to prevent the osteotomy from collapsing prematurely.
Decancellation of the osteoporotic spongy bone can result in
signiicant bleeding and intermittent packing of the site with
hemostatic agents is usually needed. Once the vertebra has
been resected, the lateral body wall can be divided and the
posterior body wall imploded into the defect. Placement of the
contoured rod, supplemented by extension of the table, usually
facilitates excellent correction. Once the spine has been stabilized, radiographs are taken to assess correction; if additional
correction is needed, more bone can be removed or the rod
or table further adjusted.
More recently, Van Royen and De Gast49 mathematically
analyzed the sagittal plane corrections of two patients and
determined that the amount of correction needed depends on
three parameters: sacral endplate angle, C7 plumb line, and
chin-brow angle. he sacral endplate angle relects the amount
of sagittal plane deformity that can be attributed to the hip
joints: as the lexion contracture at the hip increases, the pelvis
must rotate posteriorly to keep the body center of mass over
the pelvis, decreasing the sacral endplate angle. he chin-brow
angle has been shown to be a quantiiable parameter that
relects the restoration of horizontal gaze.40 A mathematical
formula was found that determines the ideal location and
angle for each particular patient for a closing wedge-type
osteotomy centered on the anterior longitudinal ligament.
here have been many retrospective reviews of AS patients
treated with various osteotomies for sagittal imbalance. Van
Royen and De Gast49 performed a meta-analysis of 856 AS
patients. hey found three diferent techniques described:
multisegment (two to three levels) opening wedge osteotomies
with rupture of the anterior longitudinal ligament (i.e., SmithPetersen), multisegment closing wedge osteotomies (WilsonTurkell), and closing wedge-type osteotomy with pedicle
resection and an anterior hinge (homasen). Ater a thorough
and careful review, the authors concluded that, although no
single technique was clearly superior to the others, the complications associated with closing wedge osteotomies were less
serious than the complications associated with the other two
groups. In addition, loss of correction was more prevalent in
patients treated with opening wedge and polysegmental wedge
osteotomies and the closing wedge types.
A few studies have attempted to quantify results in terms
of patient outcomes using a standardized grading system. In
1995, Halm and colleagues50 used the modiied AIMS questionnaire to evaluate 175 patients retrospectively ater lumbar
osteotomy. Treatment groups were multisegment SmithPetersen with Harrington compression instrumentation (n =
34), multisegment Smith-Petersen with transpedicular ixation
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had a fracture-dislocation above the level of the osteotomy,
resulting in a cauda equina syndrome. his patient had
almost complete return of neurologic function ater revision
decompression and internal ixation. Correction ranged from
12 to 50 degrees. All patients had subjective improvement of
posture and horizontal gaze.
Heinig’s eggshell procedure45a was described in 1984 as a
monosegmental osteotomy to be used in the same situations
in which one would use homasen’s procedure. homasen
leaves the anterior vertebral body cortex intact, whereas Heinig
actually describes fracturing this cortex, which decreases the
length of the anterior column and the posterior column.
As long as more bone is removed posteriorly, restoration of
lordosis occurs.
Bradford and colleagues46 reported in 1987 on a series of
21 patients with AS who underwent single-level or multilevel
lumbar or thoracic osteotomies with or without anterior discectomies. All patients had internal ixation posteriorly with
a thoracolumbosacral orthosis. Average corrections ranged
from 9 to 36 degrees. Complications were noted more frequently in the closing wedge-type osteotomies (neurapraxias
and fracture during hook placement). Wake-up tests were
used in all patients. In addition, these authors recommended
closing-type osteotomies to avoid traction on the spinal cord,
wide decompression, and internal ixation to avoid neurologic
complications.
In 1990, Hehne and colleagues47 reported on 177 patients
with AS in whom multisegmental opening wedge lumbar and
thoracolumbar osteotomies were performed. hese authors
were the irst to report on the use of pedicle screw ixation.
Casting and bracing were used postoperatively. Average correction at follow-up (18–42 months) was 43 degrees, with
horizontal gaze subjectively restored in all cases. Complications included deaths, transient paresis, transient and permanent nerve root injuries, implant failures, and infections.
hese authors suggested that pedicle screw ixation with
multisegmental osteotomies can produce a smoother lordosis
than that produced by a monosegmental osteotomy.
In 1992, Jafray and colleagues48 presented three patients in
whom a decancellation closing wedge osteotomy was performed. hey did not remove the entire pedicle; rather, the
inferior aspect of the pedicle was preserved to ensure protection for the exiting nerve root. Pedicle screw ixation plus a
postoperative cast was used. hese authors recommended
two-level osteotomies (L2 and L4) for patients who needed
more correction. Horizontal gaze was corrected in two
patients; one patient required a cervicothoracic osteotomy for
complete gaze correction. Complications were not discussed.
he technique for lumbar osteotomy, whether via an
opening wedge osteotomy or a closing wedge three-column
osteotomy, begins similarly. he patient is positioned in the
prone position on an operative table with the abdomen free to
decrease venous congestion and bleeding. Oten, an operative
table that can be extended to facilitate correction is useful for
these patients. Standard exposure of the areas to be instrumented is performed. Fixation points, usually pedicle screws
at least three levels above and below the intended apex of the
correction, are attained. Smith-Petersen osteotomies are
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(n = 136), and monosegmental homasen with segmental
ixation (n = 4). he investigators found statistically signiicant
improvement in 47 of 60 items. Kim and colleagues51 used the
AIMS questionnaire prospectively in 45 patients with AS who
were treated with homasen osteotomies at one or two levels.
Osteotomies were mainly performed in the lumbar spine
(usually L3). Average increase in lumbar lordosis was 34
degrees, with no signiicant increase in thoracic kyphosis. All
parameters measured were signiicantly improved. Clinical
outcome scores were signiicantly improved in all ive categories; no correlation was found between the amount of radiographic correction obtained and clinical outcome as measured
by the questionnaire.
Berven and colleagues52 looked at 13 patients undergoing
transpedicular wedge resection. hree of these patients had
AS and were having spine surgery for the irst time. hese
investigators also used outcome measures (modiied Scoliosis
Research Society questionnaire) in a retrospective manner.
Ater 2 years, most of these patients were satisied and would
have the surgery again. he changes in C7 plumb line and
lumbar lordosis were statistically signiicant. Complications
included dural tear, transient nerve root injury, pulmonary
embolus, and loss of sagittal balance. None of the AS patients
showed a loss of sagittal balance at follow-up.
Bridwell and colleagues53 looked at 27 patients undergoing
pedicle subtraction osteotomy, also in a retrospective fashion.
Two of these patients had AS. Outcome data (Oswestry Disability Index [ODI] and Scoliosis Research Society 24-item
questionnaire [SRS-24]) were also obtained retrospectively.
hese authors found a signiicant improvement in sagittal
balance and lumbar lordosis and a high level of patient
satisfaction. Complications included deep vein thrombosis,
myocardial infarction, compartment syndrome, visual ield
loss, pseudarthrosis, loss of correction, urinary retention,
and neurologic deicits (root lesions). he patients with the
latter two complications all responded to a central canal
decompression.
Liu et al.54 looked retrospectively at 53 AS patients who had
complex spinal reconstruction surgery for kyphosis. In
addition to standard outcome measures of the ODI and
the Scoliosis Research Society 22-item questionnaire [SRS22], they looked at gastrointestinal function as measured
by abdominal measurements from CT scans as well as bowel
habits. hey found signiicant clinical improvements in
gastrointestinal function ater pedicle subtraction osteotomy
in addition to improvement in spinal outcomes.
Zhang et al.55 evaluated lung volume changes ater pedicle
subtraction osteotomies in 26 patients with AS. hey noted
improved lung volumes (measured on CT scans) ater osteotomy, and noted that the magnitude of improvement correlated with the improvement in sagittal balance.
Hu et al.56 retrospectively compared single pedicle subtraction osteotomy (PSO) to dual PSO in 60 patients with AS.
hey looked at radiographic parameters as well as outcome
scores and operative parameters such as operating room time,
estimated blood loss (EBL), and complications. hey found
increased EBL and operative time for the two-level cases but
no diferences in the other parameters. hey did make note

of the inherent selection bias with this study, as the patients
selected to have the two-level PSOs were those whose imbalance was worse and that the more unhealthy patients did not
undergo surgery.
Liu and colleagues57 performed a meta-analysis of AS
patients undergoing deformity correction via a posterior
column extension osteotomy versus pedicle subtraction osteotomy. Twenty-three studies were evaluated, with 979 patients
total; 441 of those had an extension osteotomy (posterior
column osteotomy [PCO]), 538 underwent a PSO. Most
patients had a one-level osteotomy between T11 and L5; there
were no signiicant diferences in any of the group characteristics, including the pelvic parameters. he review noted no
signiicant diferences in correction between the two groups
and no signiicant diferences in terms of complications,
but the PSO patients had a longer average operating room
time and higher than average EBL. Also of interest is that
aortic rupture occurred infrequently but exclusively in the
PCO group; the authors recommended avoidance of this
technique in patients over 50 years old and in those who
have radiographic evidence of abdominal aortic plaques/
calciications.
In extreme situations, two-level osteotomies have been performed. Zheng et al.58 looked at 48 patients who underwent
two lumbar osteotomies. All of these patients had single-stage
interrupted PSOs. here were no major complications and
no pseudarthroses. All patients had signiicant improvements
in their clinical outcome scores, and chin-brow angles and
sagittal balance were signiicantly improved. he authors
recommended this approach in the severely deformed patient,
but cautioned against inexperienced surgeons performing the
procedure.

Thoracic Osteotomies
Even when the deformity has been localized primarily to
the thoracic spine, lumbar osteotomies are usually recommended. hese can be performed below cord and conus level,
and they have the advantage of large degrees of correction of
the sagittal vertical axis with a long lever arm. Osteotomies
performed in the thoracic spine are usually Smith-Petersen,
although closing wedge osteotomies and vertebral column
resections may be indicated in the thoracic and thoracolumbar spine.
Kawahara and colleagues59 described a closing-opening
wedge osteotomy in the thoracic and thoracolumbar spine.
hey used this procedure on seven patients with sagittal imbalance. he osteotomy consisted of a partial vertebrectomy with
a large posterior wedge that is performed in a manner similar
to a costotransversectomy. Ater bony resection, pedicle screw
instrumentation plus temporary correction rods are used to
facilitate a closing wedge correction of about 30 degrees. An
opening wedge-type maneuver is facilitated, again through
the instrumentation, and a spacer or allograt is inserted. he
authors noted good improvement in kyphosis, lordosis, and
plumb line. hey had no neurologic complications, no nonunions, and no loss of correction (follow-up, 2.2–7.5 years).
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If the primary deformity has been determined to be in the
cervical spine, an osteotomy at the cervicothoracic junction
can be performed. Patients with these deformities, in addition
to the problems with horizontal gaze, also can experience
dysphagia and problems related to poor oral intake. he chinbrow angle is of paramount importance when planning a
corrective osteotomy in the cervicothoracic region. A key
point is not to overcorrect the horizontal gaze because this can
lead to inability of patients to see the loor ahead of them.
hese patients may function better when corrected to a chinbrow angle of about 10 degrees. In 1958, Urist60 described an
osteotomy in the cervicothoracic region, noting that the canal
at this level is quite large and that the C8 nerve root is quite
mobile compared with the upper cervical roots. In addition,
potential loss of the lower cervical roots is less morbid than
loss of the upper cervical roots. Last, the vertebral arteries are
typically extraosseous at these levels, making resection of the
lateral masses less risky.
Careful preoperative planning with radiographic studies is
of paramount importance when performing a cervicothoracic
osteotomy. Full-length standing lateral spine radiographs are
needed to measure the chin-brow angle. Lateral tomography
or ine-cut CT with sagittal and coronal reconstructions is
performed to delineate the anatomy.37,60 Axial CT scans can be
very helpful in characterizing the distorted anatomy oten
seen in patients with AS, especially with regard to placement
of instrumentation. MRI can help to rule out occult fractures,
which should be suspected if there is recent onset of pain or
rapid progression of deformity; MRI should be obtained if
there is any neurologic deicit. In addition, lexion and extension lateral cervical spine radiographs should be obtained to
look for any instability occurring at the occipitocervical and
atlantoaxial levels. A subset of AS patients develop instability
in these areas as a result of excessive stifness of the entire
spinal column because the stress placed on these upper cervical areas can be quite high. Although the number of AS
patients who have occipitocervical or atlantoaxial instability is
not as high as the number of AS patients with rheumatoid
arthritis, missing this instability can be catastrophic.
he surgeon must carefully examine the preoperative
radiographs and CT scans to determine the amount of correction needed. he measured chin-brow angle should be transposed onto a neutral cervicothoracic ilm, with the apex of the
angle centered on the posterior longitudinal ligament at the
C7–T1 level. By extrapolation, the extent of posterior elements
to be resected can be determined.
As originally described by Urist and popularized by
Simmons, the procedure was performed under local anesthesia only, with the patient awake in a seated position, in seated
halo traction. he seated position carries with it the risk of air
embolus in a patient with a patent foramen ovale so that
continuous cardiac monitoring is indicated during the procedure. With the widespread use of neurophysiologic monitoring, the awake seated position is almost never used for these
procedures at the present time except in the case in which the

severe spinal deformity precludes prone positioning. A baseline set of somatosensory evoked potentials and motor evoked
potentials is obtained, and the patient’s head is placed in a
rigid head holder (three-pin Mayield). Ater the lip, a repeat
run of neurophysiologic monitoring is obtained.
Ater a wide and lengthy exposure, a wide cervical decompression at C7 and T1 is performed, including a dorsal unroofing of bilateral C8 nerve roots. he lateral masses at C7 are also
resected; in addition, the pedicles at C7 are partially removed
to ensure that the C8 nerve roots are not compressed ater the
correction. Sometimes, a portion of the superior aspect of the
T1 pedicles must be removed as well. Before the widespread use
of instrumentation, postoperative immobilization consisted of
a halo vest or cast that was custom measured or itted to the
patient’s torso preoperatively. Currently, sublaminar hooks or
lateral mass and pedicle screw instrumentation can be used
for rigid stabilization, which greatly reduces the likelihood of
translation at the osteoclasis level and subsequent neurologic
injury. Lateral mass screws generally do not hold well in these
patients due to underlying osteoporosis and can be supplemented by halo vest immobilization if the surgeon prefers
to use it, keeping in mind that this orthosis carries its own
risks of complications. Instrumentation is placed three levels
above and three levels below C7–T1 ater the decompression
but before osteoclasis.
Ater the instrumentation has been placed, a temporary
rod is prepared. One surgeon breaks scrub and manipulates
the head and neck via the halo ring, facilitating the osteoclasis.
he neck is slowly extended about the C7–T1 level, while the
scrubbed surgeon watches the decompression site for excessive dural compression. Neurophysiologic signals are carefully
monitored during the correction. An audible crack is oten
heard; the manipulating surgeon should appreciate a decrease
in resistance when the osteoclasis has been completed. If the
decompression has been planned and executed properly, any
residual lateral mass of C7 should be opposed to T1, the C8
nerve roots should be free, and the dura should not be excessively compressed. he halo or Mayield is resecured to the
operative table in the corrected position. he rods are secured
into position.
Even with neurophysiologic monitoring, a wake-up test is
oten performed ater correction. Adjustments can be made
intraoperatively ater the main correction has been obtained.
Ater the instrumentation has been secured, the local bone
resected during the osteotomy is used for grating, supplemented by allograt if the surgeon believes this is indicated,
and the wound is closed. he anterior sot tissues are usually
tight ater being in a shortened position for a long time. he
patient is usually kept intubated until the sot tissue edema
and the postoperative anterior hematoma lessen. Even with
rigid segmental instrumentation, the patient’s osteopenia may
necessitate placement in a rigid halo vest for the duration of
the healing period. Dysphagia is common and usually
resolves with time. If the patient’s caloric intake is borderline,
as is common, it is imperative that the patient receive nutritional supplementation during the healing period in the
form of either tube feedings or parenteral supplementation
(Fig. 85.1).
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FIG. 85.1 (A) Photographs of a 45-year-old female with known ankylosing spondylitis, diiculty with activities
of daily living and horizontal gaze, chin-brow to vertical angle (CBVA) of 40 degrees, and mildly positive sagittal
balance. She had no neurologic complaints. (B) Lateral radiograph and sagittal computed tomography (CT)
myelogram showing lowing syndesmophytes in the cervical spine; no signiicant central stenosis noted.

he literature concerning cervicothoracic osteotomies in
AS patients is not robust. Simmons in his original article37
reported on 42 patients who underwent cervicothoracic osteotomy as described by Urist. he operations were performed in
the seated position under local anesthesia, and postoperative
immobilization consisted of a halo vest. Simmons reported
two nonunions successfully treated with anterior fusion, one
pulmonary embolus, two myocardial infarctions (one fatal),
and one root injury treated with repeat decompression. he
patients who did not experience complications all were quite
satisied with their outcomes and had their horizontal gaze
restored.

In 2006, Simmons and colleagues61 reported on 36 years
of experience in performing cervicothoracic osteotomies.
hey looked retrospectively at 131 cases, 114 of which had
the “conventional” technique, with the remainder undergoing the “current” technique. Both techniques include local
anesthesia with the patient awake during the procedure in a
seated position, with halo ixation alone (no internal ixation).
he diference in the two techniques is in regard to the amount
of bone resected. he current technique resects all of the C7
posterior arch, including the pedicles as well as some resection
of the posterolateral portions of C6 and T1. he conventional
technique does not remove the pedicle or any portions of C6
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FIG. 85.1, cont’d (C) Patient positioned on the operating table preoperatively and postoperatively. Once the
patient was in the inal position on the operating table, the CBVA was recorded with radiographs and
photographs. This allowed for a reasonable assessment of the degree of correction. Note that the position and
angle of the operating table during surgery were not changed. (D) Preoperative and postoperative sagittal CT
myelogram. Note fracture through the superior-posterior portion of the C7 vertebral body. (E) Preoperative and
postoperative lateral cervical radiographs after C6–C7 osteoclasis and C4–T2 posterior cervical fusion with
instrumentation.
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and T1 other than the lamina. Both techniques were found
to adequately correct chin-brow angle (the authors recommended correction to 10 degrees to allow for a functional
position). Average correction was between 49 and 56 degrees.
Two patients in the conventional group had intraoperative
neurologic complications that did not resolve. here were
16 transient C8 radiculopathies in the conventional group,
with two noted in the current group. Sixteen patients went
on to nonunion in the conventional group, with none in the
current group. here were four cases of deep vein thrombosis resulting in pulmonary embolism in the conventional
group; none were noted in the current group. Four patients
in the conventional group died within 90 days. he authors
noted that most patients did well with these surgeries and
were able to tolerate the awake seated procedure, but they
cautioned against the average surgeon performing this type of
procedure.
McMaster61a reported retrospectively on 15 patients with
abnormal horizontal gaze who were treated with an extension
osteotomy at the cervicothoracic junction. hese surgeries
were performed in the prone position with a halo jacket in
place before the osteotomy. Only three patients had internal
ixation. All patients had their horizontal gaze restored. Complications included one patient with delayed postoperative
quadriparesis, two nonunions, a C8 nerve root lesion, and
subluxation at the osteotomy site. McMaster also treated their
nonunions with anterior fusion with subsequent good results.
Mummaneni et al.62 described a “front-back-front” approach
to cervical deformity, which they presented as a more controlled
osteotomy than an osteoclasis. he violent maneuver of fracture
for correction of the deformity is avoided, although the diiculty
with intubation and anterior approach in the setting of cervical
kyphosis is mentioned. hey irst performed an anterior cervical
release, then a posterior instrumentation with resection of all
posterior elements, followed by anterior instrumentation and
grating.
Hoh et al.63 performed an extensive review of the literature
regarding cervical deformity in the setting of ankylosing
spondylitis. he authors looked at 183 patients who had extension osteotomies of the cervical spine, most of which were at
the C7–T1 level due to the vertebral artery anatomy and the
capacious spinal canal at this level. Five patients had a spinal
cord injury, and 35 patients had postoperative issues related
to the C8 nerve root, most temporary. heir conclusions were
that the chin-brow angle should not be corrected to less than
−10 degrees of lexion, usually a posterior-only approach was
enough, multilevel segmental ixation avoided halo ixation,
and that the modern techniques of propofol and neuromonitoring allowed for general anesthesia rather than local anesthesia as recommended by Simmons.
Etame et al.64 also did a literature search to evaluate outcomes ater cervicothoracic osteotomies for ankylosing
spondylitis. hey evaluated 227 patients (6 articles); the
majority of these patients had a loss of horizontal gaze,
causing severe limitations of activities of daily living. Total
neurologic risk across these 6 studies was 23%, mainly related
to the C8 nerve root. A majority of the root injuries were
transient, resulting in a low incidence of permanent injury.

he complication rate varied widely (27–88%), although the
overall mortality rate was less than 3%. Interestingly, pseudarthrosis rate was low even in the studies that did not use
internal instrumentation.
he remainder of the literature dealing with cervicothoracic
osteotomies in AS patients is in the form of case reports.
Sengupta and colleagues65 addressed the complication of
overcorrection resulting in the inability of the patient to look
down. hey performed a same-day, four-stage procedure in
the lateral decubitus position with transparent drapes and
reported restoration of horizontal gaze in one patient. hey
recommended this procedure only in extreme cases.

Summary
Spinal reconstructive surgery in patients with AS is a complex
and high-risk procedure. hese patients have signiicant disability from their spinal deformities, however, and can experience signiicant beneit from correction of their alignment and
sagittal imbalance. Careful preoperative planning, a clear
understanding of the characteristics of the spines of AS
patients, and meticulous intraoperative and postoperative care
can lead to measurable improvement in quality of life for these
patients.
PEARLS
1. The progression of facet spondylosis causes compensatory
kyphosis, which can lead to the ixed deformities of
cervicothoracic, thoracic, and lumbar kyphosis commonly seen
in AS. These deformities lead to diiculty with horizontal gaze,
ambulation, and activities of daily living.
2. Initial immobilization of a patient with AS who has a spinal
column fracture should be in the preinjury position because of
the potential for injury to the spinal cord if hyperextension from
the prior position is performed.
3. Determining the major component of the deformity requires
examining the patient in the standing, seated, and supine
positions. A truncal forward-lexed deformity that corrects when
changing from a standing to a seated position is usually due to
hip lexion contracture or lumbar deformity. If the deformity
persists on sitting but corrects in the supine position, the
deformity is arising from the thoracic, thoracolumbar, or lumbar
spine, and a lumbar osteotomy is usually indicated. If the
deformity persists in the supine position, the deformity is in the
cervicothoracic area.
PITFALLS
1. When the spine has become completely ankylosed, it functions
as a rigid, brittle beam, leading to an increased incidence of
fracture with even minor trauma.
2. The incidence of neurologic injuries in these patients is quite
high, owing to the potential for translation (displacement) at the
fracture site. This translation causes direct injury to the spinal
cord and persistent bleeding secondary to motion, resulting in
an enlarging compressive hematoma.
3. Balancing the achievement of horizontal gaze with the
improvement of sagittal balance requires proper planning and
staging of lumbar osteotomies relative to cervicothoracic
osteotomies when both are needed.
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Introduction
Involvement of the spinal column by a tumor may lead to
catastrophic outcomes. horough knowledge of the imaging
and histologic characteristics of the tumor is of the utmost
importance to obtain favorable outcomes. Spinal tumors are
classiied based on the location of the occurrence and the
nature of the disease. Tumors that occur in the spine are
termed primary spinal tumors. If the primary tumor origin is
extraspinal and metastasized to the spine through a hematogenous or lymphatic route, these tumors are considered metastatic spinal tumors. Primary spinal tumors can be benign or
malignant based on the growth rate and surrounding tissue
expansion. Primary spinal tumors are far less common than
metastatic tumors. Benign tumors are usually smaller in size
and have well-deined sclerotic margins on radiographs.
However, locally aggressive benign spine tumors, such as
osteoblastomas, giant cell tumors, and aneurysmal bone cysts,
have rapid growth rates, poorly deined borders, and aggressive cortex destruction and sometimes extend to surrounding
sot tissues. Aggressive benign spinal tumors can grow to a
signiicant extent, and the larger tumor size and aggressive
cortex destruction can lead to pathologic fractures and/or
compression of surrounding neurologic structures. Primary
malignant spinal tumors are rare but can cause signiicant
morbidity and mortality. Malignant tumors most commonly
metastasize to the lungs. Metastatic spine tumors have a higher
incidence than primary spine tumors.
Radiographs, computed tomography (CT), and magnetic
resonance imaging (MRI) are common imaging modalities
used to determine size, location, staging, type, surrounding
sot tissue expansion, and pathologic fractures. Imaging
studies are used in the diagnostic process of the tumor. Diagnosis can be conirmed only through a tissue biopsy. his
combined approach is used to manage tumors.
Various treatments are available for spinal tumors. he
optimal treatment is determined by the location of the tumor,
staging, and type of tumor. Radiation therapy, chemotherapy,
embolization, and surgical resection are common treatments

in the management of spinal tumors. Local control of the
spinal tumor can be achieved through surgical resection. he
type of excision and surgical approach are determined based
on the nature of the tumor and its location. Spinal instability
and neurologic compromise are potential complications
associated with spinal tumors. Aggressive decompression
helps achieve neurologic improvement. Spinal instrumentation is used with instability of the spine. Primary benign
tumors have a good prognosis ater surgical resection. For
aggressive benign and malignant tumors, a good prognosis
requires complete resection of the tumor, the preservation of
neurologic function, adequate decompression of the neural
elements, and avoidance of local and systemic metastases. All
these factors depend on the size of the tumor and responsiveness of the tumor to treatment. Metastatic spinal lesions have
a worse prognosis, which depends on the number of skeletal
metastases, the presence of visceral metastases, the primary
site of origin, and the overall health of the patient.

Imaging Techniques
Imaging modalities are essential for diagnosing the tumor and
evaluating the extent of the tumor. Plain radiographs, CT
scans, bone scans, and MRIs are the most commonly used
imaging modalities for detecting the location of the tumor and
its nature (benign vs. malignant primary vs. metastatic).
Recent advancements in spine imaging studies aid in staging
the tumors for optimal surgical treatment.
Although a plain radiograph is the irst recommended
imaging study for the diagnosis of spinal pathologies, radiographs have a limited contribution in the detection of spinal
lesions. At least a 50% loss of the trabecular bone is required
to visualize spinal bone lesions in plain radiographs. he
classic presentations that can be seen on plain radiographs are
osteolytic and osteoblastic lesions, mixed lesions, and fractures. Plain radiographs are also useful in determining the
stability of the spinal column and assessing the overall alignment of the spinal column in an upright position. Pathologic
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compression fractures can also be easily diagnosed on plain
radiographs. However, radiographs have limited use in detecting latent lesions or skip lesions.
A bone scan (bone scintigraphy) is another diagnostic
procedure performed by using radioisotopes. hese scans
detect the uptake of the radioisotope by bone-forming osteoblastic activity. Bone scans can identify lesions in symptomatic
patients whose plain radiographs are negative or suspicious.
Bone scans have a high sensitivity in diagnosing osteoblastic
activity but have a low speciicity because nonneoplastic
conditions, like osteoarthritis, can produce an increase in the
uptake of the radioisotope. he ability to scan the entire body
makes bone scans advantageous to determine the extent of
dissemination in patients with a known systemic disease and
to deine the most accessible lesion to biopsy in patients with
an unknown primary malignancy. More recently, intraoperative
bone scans have been used for osteoid osteomas to ensure
complete resection and avoid recurrence.1
CT scans have a high sensitivity for abnormal bone mineralization compared with plain radiographs. CT scans can
detect early osseous lesions, unlike radiographs. With the
ability to obtain three-dimensional reconstructive imaging of
the tumor mass, to detect minor variations in bone mineralization as well as sot tissue extent of the tumor mass, CT
imaging has been an important tool in decision making for
tumor surgery. CT scans are also important in deining the
stability of the spinal column based on three-dimensional
measurements of the tumor mass. With the advent of portable
CT scanners, intraoperative CT scan imaging has become
widely used in spine surgery. Because CT imaging provides
excellent visualization of osseous pathology, it can be extremely
helpful in the evaluation of tumor resections during complex
spinal operations.
Myelography, once the only reliable way to assess spinal
cord and nerve root compression, has now given way to MRI
in most instances. In combination with CT, myelography
remains a valuable tool for detecting neural compression due
to bony impingement in patients unable to undergo MRI due
to pacemakers or other metallic devices.
MRI scans have superior sensitivity and speciicity for
spinal lesions and can be done without any radiation exposure
to the patient. MRI is the best imaging modality in spine
oncology because of its ability to delineate the borders between
the tumor and surrounding normal tissues. MRI is equally
useful in detecting the extent of neural compression. Gadolinium contrast-enhanced MRI scans are helpful in distinguishing between intradural and extradural tumors as well as
intramedullary and extramedullary tumors.2 Gadolinium is
also beneicial for assessing the extent of tumor necrosis
present initially as well as tumor necrosis as a response to
chemotherapy.

Summary of Imaging Appearance
he imaging appearance of primary bony tumors of the spine
and simulating lesions of the spine have been described
recently. Benign bone tumors are usually well circumscribed.
As slow-growing lesions, they may present with a calciied or

sclerotic matrix. Malignancy, on the other hand, is oten
characterized by permeative margins with bone destruction,
cortical erosion, and associated sot tissue masses. CT is
helpful in the characterization of the tumor matrix, exact
location and extension of the tumor, and osseous changes.
MRI is best for evaluation of the associated sot tissue mass,
bone marrow iniltration, and intraspinal extension.3

Biopsy Techniques
Obtaining a tissue diagnosis is the next step in the treatment
of spinal tumors. A biopsy is needed to obtain a tissue sample
to diagnose an unknown spinal lesion or conirm the provisional diagnosis obtained through clinical and imaging
workups. he tissue sample can be obtained through a ineneedle, core, incisional, or excisional biopsy.
Fine-needle aspiration and core biopsies allow percutaneous extraction of the tissue sample. he use of image guidance
(luoroscopy, CT, or MRI) has signiicantly improved the
ability to obtain the tissue sample from the desired tumor
region. CT-guided biopsy by an interventional radiologist has
become a common practice at many cancer treatment centers.
In certain instances, tissue diagnosis can only be obtained
through a surgical procedure. In those situations, a tissue
sample is sent for immediate tissue diagnosis, and followed by
the complete excisional biopsy of the tumor with appropriate
margin selection based on the nature of the tumor.
If deinitive excision is considered ater incisional biopsy, a
new set of instruments and drapes is mandatory to prevent
accidental tumor seeding. Similar precautions should be followed when harvesting grat material from another site.4

Primary Tumors
Primary tumors in the spine constitute less than 10% of all
spinal tumors. Patients with spinal tumors usually present
with pain, which can be local and/or radicular and is oten
worse at night. Other patients present with weakness from
spinal cord or nerve root compression. Some tumors are
incidental indings discovered in the imaging studies performed for other problems. Radiographs, CT, and MRI are
used to determine the location, type of lesion (osteoblastic/
osteolytic), sot tissue extension, luid levels, and spine instability. Evolving imaging modalities have improved the ability
to make a diagnosis of the tumor type without the need for
biopsy; however, most tumors can only be deinitively diagnosed through biopsy based on the histologic appearance.
Only a few tumors can be diagnosed by combining clinical
symptoms and imaging studies. Management of primary
tumors in the spine varies and depends on whether they are
benign or malignant, indolent or aggressive, and their location
relative to the spinal cord and nerve roots. Follow-up observation, symptomatic treatment, chemotherapy, radiation therapy,
embolization, and surgical resection with or without instrumentation are all commonly used modalities in the management and treatment of primary tumors.
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Osteochondroma
An osteochondroma is the cartilaginous exostosis arising from
a parent bone, containing a cartilaginous cap at the end. he
growth of the tumor ends with skeletal maturity. hese are the
most common type of bone tumors, but they constitute only 4%
of the primary benign tumors of the spine. In the spine, osteochondromas are either solitary or multiple (multiple hereditary
exostosis). Multiple hereditary exostosis (MHE) occurs in an
autosomal dominant fashion; the majority of patients have
mutations in the exostosin-1 and exostosin-2 genes.5,6 Osteochondromas are predominantly diagnosed in the third and
fourth decades of life and have a higher incidence in males, but
patients with MHEs most commonly present in adolescence.
Within the spinal column, osteochondromas are most commonly seen in the cervical spine,7 more commonly in C2 due
to the presence of an osteocartilaginous growth plate (Fig. 86.1).
Microtrauma to this growth plate leads to the displacement and
subsequent growth of small cartilaginous remains, thus resulting in a predominance of cervical lesions.8
Patients with spinal osteochondromas usually present with
pain over the afected areas, especially if the lesion is in the
posterior elements. Osteochondromas originating from the
lamina can grow into the spinal canal and can lead to spinal
cord compression or nerve root compression and present with
neurologic deicits and with local back pain.8
Radiographs have limited utility in diagnosing osteochondromas due to the predominant presence of cartilaginous
elements and the typically small size of the lesions. CT scans
can demonstrate the presence of a sessile or pedunculated
mass arising from a parent bone with calciication. MRI aids

FIG. 86.1 Sagittal T2-weighted magnetic resonance image demonstrating
C2 osteochondroma.

in the assessment of the cartilaginous cap and its size. he
cartilaginous cap can be seen as a hypointense structure on
T1-weighted images and as hyperintense on T2-weighted
images. MRI determination of the thickness of this cartilaginous cap also has prognostic signiicance. A cartilaginous cap
thickness more than 3 cm signiies a malignant transformation
of the osteochondroma. Studies have reported that the intracanal osteochondroma rate (20–27%) is greater in children with
MHE; routine axial screening (MRI or CT) is recommended in
this population for early detection of intracanal osteochondromas to prevent potential neurologic consequences.8,9
Histologically, the cartilaginous cap consists of hyaline
cartilage, which continues through the process of endochondral ossiication until skeletal maturity.
Treatment of osteochondromas mainly involves a complete
surgical excision (Fig. 86.2) at the point of the cortical and
marrow junction to the parent bone. A complete resection is
usually curative, and recurrence is rare.10 Approximately 10%
of osteochondromas may undergo a malignant transformation
to an osteosarcoma.9,11

Hemangioma
Hemangiomas are mostly asymptomatic, benign vascular
tumors primarily located inside the vertebral bodies. Vertebral
hemangiomas (VHs) are mostly incidental indings on MRIs
performed for other pathologies. hey are most commonly
seen in the thoracic spine, and the estimated occurrence is
greater than 10% in autopsy studies.12,13 However, hemangiomas that extend into the posterior elements and surrounding
sot tissues can become symptomatic. Clinical symptoms of
symptomatic VH are pain and neurologic deicits from expansion. Pregnancy is a risk factor for symptomatic VH, and the
thoracic vertebrae are most commonly afected.14 VHs can
also weaken the vertebral body and present as a pathologic
compression fracture. Aggressive VHs can present with

FIG. 86.2 Gross specimen showing en bloc removal of compressive C2
osteochondroma.
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neurologic symptoms caused by canal compromise or nerve
root impingement.
VHs can be diagnosed on radiographs, where they show a
peculiar “corduroy pattern” with vertical striations. Axial CT
images show a punctate, or “polka dot,” appearance. MRI
shows the presence of a hyperintense signal on both T1- and
T2-weighted images.
Histologically, VHs appear as blood-illed, dilated vascular
loops lined by endothelial cells. he loops are separated by
trabecular bone. VHs can be capillary or cavernous according
to the type of vessels involved.
Most VHs are asymptomatic and do not need to be followed clinically. Symptomatic VHs are rare and can be treated
with endovascular embolization,15-18 intralesional ethanol
injections,19-23 radiation therapy,24 surgical intralesional resection, and vertebroplasty or kyphoplasty.25-27 Embolization is
used to treat painful VH or preoperatively to reduce intraoperative blood loss.28,29 Vertebroplasty and kyphoplasty have
been shown to potentially provide improvements in painful
VH. Patients with pathologic compression fractures may be
treated with either vertebroplasty or kyphoplasty. Patients
presenting with neurologic symptoms caused by compressive
VHs need surgical treatment based on the type and severity
of the compression.
here is no consensus regarding the management of symptomatic VH in pregnant women. Chi et al30 proposed a treatment algorithm for symptomatic VHs in pregnant women
based on the week of gestation. At 36 weeks of gestation,
observation is recommended and symptoms can be resolved
ater delivery or with postpartum treatment. If neurologic
deterioration is seen, a cesarean section can be performed or
labor can be induced followed by surgery with or without
radiation, embolization, and/or sclerotherapy. Between 32 and
36 weeks of gestation, expectant observation may also be
considered. If symptoms are severe and progressive, embolization or surgery without preterm delivery may be considered.
For less than 32 weeks of gestation, observation is recommended for mild symptoms and surgery and/or embolization
for severe neurologic deicits.

Eosinophilic Granuloma
Eosinophilic granulomas present as multifocal or unifocal
lytic bony lesions. hey commonly occur in children and
adolescents. hese lesions are formed due to the benign proliferation of Langerhans histiocytosis (dendritic cells).31
Hand-Schüller-Christian disease (skull lesions, exophthalmos,
and diabetes insipidus) and Letterer-Siwe disease (malignant)
are two other systemic diseases afected by Langerhans histiocytosis (LCH) proliferation.32 he skull is the most frequent
site for occurrence in the skeletal system. In the spine, eosinophilic granulomas account for 6.5% to 25% of all skeletal LCH
cases, and the thoracic vertebrae are the most commonly
involved sites. Clinical presentation of eosinophilic granulomas includes back pain, rare neurologic deicits, kyphosis, and
torticollis.
On radiographs, the lytic lesion in the vertebral bodies
rarely extends to the posterior elements. Flattening of the

vertebra (vertebra plana) is a typical radiographic feature of
eosinophilic granulomas. On MRI, lesions appear as low to
intermediate signal in T1-weighted images and as hyperintense in T2-weighted images.
CT scans show the lytic destruction of the involved vertebra. Osteomyelitis, aneurysmal bone cysts, neuroblastomas,
chondromas, Ewing sarcomas, osteosarcomas, leukemia, and
lymphoma comprise the diferential diagnoses for eosinophilic
granulomas. MRI is used to identify a paravertebral sot tissue
mass, peridural compression, or edematous zone around the
lesions. On MRI, the vertebra plana presents as a “dumbbell”
and may be considered a feature of spinal LCH. A technetium
bone scan or positron emission tomography/CT scan is recommended for multiple bony lesions or disseminated disease.
Clinical and radiographic indings are oten enough to
conirm the diagnosis. In a typical LCH, classic radiographic
indings include vertebral collapse, maintenance of disc spaces,
lack of extraspinal spread, and lack of a sot tissue mass. hese
indings provide suicient evidence to avoid an unnecessary
biopsy and the risk of inadvertently damaging the vertebral
growth plates during biopsy. A biopsy is essential, however, in
suspected cases of spinal Langerhans cell histiocytosis only if
there are any atypical features such as a sot tissue mass, disc
space involvement, or neurologic symptoms.31,33
Histologically, in immunohistochemical staining, tennis
racquet–shaped Birbeck granules appear in the cytoplasm
and are characteristic of eosinophilic granulomas. Signiicant
eosinophilic iniltration can be seen in the lesion. Birbeck
granules are plentiful in aggressive eosinophilic granulomas.13
Various modalities are used to treat eosinophilic granulomas, which oten improve spontaneously and frequently
reconstitute the lost vertebral height. hese patients are
managed with pain medications and rest and are followed
clinically with radiographs. Systemic chemotherapy can be
used for management of systemic or disseminated lesions.
CT-guided corticosteroid injections may be helpful in symptomatic solitary eosinophilic granulomas. Most patients with
spinal instability can be supported in an orthosis until suicient reconstitution has occurred to restore stability. Surgery
is the procedure of choice in patients who have an unstable
spine segment that cannot be stabilized with an orthosis or
have neurologic symptoms due to the compression of the
neural elements from the collapsed vertebrae.

Osteoblastoma/Osteoid Osteoma
Osteoid osteomas are benign tumors frequently seen in children. hese tumors have a slight male predominance and have
a higher predilection for the posterior elements of the vertebrae. Osteoid osteomas are smaller in size, measuring less
than 2 cm.
Patients with an osteoid osteoma typically present with
back pain at the site of the lesion. he pain gradually worsens
over a period of weeks and has a characteristic nighttime
exacerbation. he pain responds well to nonsteroidal antiinlammatory drugs (NSAIDs), mainly salicylates. Patients with
severely painful lesions may also present with scoliosis with
an osteoid osteoma in the concavity of the curve. Due to the
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FIG. 86.3 (A) Sagittal and (B) axial computed tomographic views demonstrating discrete nidus consistent with
osteoid osteomas.

smaller size of these lesions, they rarely cause signiicant bone
destruction that would produce instability or neurologic
deicits.
Osteoid osteomas are diicult to diagnose on plain radiographs unless there is a high suspicion of this diagnosis. he
smaller size, radiolucency of the lesion, and common posterior
element occurrence makes radiographic diagnosis challenging. On plain radiographs, they appear as radiolucent lesions
in the posterior elements most commonly found in the lumbar
spine with a calciied nidus. CT is considered to be essential
in the diagnosis of these lesions. On CT scans, these lesions
present as radiolucent lesions with or without a central calciied nidus (Fig. 86.3). Surrounding cortical thickening or
sclerosis is also evident on these images. On MRI, osteoid
osteomas present as a low- to intermediate-density lesion on
T1-weighted images and as intermediate- to high-intensity
lesions on T2-weighted images. MRI can be used to rule out
canal compromise and for preoperative planning.2
Histologically, osteoid osteomas consist of a reddish nidus
of woven bone with interconnected trabeculae. Intertrabecular
spaces contain hypocellular ibrovascular tissue. he lesion
may be surrounded by reactive bone with sclerosis.
Osteoid osteomas usually respond to NSAIDs, especially
salicylates. For tumors that have not responded to conservative treatment or in patients with severe disabling pain, imageguided percutaneous thermal ablation (radiofrequency or
laser ablation) has been shown to signiicantly reduce pain.34-37
Surgeons have limited the use of thermal ablation techniques
in the spine due to the risk of thermal injury to the proximal
neural structures. With a minimum distance of 10 mm
between the periosteum and neural elements, an intact thick
cortex and thermal protection techniques can reduce thermal
neural injury.38,39 A complete resection is recommended for
patients with neurologic compromise and those with secondary scoliosis. Surgical resection is also recommended for
patients with severe refractory pain who are at risk of thermal
injury from thermal ablation procedures (Fig. 86.4).35,40
Osteoblastomas are benign bone tumors and are histologically similar to osteoid osteomas; however, they are larger in

size (>2 cm). hey are usually found in the second and third
decades of life, with a higher incidence in males. Osteoblastomas are more aggressive and oten have a cortical breach and
sot tissue extension and can undergo malignant transformation. Unlike other primary osseous tumors, osteoblastomas
have a predilection for the spinal column and constitute about
32% to 45% of all osteoblastomas. Osteoblastomas commonly
occur in the posterior elements, mainly the lamina and pedicles, and have a higher predilection for the lumbar spine.41
Aggressive osteoblastomas can expand into the vertebral
bodies; however, anterior vertebral body involvement is rare.41
Osteoblastomas are usually slow-growing tumors, and malignant transformation to osteosarcoma is rare.42 Due to their
aggressive growth pattern, osteoblastomas have a higher risk
of recurrence ater excision. More aggressive lesions have an
approximately 50% recurrence rate ater excision.
Patients with osteoblastomas present with a dull, aching
pain. However, the pain does not increase at night, and
NSAIDs are not as efective in alleviating the pain as in the
case of osteoid osteomas. More aggressive lesions may present
with neurologic symptoms caused by the compression of
neural structures.
On plain radiographs, osteoblastomas present as a radiolucent nidus with a surrounding sclerotic rim. hey are
more than 2 cm in size and are diferentiated from osteoid
osteomas based on their size and aggressive growth pattern.
he nidus may have varying amounts of calciication. More
aggressive lesions may show variable matrix calciications,
have an expansile appearance, and cause extensive destruction along with growth into the surrounding paraspinal sot
tissues. Approximately 10% to 15% of osteoblastomas have
an associated aneurysmal bone cyst. CT is the investigative
method of choice and helps identify the multifocal calciications in the nidus and the thin surrounding rim of sclerosis.
MRI is considered helpful in preoperative planning to assess
the sot tissue involvement and compression of the neural
elements.43
Histologically, osteoblastomas are similar in appearance to
an osteoid osteoma. he osteoblastoma has a characteristic
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FIG. 86.4 (A) Anteroposterior and (B) lateral radiographs demonstrating posterior decompression and fusion of
the osteoid osteoma.

reddish appearance due to the rich vasculature and consists of
woven bone containing bone-forming osteoblasts.
Complete resection is the treatment of choice. A total en
bloc resection is recommended whenever possible. he extensive resection necessary to completely remove these aggressive
lesions usually causes signiicant spinal instability and requires
fusion with instrumentation. In some cases, due to the location of the lesion, en bloc resection may not be feasible. In
such cases intralesional curettage and cementing or bone
grating may be considered.44 Postoperatively, patients need a
close follow-up, every 3 months for the irst 2 years, to detect
recurrence. Approximately 10% to 15% of patients present
with a recurrence of the tumor.43,45 However, malignant transformation is rare.

Aneurysmal Bone Cyst
Aneurysmal bone cysts (ABCs) are benign cystic lesions
afecting the bone. ABCs are peculiar in their pathologic
appearance of an expansile bony lesion containing blood-illed
cavities separated by ibrous septae or trabecular bone.
Approximately 8% to 30% of ABCs occur in the spine, most
commonly the lumbar spine. ABCs are more common in
females. ABCs constitute approximately 15% of the primary
benign tumors of the spine and are most commonly diagnosed
in the second and third decades of life. ABCs are mainly seen
in the posterior elements; however, they may extend into the
vertebral bodies.
Patients with ABCs usually present with progressively
worsening local pain. Patients with expansile lesions that
cause neural compression may present with neurologic deicits. A palpable mass may be felt in a few patients.
Diagnosis of an ABC involves plain radiographs, CT, and
contrast-enhanced MRI. ABCs show an expansile lytic lesion

or “blown out” appearance on plain radiographs. hey typically involve the posterior elements of thoracolumbar spine
with expansion to the vertebral body. On CT, ABCs appear as
multiloculated lytic lesions with a “soap bubble” appearance.
Fluid-illed levels may occasionally be seen on CT scans. A
pathologic fracture may be apparent on CT scans. Contrastenhanced MRI is useful to detect sot tissue involvement and
the status of neural structures, which are assessed in axial
scans. Fluid levels can be seen on these axial scans. ABCs
show increased signal intensity on both T1- and T2-weighted
images, which can be attributed to the high concentration of
methemoglobin in the luid. he presence of a luid level in a
lytic expansile lesion aids in the conirmation of the diagnosis
and also allows the physician to look for the presence of associated solid tumors to rule out a secondary ABC.
Diferential diagnosis of ABCs includes other lytic lesions
of the spine, namely giant cell tumors, malignant ibrous histiocytomas, and eosinophilic granulomas. ABCs can be secondary to the presence of a giant cell tumor or osteoblastoma.
Histologically, ABCs show the presence of blood-illed cavities
separated by septae, which consist of ibrous tissue, giant cells,
and reactive trabecular bone.
he treatment of ABCs depends on the level of the tumor
in the spinal column, the anatomic location of the lesion in
the vertebra, the magnitude of bony destruction, the degree of
instability of the spinal column, and the presence or absence
of neurologic compromise. Treatment options for ABCs
include local intralesional curettage with or without bone
grating, cryotherapy, radiotherapy, embolization, and an en
bloc resection. An en bloc resection is the highest degree of
cure; however, it is diicult to perform in many cases of ABCs.
A complete piecemeal intralesional resection is the most commonly performed surgical treatment of ABCs. Aggressive
curettage of the cyst wall using a high-speed burr is highly
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Giant Cell Tumor
A giant cell tumor (GCT) is a locally aggressive benign tumor;
approximately 7% to 15% of all GCTs are found in the spine.
GCTs have a peak incidence in the second to fourth decades
of life and are more commonly seen in females. GCTs are rare
before skeletal maturity and are most commonly seen in the
sacrum.
Clinically, pain is the most common symptom on presentation.46 he expansion of a GCT can further lead to the development of neurologic deicits caused by either nerve root or
spinal cord compression.
GCTs present radiographically as an expansile lytic lesion
arising from the vertebral body that may involve the posterior
elements. Expansion of the lesion can cause canal encroachment leading to spinal cord or thecal sac compression. he
expansile lesion lacks a surrounding sclerotic rim and has a
characteristic “soap bubble” appearance on radiographs. he
lesion can spread to the paraspinal areas as well as the adjacent
discs and/or vertebral bodies. On MRI, the majority of GCTs
appear to have low to moderate intensity on both T1- and
T2-weighted images. he presence of a luid level on the MRI
suggests presence of an accompanying ABC.2
A biopsy aids in conirmation of the diagnosis. Histologically, GCTs show the presence of osteoclast-like giant cells
surrounded by mononuclear cells (Fig. 86.5). here is an
absence of mineralization of the matrix, which is interspersed
with hemorrhagic areas.47
Traditionally, GCTs are considered benign tumors. However,
locally aggressive expansile lesions may cause signiicant
destruction of the vertebral body and encroachment of surrounding sot tissue structures, including canal compromise.
A malignant transformation rarely develops, leading to the
formation of metastatic lesions. Such malignant lesions may
metastasize hematogenously, predominantly to the lungs.48,49

FIG. 86.5 Histologic appearance of a giant cell tumor.

An en bloc excision with a wide marginal resection is
the treatment of choice for GCTs. An en bloc resection is
recommended for patients with stage 3 Enneking GCTs.50
Even with an en bloc resection with wide margins, the local
recurrence rate is 0 to 14% (Fig. 86.6).46 Although an en bloc
resection may be feasible in the lumbar and thoracic spine,
it may not be possible in lesions located in the cervical spine
or sacrum. In such cases, intralesional curettage with phenol
and cementing can be considered. Postoperatively, the local
area can be treated with radiation to prevent local recurrence.
Intralesional resections have higher recurrence rates even with
adjuvant treatments (up to 71%).2,51 An intralesional resection
is recommended for Enneking stage 2 GCTs.50 Radiation has
been studied as a treatment for an incomplete resection or
local resection. However, radiation poses a risk of malignant
transformation in up to 25% of the patients.52 he recurrence
rate is higher in patients who undergo incomplete resection,
which necessitates revision surgery or additional systemic
treatment.
In the sacrum, resections must be stabilized whenever
there is a suspicion for instability of the spine (Fig. 86.7). En
bloc resection in the sacrum has been found to have a high
incidence of postoperative neurologic deicits, especially with
more proximal levels of tumor occurrence. Preoperative
embolization followed by an intralesional resection has been
shown to have a lower postoperative morbidity than en bloc
resections.46,53,53a Serial arterial embolization has also been
found to be an efective treatment modality in sacral lesions.54,55
It can be considered in patients who are at risk for potential
morbidities from other treatments. Preoperative embolization, followed by intralesional resection, should be the treatment of choice for patients with sacral GCTs that are too large
for en bloc excision.46

FIG. 86.6 Sagittal T2-weighted magnetic resonance image demonstrating
giant cell tumor recurrence.
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FIG. 86.7 Lateral plain radiograph demonstrating fusion construct for
stabilization before recurrence.

he treatment paradigm for patients with GCTs of the
spine has been changed recently with the advent of monthly
injections with denosumab, which is a fully human monoclonal antibody that targets and binds with high ainity and
speciicity to the receptor activator of nuclear factor-κB ligand.
here is experience using it in recurrent GCTs of the spine,
GCTs thought to be inoperative because of tumor size or location, and GCTs in patients who refuse surgery. A recent study
showed a clinically beneicial radiologic response and an
impressive histologic response in most, but not all, patients.56–58
It will be important to keep this new treatment modality in
mind as more studies become available, allowing better evaluation of the current GCT treatment algorithm.

Malignant Tumors
Osteosarcoma
Osteosarcomas (osteogenic sarcomas) are the most common
primary malignant tumor of the bone; however, only 3% to
5% of these tumors are seen in the spine. An osteosarcoma of
the spine is usually seen in the fourth decade of life. Osteosarcomas are slightly more common in males and are most
commonly located in the thoracic and lumbar spine. Osteosarcomas are high-grade aggressive tumors that may present
secondary to radiation therapy ater the treatment of a primary
tumor. hey may also occur in patients with Paget disease,
enchondromatosis, or ibrous dysplasia. Patients with a history
of retinoblastoma also have a high probability of developing
an osteosarcoma later in life.

Patients with an osteosarcoma present with local pain, a
palpable mass, or a neurologic deicit caused by spinal cord or
nerve root compression from growth of the tumor. Some
patients may also present with metastatic lesions, mainly in
the lungs, liver, or bone, at the time of diagnosis.
Osteosarcomas are predominantly osteosclerotic lesions.
On plain radiographs they appear as a heterogeneous mass
with mixed lytic and sclerotic components. his appearance is
caused by the presence of ossiied and nonossiied parts of the
tumor. A pathologic fracture may be visible. CT shows a
permeative bone lesion with signiicant bone destruction,
involvement of the surrounding sot tissue, and the presence
of canal compromise. he appearance of the tumor on MRI
depends on the amount of mineralization within the tumor.
he mineralized part of the tumor appears hypointense in
both T1- and T2-weighted images, whereas the nonmineralized part of the tumor gives a hyperintense appearance on
T2-weighted images. MRI is useful in presurgical planning to
determine the extent of sot tissue involvement, extent of canal
compromise, and severity of compression of neural structures.
Technetium and gallium scanning may be used to determine
the presence of skip lesions, whereas positron emission
tomography scans are the most efective tools to monitor the
efects of the treatment and staging of the tumor.
Grossly, the tumor has a reddish granular appearance
caused by the presence of calciications. Histologic evaluation
shows the presence of a woven bone formation by malignant
osteoblasts. he woven bone masses are haphazardly present
in a richly vascular stroma. Typical palisading of the osteoblasts seen in normal bone is characteristically absent. he
osteoblasts are dispersed in the background of the spindle cell
stroma. Hemorrhagic and necrotic areas are also present
within the tumor. If osteoblasts are not seen in the histologic
appearance, a diagnosis of malignant ibrous histiocytoma or
ibrosarcoma should be considered.
Treatment of an osteosarcoma involves a multimodal
approach. Signiicant advancements have occurred in the
treatment of osteosarcomas of the long bones; these advances
have been extrapolated to the treatment of osteosarcomas
of the spine. he treatment of spinal osteosarcomas starts
with imaging investigations to determine the presence of
metastatic lesions and the staging of the tumor. he presence
of micrometastasis is common in cases of osteosarcomas.
Neoadjuvant chemotherapy has been an important tool in
the treatment of osteosarcomas. he addition of neoadjuvant
chemotherapy aids in the treatment of systemic micrometastases, prevention of further systemic spread, and reduction of
the size of the primary tumor. Histologic studies of surgically
resected primary tumors obtained ater neoadjuvant chemotherapy help determine the efectiveness of chemotherapy
on the primary tumor. hese data can then be used to plan
the postoperative chemotherapy regimen. In summary, an
osteosarcoma of the axial skeleton can be efectively treated
with a total spondylectomy or a wide marginal excision completed ater neoadjuvant chemotherapy. Local external-beam
radiotherapy is reserved for palliative treatment purposes.
Harrop et al. reviewed the literature for evidence-based treatment of spinal osteosarcomas.59 hey studied the efect of
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Ewing Sarcoma
Ewing sarcoma is a primary malignant tumor of neuroectodermal origin in the spine found in children and young adults.60
Approximately 3% to 10% of all Ewing sarcomas arise in the
spinal column.61 Metastatic involvement of the spinal column
from a primary tumor in an appendicular skeleton is much
more common than a primary Ewing sarcoma in the spine.
Ewing sarcoma is the most common nonlymphoproliferative
malignant tumor of the spine. he tumor has a predilection
for the sacrococcygeal region; however, it may also be seen in
the lumbar and thoracic spine. Ewing sarcoma of the cervical
spine is extremely rare. he tumors are most commonly seen
in the pediatric age group (5–15 years of age).62 he most
common clinical symptoms in these patients include local
pain and the presence of a neurologic deicit. Patients may also
present with a sot tissue mass. Like other pediatric malignant
tumors, systemic constitutional symptoms of weight loss and
fever are also commonly seen. Sacral tumors may grow to a
signiicant extent before becoming symptomatic.
On plain radiographs, Ewing sarcoma shows a moth-eaten
appearance with surrounding concentric layers of reactive
bone formation, giving it a classic “onion ring” appearance.
However, this appearance is not seen in the spine. Most
patients show aggressive vertebral destruction and lysis with
a large paraspinal sot tissue mass on plain radiographs. Deining margins are absent, and vertebra plana may be seen. CT
is helpful in detecting the amount of bony destruction. MRI
is used to study the extent of sot tissue involvement as well as
any neurologic compromise. he tumor shows intermediate
signal intensity on T1-weighted images and high signal intensity on T2-weighted images.
Approximately 20% of patients present with a symptomatic
metastasis, and the presence of micrometastasis is seen in a
majority of the patients. he most common sites for metastasis
are the lungs, long bones, and bone marrow. Bone scanning is
used to detect the presence of metastatic lesions. he suspicious lesions should be conirmed with a biopsy.
On gross examination, the tumor appears as a irm, gray,
friable mass with areas of hemorrhage and necrosis. Histological examination shows the presence of characteristic small
round cells that form large sheets separated by septae. here
is an abundance of collagen in the tumors. Patients with Ewing
sarcoma or other types of peripheral neuroectodermal tumors
of the bone have a translocation mutation. he diagnostic

workup should include investigations into immunohistochemistry, cytogenetic, and molecular genetic testing.
Initial treatment of Ewing sarcoma involves chemotherapy.
he survival rate with six-drug chemotherapy has been shown
to be as high as 80%, which is signiicantly higher than fourdrug chemotherapy. he cure rate with a multimodal treatment has been shown to be more than 50%. Patients with
systemic metastatic disease do not respond favorably to chemotherapy and pose a therapeutic challenge to the treating
physician. he 5-year survival rate is only 20% despite advances
in treatment. Treatment of the local tumor can be done with
surgical resection or radiation. he size of the tumor, older age
at onset, and presence of systemic metastatic lesions have been
thought to be poor prognostic signs. A review of literature by
Harrop et al.59 considered the evidence-based recommendations for the treatment for Ewing sarcoma. he authors studied
the efects of neoadjuvant chemotherapy in local control,
long-term survival of patients with Ewing sarcoma, and how
the extent of a local surgical resection afects local control and
long-term survival. he authors strongly recommended neoadjuvant chemotherapy as a irst-line treatment modality but
only had moderate evidence to support this line of treatment.
he authors also recommended the use of surgical resections
for local control of the tumor with low-quality supporting
evidence. Radiation was believed to be a useful treatment
modality in the cases of incomplete resections.

Chordoma
Chordomas are primary malignant tumors arising from the
notochordal remnants in the spinal segments from the clivus
to the coccyx and account for 2% to 4% of primary malignant
bone tumors. hey are the most common primary malignant
tumor afecting the sacrum. he tumor is most frequently seen
in the sacrococcygeal location (50%) followed by the sphenooccipital location (35–40%). Chordomas can be seen at almost
any age; however, they are most commonly found in the ith
to sixth decades of life. It is the most common nonlymphoproliferative primary malignant tumor of the spine in adults.
he tumor is more common in men than women, with a ratio
of 2 : 1. Chordomas are considered to be slow-growing, locally
aggressive tumors and may arise from the vertebral bodies and
grow posteriorly, causing compression of the neurologic
structures. hey may also grow anteriorly into the paraspinal
sot tissues. Within the sacrum, the tumor most commonly
afects the fourth and ith sacral segments and protrudes into
the pelvis as it grows. Involvement of the pelvic bones is rare.
Metastatic lesions can be seen in approximately 30% of sacrococcygeal chordomas.
Patients with chordomas that afect the sacrococcygeal
region present with an insidious onset of back pain. he pelvis
and sacral canal can accommodate the enormous growth of
the tumor before it becomes symptomatic. Patients most
oten present with low back pain or sciatic pain, constipation from compression of the rectum, or a neurologic deicit
caused by compression of the sacral nerve roots. Patients
may also present with a gluteal or sacral mass. Chordomas
of the mobile spinal column present earlier with a neurologic

S E C T I O N

chemotherapy on local recurrence and the 5-year survival of
patients and determined if the extent of surgical resection
mattered when chemotherapy was used as part of the multimodal therapy. he authors found six studies that addressed
these questions. Based on their review, they concluded that
there was moderate evidence to support neoadjuvant chemotherapy and low evidence supporting en bloc resections.
he authors strongly recommended the use of neoadjuvant
chemotherapy as a multimodal treatment in addition to en
bloc resection of the tumor. Despite recent advances, an osteosarcoma still has one of the lowest survival rates in pediatric
cancers.
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A
FIG. 86.8 Sagittal magnetic resonance image demonstrating expansile
thoracic tumor proven by biopsy to be a chordoma.

deicit compared with sacrococcygeal tumors. Chordomas in
the cervical region may present with symptoms of dysphagia,
breathing diiculty, or neurologic deicits.
Chordomas usually appear as lytic lesions with a large
associated sot tissue mass. he majority of chordomas present
with calciications throughout the tumor. Unlike other malignant tumors of the vertebral bodies, chordomas (along with
GCTs) are the only tumors that involve the adjacent intervertebral disc as they spread to the adjacent vertebral bodies.
Chordomas give a uniform appearance of the sot tissue mass
with the occasional presence of lucencies indicating the areas
of necrosis. Sacral chordomas oten show the presence of
mottled densities/calciic debris within the tumor mass. MRI
helps delineate the tumor extent, especially on T2-weighted
images (Fig. 86.8). It also aids in deining the presence or
absence of the plane of separation between the tumor and the
rectum. Tumors appear hyperintense to the surrounding
muscles on T2-weighted images. On gadolinium-enhanced
images, the tumor shows signal enhancement with areas of
attenuation around the calciications.
Workup should involve investigations to diagnose the presence of local and systemic spread of the tumor. CT scans of
the chest, abdomen, and pelvis and a bone scan may aid in
determining the spread of the tumor. he tumor usually shows
normal or a decreased uptake on the bone scans. Tissue
diagnosis is equally important and requires a biopsy. Chordomas are notoriously known to spread along the biopsy needle
tracks, and care should be taken to avoid other body cavities
while doing the biopsy. he tissue sample allows for the diagnosis and determination of the tumor’s aggressiveness.
On gross examination, the tumor appears as a gray, sot to
irm mass with a lobulated structure and a translucent surface.

B

FIG. 86.9 (A) Posteroanterior and (B) lateral long standing ilms
demonstrating postoperative reconstruction after an en bloc
spondylectomy.

he tumors are well circumscribed due to the presence of a
pseudocapsule formation. Within the bone, the tumor appears
as a lytic lesion with a clear margin of reactive bone. Histologically, the tumor shows the presence of a lobular architecture
with signet ring cells separated by ibrous septae. he septae
are densely iniltrated with lymphocytes.
Efective treatment of a chordoma requires en bloc resection of the tumor with the resection of the circumferential
margin of normal tissue. Resection with a wide margin is
important to decrease the risk of local recurrence. For sacral
chordomas, complete resection of the sacrum is occasionally
required. Due to the complex anatomy of the sacrum and
surrounding structures, surgical treatment involves a combined approach with the assistance of multiple specialties. A
resection of the chordoma involves a combination of various
surgical approaches. Usually, posterior elements are resected
through the posterior approach. he anterior tumor mass is
separated from the thecal sac. Posterior stabilization is carried
out using instrumentation to the pelvis if the entire sacrum or
all of the sacrum distal to S1 is resected. his is followed by an
anterior resection of the vertebral body. he anterior column
is then reconstructed using an expandable titanium biomechanical device with or without allograt (Fig. 86.9). Resection
of sacral chordomas may necessitate the sacriice of the sacral
nerve roots, resulting in a postoperative neurologic deicit and
the loss of bowel, bladder, and sexual function. Preservation
of at least one of the S2 nerves allows the patient to retain
control of the bowel or bladder function. Resection of the
sacrum at or above S1 leads to signiicant neurologic deicits
and the need for a specialized postoperative treatment plan.
Adjuvant treatment with radiation is reserved for palliative
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Chondrosarcoma
Chondrosarcomas are cartilage-forming malignant tumors
that afect the spinal column. Tumor osteoid formation is
characteristically absent. Spinal chondrosarcomas are
extremely rare. Chondrosarcomas can present de novo or can
develop secondary to a preexisting benign tumor of the spine.
hey can also be associated with multiple hereditary osteochondromatosis. Chondrosarcomas are more common in
males, with a ratio of 2 to 4 : 1. he average age at diagnosis is
between the fourth and ith decades of life, but they can be
seen at any age. he tumor is more commonly found in the
posterior elements than anterior elements. he most common
location in the spinal column is the thoracic spine.
Patients with a chondrosarcoma present with an insidiousonset pain over the tumor site. Neurologic deicits in the form
of radiculopathy or myelopathy are commonly seen and
present in up to 50% of patients. Patients with posterior
element involvement may also have a palpable mass as the
tumor grows in size.
Lytic lesions with occasional calciications (arc and ring
patterns) are common presentations in radiographs and CT
scans. A lobulated sot tissue mass has low signal intensity on
T1-weighted images and high signal intensity on T2-weighted
images (Fig. 86.10). CT and MRI studies demonstrate the
tumor’s extension and are helpful for preoperative planning.63-65
Because chondrosarcomas are avascular in nature, they are
resistant to chemotherapy and radiation. Chondrosarcomas
show cortical destruction and sot tissue extension. Most of

these tumors are low grade and slow growing, but once metastatic they have a poor prognosis. Chondrosarcomas are
classiied based on origin (intramedullary and periosteal) and
histologic appearance (conventional and variant types).
Variant subtypes seen are clear cell, dediferentiated, mesenchymal, and myxoid. Conventional chondrosarcomas have a
higher incidence rate than variant chondrosarcomas.66
Chondrosarcomas are primarily managed by en bloc excision with wide margins. A wide marginal resection is sometimes impossible due to the size and extension of the tumor
into the surrounding important structures and risks the stability of the spine. Stener pioneered en bloc excision of the
chondrosarcoma of the spine in 1971.67 Since then, all subsequent series have demonstrated the importance of obtaining
negative margins in an en bloc fashion to increase disease-free
survival.68 he prognosis of the tumor depends on histologic
grading and surgical resection.68 Incomplete surgical resection
results in local recurrence and a much worse prognosis.
Although chondrosarcomas are resistant to radiation therapy,
Harwood et al.69 reported that high radiation dosage (5000
cGy) for 4 to 5 weeks is helpful for long-term control of the
local disease. hey recommended radiation therapy only in
patients in whom surgical resection was impossible. Negative
marginal resections are uncommon in en bloc excision, and
adjuvant radiation therapy is recommended to control local
recurrence.70
When the management of sacral tumors requires partial or
complete sacrectomy (Fig. 86.11), reconstruction of the lumbosacral junction is necessary. A staged anterior/posterior en
bloc sacrectomy with a Galveston L-rod pelvic ring reconstruction or more modern variation is oten required. Understanding the anatomy and biomechanics of the spinopelvic
apparatus and the lumbosacral junction, as well as having a
familiarity with the various techniques available for carrying
out sacrectomy and pelvic ring reconstruction, enables the
spine surgeon to efectively manage sacral tumors.1

Multiple Myeloma and Solitary Plasmacytoma

FIG. 86.10 T2-weighted axial magnetic resonance image showing
chondrosarcoma involvement of the left sacrum and ilium.

Multiple myeloma is a hematologic malignancy with a primary
bone origin constituting multifocal plasma cell neoplasms
that commonly involve the spine. he plasma cells undergo
a malignant transformation, producing an excess amount of
immunoglobulin. his leads to the activation of osteoclasts
and inhibition of osteoblastic activity, which also leads to the
formation of multiple lytic lesions throughout the skeletal
system. Multiple myeloma constitutes approximately 1% of
all malignant diseases. he most common age of presentation
is in the sixth decade of life. Skeletal involvement is a very
common mode of presentation. More than 70% of patients
have bone involvement and pain at the time of presentation.
Patients with multiple myeloma present with multiple lytic
lesions in the spine as well as the appendicular skeleton.
hey have bone pain and a vertebral compression fracture,
but rarely have neurologic symptoms or deicits. However,
patients with extension of the tumor to the epidural space
or compression fractures with severe canal compromise may
present with neurologic deicits. hey may have associated
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treatment for local recurrences. Chordomas are thought to
be radioresistant tumors. Due to the slow-growing nature of
the tumor, chemotherapy has a limited role in the treatment
of chordomas.
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A

B
FIG. 86.11 (A) Coronal computed tomography and (B) plain radiograph demonstrating hemisacrectomy and
hemipelvectomy without reconstruction.

A

B

FIG. 86.12 (A) Sagittal and (B) axial computed tomographic images of C4 vertebra showing complete
destruction of the vertebral body with iniltration of the posterior elements.

systemic symptoms in the form of fatigue, recurrent infections, and severe life-threatening anemia.
Plain radiographs are used for a skeletal survey when multiple myeloma is suspected. he radiographs show the typical
lytic lesions, with a sharp zone of transition and lack of reactive bone formation giving the appearance of “punched out”
lesions. Pathologic compression fractures are most commonly
seen in the thoracolumbar region. Due to the suppression of
osteoblastic activity, a bone scan has a very limited role in
the diagnosis of multiple myeloma lesions. CT scans are used
to detect the amount of bony destruction and assess spinal
stability (Fig. 86.12). CT scans are useful when the lesions
are not well visualized on radiographs. Typical CT indings
include classic lytic lesions, a sot tissue mass, pathologic
fracture, or an epidural mass. MRI is useful to assess the extent
of neurologic compression (Fig. 86.13). he tumor appears
as hypointense on T1-weighted images and hyperintense on
T2-weighted images. Fluorodeoxyglucose positron emission
tomography (FDG-PET) scan has become the investigative

tool of choice and has replaced MRI as a tool in the early
detection and staging of multiple myeloma. Schirrmeister
et al. reported these scans to be 92% sensitive in the early
detection of lesions that were not seen on radiographs.71 MRI
or FDG-PET scans are also important to look for other skeletal lesions when the diagnosis of a solitary plasmacytoma is
considered.
he treatment of multiple myeloma involves a thorough
investigation to assess the severity of the disease. hese assessments are carried out to determine the neurologic status of the
patient, oncologic assessment, assessment of mechanical stability, and systemic disease assessment. hese fundamental
assessments help in deciding the most appropriate treatment
modality (radiotherapy, chemotherapy, or surgery) for the
patient. horough assessment of the neurologic status is
important to determine the presence of radiculopathy or
myelopathy and the extent of canal compromise. An oncologic
assessment is necessary to determine the tumor’s response to
radiotherapy or chemotherapy. Mechanical stability can be
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FIG. 86.13 (A) T1-weighted and (B) T2-weighted sagittal images and (C) T2-weighted axial magnetic resonance
images of a solitary plasmacytoma presenting as a lytic lesion of the C4 vertebra.

assessed based on the extent of bone destruction. A systemic
assessment involves the determination of the extent of the
disease and other medical comorbidities.
Radiation therapy, in addition to surgery, has been shown to
increase the long-term survival rate. It has been the frontline
treatment modality for multiple myelomas. Patients with
minimal epidural canal compromise with or without neurologic symptoms can be treated with image-guided, intensitymodulated radiation therapy. However, patients with severe
canal compromise or the presence of neurologic deicits are
initially treated with radiation therapy. Patients who present
with compression or burst fractures are treated with vertebroplasty or kyphoplasty. hese procedures should be avoided
in patients with a breach in the posterior vertebral cortex or
signiicant epidural disease. Cement augmentation procedures
have been shown to improve pain and the functionality of
patients with multiple myeloma.72 Patients with signiicant
spinal instability need surgical treatment. Due to accompanying osteopenia/osteoporosis, a stabilization and reconstruction
procedure oten involves anterior column reconstruction as
well as posterior instrumented spinal fusion (Fig. 86.14).
FIG. 86.14 Postoperative upright radiograph showing spinal column
reconstruction after a cervical corpectomy and excision of tumor.

Metastatic Tumors
Metastatic lesions are the most commonly seen malignant
tumors of the spine, and symptomatic metastatic lesions are
the initial manifestation in up to 20% of patients with malignancy. he spinal column is the third most common site of
malignancy ater the lungs and liver and is the most common
site of skeletal metastasis. With an increase in the life span of
the current population, the incidence of cancer and spinal
metastatic lesions is on the rise. he most common primary
tumors that metastasize to the spine are breast, prostate, lung,
kidney, and thyroid. Within the spinal column, the thoracic
spine is the most common site for metastasis (70%) followed
by lumbosacral (16–22%) and cervical (8–15%).

Pathophysiology of Metastasis
he process of metastasis involves the dissociation of tumor
cells from the primary tumor, the penetration of the surrounding matrix, followed by the invasion of vascular or lymphoreticular channels. Tumor cells act as emboli and travel to the
distant organ site where they invade through the walls of the
blood or lymphatic vessels and eventually adhere to the extracellular matrix. Various chemical modulators secreted by the
tumor cells then promote neoangiogenesis. In the skeletal
system, the tumors most oten stimulate osteoclasts, leading
to lytic lesion formation, or less commonly stimulate osteoblasts, leading to an osteoblastic lesion. Spinal metastasis most
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frequently occurs through a hematogenous route either
through the segmental vessels or the retrograde spread through
the valveless Batson’s venous plexus. Lung tumors spread to
the vertebral column through the segmental arteries, whereas
breast, gastrointestinal, and prostate carcinomas spread
through the Batson’s venous plexus. he expression of surface
protein and receptors has also shown to contribute to the
selectivity of tissues for metastatic lesions.

Clinical Presentation
Axial pain is the most frequently reported symptom in patients
with a spinal metastasis. he pain caused by the metastatic
lesion is usually nonmechanical in nature and is associated
with a characteristic nighttime aggravation. Patients may also
present with pathologic compression fractures with aggravation of axial back pain. Another patient presentation is neurologic symptoms that may include the presence of
radiculopathy or myelopathy. he symptoms may be caused
by a direct extension of the tumor to the epidural space or
compression of the neurologic structures caused by retropulsed fragments and deformity created by the pathologic
fractures. Spinal metastatic lesions can also be asymptomatic
and may only be detected in a general workup for a visceral
malignant tumor.73

Diagnosis
Evaluation of the patient with metastatic lesions should begin
with a thorough clinical examination. Patients should be
evaluated for the presence of local tenderness, deformity,
neurologic deicits, and instability. A thorough neurologic
examination is very important to diagnose spinal cord or
nerve root compression. Signs of myelopathy commonly seen
in these patients are exaggerated relexes, a positive Babinski
sign, and gait disturbances.
he next step in the management of metastatic lesions
involves imaging investigations to determine the extent of
local involvement and the source of the primary tumor.

A

he imaging investigations start with a series of biplanar
plain radiographs. he images should be evaluated for the
presence of spinal stability, alignment, pathologic compression
fractures, as well as any lytic or sclerotic lesions. However,
plain radiographic evaluations have limitations posed by the
location in the spinal column as well the overall bone quality
of the patient. Fity percent of the trabecular bone must be lost
before the lesion can be diagnosed as a lytic lesion on a plain
radiograph. Lytic lesions involving the pedicle may give the
appearance of a “winking owl” sign. CT or MRI is necessary
to diagnose metastatic lesions. CT scans provide information
about the extent of bony destruction caused by the lesion (Fig.
86.15). CT scans can assess the bone destruction in the sagittal,
coronal, and axial planes, which aids in the determination of
potential spinal instability. CT scans also show involvement of
surrounding paraspinal structures. In addition, CT myelogram
can be used to determine the extent of neurologic compromise.
MRI is routinely used in the evaluation of spinal metastatic
lesions. MRI of patients with metastatic lesions involves T1- and
T2-weighted images and short tau inversion recovery sequences.
MRI is useful in diferentiating metastatic compression fractures from osteoporotic compression fractures. T2-weighted
images show hyperintense signal in both types of fractures
(Fig. 86.16), whereas T1-weighted images of metastatic lesions
show diminished signal due to marrow involvement by the
tumor. Osteoporotic fractures appear isointense on T1-weighted
images (Fig. 86.17). Gadolinium contrast-enhanced imaging
sequences help evaluate sot tissue involvement and epidural
space involvement. MRI is a very important tool when surgical
treatment is contemplated. It aids in the evaluation of adjacent
and distant vertebrae so that a reliable point of ixation can
be obtained. MRI of the entire spine is conducted to detect
the presence of metastatic lesions. It has a high speciicity in
diagnosing noncontiguous multiple foci of metastatic lesions
and a very high speciicity and a low false-positive rate. Bone
scans may also be used for a similar purpose due to their high
sensitivity, but they have a higher false-positive rate.
Obtaining a tissue diagnosis is of the utmost importance in
diferentiating a primary tumor from a metastatic lesion.

B

FIG. 86.15 (A) Sagittal and (B) axial computed tomographic images showing a lytic lesion in the T12 vertebra
with pathologic fracture, retropulsion, and canal compromise.
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FIG. 86.16 (A) Sagittal and (B) axial T2-weighted images showing a hypointense lesion causing spinal cord
compression and iniltration of the pedicle and vertebral body along with posterior elements by the metastatic
lesion.

FIG. 86.17 T1-weighted image showing presence of marrow iniltration by
the lesion appearing as hypointense signal intensity compared with
surrounding bone marrow.

CT-guided biopsy usually provides an adequate sample for
tissue diagnosis in 93% of lytic and 76% of sclerotic lesions
and has obviated the need for an open biopsy.

Treatment
Most surgeons agree that metastatic spine tumor surgery
should be limited to patients who have an estimated life
expectancy of greater than 3 months. Treatment outcomes are
highly dependent on the prognosis of the primary tumor. An
early study estimated the average survival for patients with
metastatic spinal cord compression to be between 3 and 7
months, with a 36% probability of survival to 12 months.74 In

an efort to better determine a patient’s life expectancy, Tokuhashi et al.75 presented a scoring system to be used in the
preoperative evaluation of patients with metastatic spine
tumors. Scores of 0 to 2 points are assigned to each of six
parameters. he patient’s general health condition, number of
extraspinal skeletal metastases, number of metastases to the
spine, status of metastases to internal organs, site of primary
tumor, and the patient’s neurologic status are all weighted
parameters. he same study group later published a revised
system of scoring that slightly increased the weight of the
primary site of cancer,76 which is commonly used as an indication for patient survivability (Table 86.1). Regardless of the
type of scoring system used, spine surgeons are encouraged to
consult with the patient’s medical and radiation oncologists
because multimodal treatment may ofer the patient even
longer survival than otherwise predicted.
he treatment of metastatic spinal tumors requires a multidisciplinary approach that integrates surgery, radiation and
medical oncology, and interventional radiology. Recently, a
multidisciplinary team at Memorial Sloan Kettering Cancer
Center established the NOMS decision framework to incorporate four fundamental assessments: neurologic, oncologic,
mechanical instability, and systemic disease. his framework
established guidelines in the decision-making process to
administer conventional external-beam radiation, stereotactic
radiosurgery, surgical intervention, separation surgery, or a
combination of these treatment modalities based on the most
recent advancements in technology and outcomes based on
the literature. In NOMS, the neurologic consideration is an
assessment of the degree of epidural spinal cord compression,
myelopathy, and/or functional radiculopathy. he degree of
epidural spinal cord compression is based on a 6-point scale
that incorporates gradations of the thecal sac impingement. A
grade of 0 indicates only bone disease. Grade 1a indicates
epidural impingement without deformation of the thecal sac;
grade 1b indicates deformation of the thecal sac without spinal
cord abutment; and grade 1c indicates deformation of the
thecal sac with spinal cord abutment but without cord
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compression. A grade of 2 indicates spinal cord compression
but with visible cerebrospinal luid around the cord; grade 3
indicates spinal cord compression with no cerebrospinal luid
visible around the cord.77 he oncologic consideration is
predicated on the expected tumor response and the durability
of the response to available treatments. Mechanical instability
TABLE 86.1 Tokuhashi Scoring System for Preoperative Evaluation of
Patients With Metastatic Spinal Tumors
Parameter

Score

General Condition
Poor
Moderate
Good

0
1
2

Number of Extraspinal Bone Metastases
0
1
2

>3
1 or 2
0

takes into account the integrity of the spinal column and the
extent of pathologic fractures to determine whether to use
conservative management with a brace or surgical intervention. he inal consideration of systemic disease and medical
comorbidities is to evaluate the ability of the patient to tolerate
a proposed treatment and the overall survival based on tumor
histology and extent of disease. Table 86.2 provides a guide to
the current NOMS decision framework.

Treatment
he goal of treatment for patients with spinal tumors is to
provide a possible cure, palliation, and early return to activity.
If this is not possible, the goal is to provide a stable spinal
column and normal or improved neurologic function. Table
86.3 provides a general outline for the treatment of spinal
tumors.

Number of Metastases in the Spine
0
1
2

>3
2
1
Metastases to Major Internal Organs
Irremovable
Removable
None

0
1
2

Primary Site of Cancer
Lung, osteosarcoma, stomach, bladder, esophagus, pancreas
Liver, gallbladder, unidentiied
Others
Kidney, uterus
Rectum
Thyroid, breast, prostate, carcinoid tumor

0
1
2
3
4
5

Myelopathy
Complete
Incomplete
None

0
1
2

Data from Tokuhasi T, Matsuzaki H, Oda H, et al. A revised scoring system for
preoperative evaluation of metastatic spine tumor prognosis. Spine (Phila Pa 1976).
2005;30: 2186-2191.

TABLE 86.2

Indications for Surgery
Not all patients with spinal tumors require surgery. Patients
with clearly benign tumors and those with difuse metastases
in which the primary tumor is known can simply be observed.
With the acceptance of more aggressive surgical methods,
surgical indications have been expanded to include (1) isolated
primary or metastatic lesion or a solitary site of relapse, (2)
pathologic fracture or deformity with bony impingement
producing neurologic symptoms or pain, (3) radioresistant
tumor (metastatic or primary), (4) tumor progression despite
or ater radiotherapy, (5) segmental instability with signiicant
pain or impending neurologic injury, and (6) inability to
obtain tissue diagnosis by other means. All these presume a
patient who is healthy enough to survive surgery but are not
incumbent on a long-expected survival.

Staging
he initial diagnostic workup allows spine surgeons to determine the nature, extent of the tumor, extent of sot tissue

NOMS Decision Framework

Neurologic

Oncologic

Mechanical

Low-grade ESCC + no myelopathy

Radiosensitive

Stable

cEBRT

Radiosensitive

Unstable

Stabilization followed by cEBRT

Radioresistant

Stable

SRS

Radioresistant

Unstable

Stabilization followed by SRS

Radiosensitive

Stable

cEBRT

Radiosensitive

Unstable

Stabilization followed by cEBRT

Radioresistant

Stable

Able to tolerate surgery

Decompression/stabilization followed by SRS

Radioresistant

Stable

Unable to tolerate surgery

cEBRT

Radioresistant

Unstable

Able to tolerate surgery

Decompression/stabilization followed by SRS

Radioresistant

Unstable

Unable to tolerate surgery

Stabilization followed by cEBRT

High-grade ESCC + myelopathy

Systemic

Decision

Low-grade ESCC is deined as grade 0 or 1 in the Spine Oncology Study Group scoring system. High-grade ESCC is deined as grade 2 or 3 in the Spine Oncology Study Group
scoring system. cEBRT, conventional external-beam radiation therapy; ESCC, epidural spinal cord compression; SRS, stereotactic radiosurgery.
Modiied from Laufer I, Rubin DG, Lis E, et al. The NOMS framework: approach to the treatment of spinal metastatic tumors. Oncologist. 2013;18(6):744-751.
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TABLE 86.3

General Treatment Approach for Spine Tumors
Indication

Observation

Indolent and clearly benign tumors
(hemangioma, osteochondroma, bone
island, bone infarct)

Radiotherapy

Metastatic lesions from a known
radiosensitive primary (multiple
myeloma, breast carcinoma)

Chemotherapy

Metastatic lesions from a known
chemosensitive primary (thyroid)

Intralesional excision,
curettage

Benign tumors with limited potential for
recurrence (aneurysmal bone cyst,
osteoblastoma), radiosensitive metastatic
lesions with adjuvant radiation therapy

Marginal excision ± adjuvant
cryotherapy or
radiotherapy

Locally aggressive benign lesions (giant
cell tumor), radiosensitive primary and
metastatic lesions (plasmacytoma, breast
and prostate carcinoma), low-grade
malignancies

Wide excision

All primary malignancies without
known metastases (osteosarcoma,
chondrosarcoma, chondroma); solitary
metastases with likelihood of prolonged
survival (breast, prostate, renal cell
carcinoma); locally aggressive benign
tumors (giant cell tumor)

involvement, stability of the spinal column, and extent of
neurogenic compromise. his information can then be used
to stage the tumor. Boriani et al. published a novel system for
staging primary spinal tumors.78 According to the WeinsteinBoriani-Biagini staging system, the afected vertebra is divided
into 12 radiating zones, numbered 1 to 12 in a clockwise
manner starting from the let side of the spinous process, and
ive concentric layers (labeled A to E) starting from the paravertebral extraosseous region to the dural involvement. Layer
A corresponds to the extraosseous sot tissues, B is the intraosseous supericial layer, C is the intraosseous deep layer, D is
the extraosseous extradural layer, and E is the extraosseous
intradural layer.78,79 CT, MRI, and angiography techniques are
used to stage the tumor. hese investigations also help determine the longitudinal extent of the tumor.

Surgical Approach
he primary goals of surgery are local control of the tumor,
neurologic improvement, and maintenance of spinal stability.
he surgical approach must provide suicient access for both
tumor excision and stabilization of the spine. A complete
radiographic evaluation should be performed to determine
the accurate location of the tumor and its extension to the surrounding tissues. Additional laboratory and screening studies
should focus on further diferentiation, allowing the surgeon
to plan an operation that will adequately treat the tumor
without exposing the patient to needless risks. he approach
and extent of surgery depend on the location of tumor in the
vertebrae and the extent of the disease. General approaches
for spinal tumors are described below.

A dorsal approach is recommended for a dorsal element
tumor (lamina and spinous process) or lesions in radiating
zones 10 to 3. Studies have reported that an aggressive dorsal
decompressive laminectomy provides more neurologic
improvement than a simple decompressive laminectomy.80,81
At all vertebral levels, dorsal elements can be accessed through
a midline incision.
Lesions that involve the posterior elements and pars (zones
2 to 5 and 7 to 11) can be excised through a dorsal or dorsolateral approach. Most tumors need both a ventral and dorsal
approach. In such cases, a dorsolateral approach is considered
to avoid a two-stage surgery. In the upper thoracic and thoracolumbar junction, lateral vertebrae are exposed through a
costotransversectomy approach for both ventral and dorsal
decompression and segmental dorsal ixation.81 his approach
exposes half of the ventral body. For dorsal decompression,
concomitant thoracic laminectomy and resection of the facet
joints and pedicles are needed. he surgeon may consider
sacriicing at least one single nerve for extensive ventral
decompression and spinal instrumentation. Care should be
taken to protect the underlying pleural structures, and the
patient’s mean arterial pressure should be maintained at
greater than 75 mm Hg to protect the spinal cord from
ischemia during the procedure.
Lesions involving the anterior and posterior halves of the
vertebral body (zones 5 to 9 and 4 to 8) are resected using
anterior approach techniques, especially for benign tumors.
However, dual-approach techniques are needed in cases of
malignant lesions. he majority of malignant tumors afecting
this region require a vertebrectomy, which is performed with a
dual approach. he standard surgical approach is determined
according to which vertebral levels are involved. For the upper
cervical lesions, transoral and extraoral ventral approaches
are used.82,83 For lower cervical tumors, most surgeons use
the Southwick-Robinson anterior approach.84 In the thoracic
region, a right- or let-sided approach is usually determined
by the area of the compressed tumor. If neither side is more
involved, the spine is oten approached from the right side
at or above T5 to avoid the arch of the aorta. Below T5, the
spine is approached from the let to minimize retraction on
the liver. Surgeons typically select the intercostal space one
or two segments above the targeted vertebral body approach.
he upper part of the thoracic spine from the irst to the
third thoracic vertebrae can be exposed using a thoracoplasty
approach by mobilizing the scapula ventrally and resecting
the second vertebra. As described by Harrington, the major
advantage of a ventral approach is the surgeon’s ability to resect
the tumor directly, decompress the neurologic structures from
the side of their compromise, and “jack” open the collapsed
vertebral space, thereby correcting the typical kyphotic deformity at its source.85,86 In the thoracolumbar junction, both
a thoracotomy and lumbar retroperitoneal approach must
be completed for a ventral approach.87,88 he most common
approach is through the rib just proximal to the area of interest. Lumbar spine tumors can be accessed ventrally through
a retroperitoneal approach.89 Care should be taken to protect
the genitofemoral nerve and ureter from injury during the
procedure.
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Resections
En bloc and intralesional resections are the two general types
of surgical resections classiied based on the type of margin
achieved during surgery. In intralesional resections, the
surgeon removes the tumor from within the tumor mass. An
intralesional resection has a high recurrence rate compared
with en bloc resections. he high recurrence rate is due to the
presence of the residual tumor or an incomplete resection.
Radiation therapy is oten used ater intralesional resections
to facilitate local control. En bloc resection is the surgical
removal of the tumor in a single piece, fully encased within a
layer of healthy tissue. En bloc resections can be marginal,
wide, or radical. Marginal resection means the removal of the
entire tumor with or without a thin healthy tissue layer. En
bloc resection in the spine may still have recurrences from
positive tumor margins. A wide margin resection means the
complete removal of the tumor with the continuous shell of
healthy tissue. Wide resections are not always possible in the
spine and oten lead to spine instability and morbidities. Wide
resections have a lower recurrence rate. A radical resection is
the removal of an entire organ along with the blood and lymph
supply to the organ and is almost always impossible in the
spine.90

Decompression
Metastatic tumors of the spine cause more spinal cord compression than primary benign and malignant tumors. Spinal
metastasis is seen in 70% of cancer patients, and up to 10% of
cancer patients develop metastatic cord compression.91 Spinal
cord compression may result from one of four types of processes: (1) direct compression from an enlarging sot tissue
mass, (2) pressure due to fracture and retropulsion of bony
fragments into the canal, (3) severe kyphosis ater vertebral
collapse, and (4) pressure due to intradural metastases. he
most common cause of cord compression is mechanical pressure from the tumor tissue or bone extruded from the collapsing vertebral body.
Primary tumor compression is oten efectively addressed
during resection of the tumor by decompression techniques.
Spinal cord decompression can provide dramatic improvement in neurologic function, even in advanced states. Decompression can be achieved through radiation therapy, surgical
decompression or, occasionally, serial arterial embolization.
Radiation therapy alone can be used to treat spinal cord
impingement, especially for spinal metastatic tumors. Studies
have reported positive neurologic outcomes and retained
ambulatory status in patients who underwent radiation
therapy ater surgical decompression compared with radiation
therapy alone.92,93 Recent advancements such as stereotactic
radiosurgery have been efective in treating radioresistant
solid spinal metastatic tumors.94 One prospective study demonstrated the safety and efectiveness of spinal stereotactic
radiosurgery as a irst-line therapy for spinal metastasis in the
absence of signiicant spinal cord compression.95
Surgical decompression is necessary for progressive neurologic deicits. Surgical decompression can be achieved either by

dorsal or ventral approaches.96 Studies reported that neurologic
status, ambulatory status, and functional status improved in
patients who underwent ventral surgical decompression.97-100
Posterior decompression and stabilization for metastatic
spinal cord compression in the cervical spine is less likely to
improve or maintain motor function compared with metastatic
spinal cord compression in the thoracic and lumbar spine ater
posterior decompression and spine stabilization.101
Important factors in determining the prognosis for the
neurologic outcome include tumor biology, pretreatment
neurologic status, and tumor location within the spinal canal.

Spine Stability
Aggressive tumor resections, aggressive decompression techniques, severe bone destruction by the tumor, and associated
pathologic fractures predispose the vertebral column to
mechanical instability and the risk of neurologic injury. Planning for tumor surgery should include optimal reconstruction
techniques to maintain the stability of the spinal column. he
Spine Oncology Study Group created a novel classiication to
study spinal stability in neoplastic spinal lesions.102 he spine
instability neoplastic score (SINS) created by the group aids in
the assessment of spinal stability and the determination of the
need for a surgical consult. his classiication system is primarily useful with metastatic involvement of the spine compared with primary or benign tumors of the spine. However,
the classiication system provides a thorough insight into key
elements of spinal stability. Surgical treatment of aggressive
benign lesions or primary malignant lesions involves resection
of a majority of the vertebral body and stabilizing structures.
In such cases, surgical treatment involves reconstruction
techniques that use expandable biomechanical devices that
help restore the sagittal alignment of the patient and anterior
column reconstruction. However, stand-alone anterior column
reconstruction is considered suboptimal when aggressive
resections are contemplated. In most cases anterior column
resections are reinforced with posterior instrumentation of
the spinal column using various ixation techniques depending on the level of involvement in the spinal column.
Assessment of any potential spinal instability can be
achieved by looking at key elements of the SINS classiication
system. he scoring system grades stability based on six
parameters: tumor location within the spinal column (junctional, mobile, rigid, or semirigid part of the spinal column),
pain-related response from the mechanical loading and
unloading of the spinal column (alleviation of pain on recumbency and reproduction in upright posture), quality of the
bone lesion (lytic, mixed, or blastic), radiographic spinal
alignment (subluxation, kyphosis/scoliosis versus normal),
percentage of vertebral body collapse, and the involvement of
posterolateral spinal elements (pars, pedicle, and facet joints).
Scores of 0 to 6 denote stability, 7 to 12 denote indeterminate
or impending instability, and 13 to 18 denote deinite instability of the spinal column.
A minimally invasive spine stabilization technique can be
an alternative to conventional open surgery for metastatic
spine tumor patients with a short life expectancy.103
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Primary and metastatic lesions of the spinal column present
a unique challenge to the treating surgeon. he treatment
of these complex pathologies requires a team approach and
expertise. A thorough clinical evaluation and a high suspicion
for a tumor are very important to achieve early detection
and better outcomes. Advances in imaging technologies have
also promoted early tumor detection and the accurate assessment of tumor extent in spinal tumors, but the treatment of
primary malignant tumors continues to pose a challenge to
spine surgeons.
Development of newer chemotherapy medications and
advancements in radiotherapy delivery mechanisms have also
improved survival rates in these patients. Due to the increased
survival in these patients, preservation of neurologic function
and spinal stability is of utmost importance to maintain the
functional independence and dignity of the patient.
Advancements in rehabilitative technologies allow patients
with residual deicits to be independent as well. Surgery should
be ofered to the patients who can tolerate surgery.
Advances in surgical techniques and instrumentation
systems have considerably decreased the morbidity of the
surgical procedures. hese newer techniques also provide
correction and prevention of deformity. he widespread use
of posterior-only vertebral column resection techniques has
negated the need for multistage procedures and the morbidities that came with it. he widespread use of percutaneous
ixation techniques as well as robotic- and navigation-guided
surgical techniques will further improve the outcomes of
tumor surgery and fusion in these patients.
Advances in interventional radiology techniques have
allowed preoperative embolization of hypervascular tumors.
his has been beneicial for spinal surgeons and has signiicantly reduced the perioperative morbidity of tumor
surgery. With all these advances, vertebrectomy has become a
common procedure and has improved the outlook of tumor
surgery.

KEY POINTS
1. Spinal surgery, if well planned, properly executed, and
combined with contemporary radiotherapy and
chemotherapy, can reduce pain, improve neurologic function,
greatly enhance survival, and provide greater opportunity for a
curative treatment in patients with spinal tumors. Hence it is
imperative that physicians recognize the presence of spinal
neoplasia with early detection and carefully observe the
principles of tumor staging and management.
2. A diagnostic workup should include imaging investigations to
study the extent of the tumor as well as its distant spread.
Tissue diagnosis is equally important and can be completed
with CT-guided biopsy at a facility equipped to perform spine
tumor surgery and by a surgeon who will ultimately do the
surgical resection.
3. Treatment of primary benign or malignant tumors involving
the spinal column is aimed at obtaining a tissue diagnosis,
preserving neurologic function, and maintaining or restoring
spinal alignment and stability.

4. MRI has become a key imaging tool to deine tumor
characteristics. It has a superior sensitivity and speciicity in
deining the extent of the tumor, soft tissue involvement, and
extent of canal compromise. MRI is also useful in detecting
noncontiguous lesions in metastatic lesions.
5. Tissue diagnosis is of the utmost importance and forms the
basis of the treatment algorithm. CT-guided biopsy has
become the procedure of choice to obtain tissue samples. The
adequacy of the tissue sample should always be veriied. A
frozen section, taken at the time of biopsy, can help obtain the
most diagnostic sample from the tumor. A biopsy should be
performed by the surgeon who will perform the inal excision.
Biopsy needles should not cross any body cavities. The tumor
biopsy should be approached in an optimal way.
6. Benign tumors of the spinal column can be treated with
resection of the tumor and reconstruction of the spinal column
in cases of instability. However, GCTs are locally aggressive
tumors and may have an associated large soft tissue mass that
rarely metastasizes to the lungs. They are associated with a high
local recurrence rate of en bloc resection is not possible due to
location. Aggressive surgical resection is important to prevent
local recurrence. Patients with a local recurrence have
associated poor outcomes. New medical modalities such as
serial intravenous denosumab injections show evidence of
radiologic and histologic improvement in these patients and
may change the current algorithms for treatment of GCTs.
7. Primary malignant tumors are very rare but need an extensive
planning and team approach to prevent recurrence. Primary
osteogenic sarcomas are associated with aggressive local
growth and metastasis. They are most commonly seen in the
vertebral body. Secondary osteosarcomas can present in
patients with long-standing Paget disease or patients who
have had radiation for treatment of benign tumors such as
GCTs. A multimodal approach and neoadjuvant chemotherapy
have decreased the incidence of local recurrences and have
improved the disease-free survival rate.
8. Locally aggressive benign tumors such as GCTs and malignant
tumors such as chordomas are associated with a high local
recurrence rate. Aggressive local resection with wide margins is
of utmost importance. En bloc resection has been shown to
decrease the risk of local recurrence and is thought to be
curative if a wide marginal resection can be obtained. Local
recurrence is associated with poor outcome.
9. Metastatic tumors are the most common type of malignant
tumors that afect the spinal column. Tumors that commonly
metastasize to the spine include breast, lung, kidney, and
prostate tumors. Treatment of the metastatic lesion depends
on the overall prognosis of the patient. Radiation therapy is the
mainstay of treatment. However, surgical treatment may be
necessary in patients who have the potential for spinal
instability or neurologic compression.
10. Multiple myeloma is a plasma cell disorder that commonly
afects the spinal column. The lesions have a characteristic
“punched out” lytic appearance on plain radiographs. The
tumors are highly radiosensitive, and radiotherapy can be
curative. However, surgical treatment may be needed when
there is neurologic compromise or the potential for spinal
instability after radiotherapy.
11. Surgical treatment is necessary in spine tumor patients mainly
to obtain local control of the lesion. Surgical treatment helps
obtain a deinitive tissue diagnosis, allows thorough
decompression of the neural structure, and helps maintain or
restore spinal stability.
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12. Neurologic compromise can lead to catastrophic outcomes
and warrants prompt treatment. Compromise most commonly
results from retropulsed fragments from a pathologic
compression fracture or the presence of an epidural mass
causing direct compression of the neural structures.
Radiotherapy is the initial treatment of choice if the tumor is
radiosensitive and the neural progression is gradual; however,
surgical treatment may eventually be needed in the presence
of potential spinal instability. Surgical treatment is necessary if
progression is rapid, if the tumor is known to be radioresistant,
and/or the neural compression is caused by retropulsed bone
fragments.
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Infections of the Spine
Historically, spine infections were devastating diseases with
exceedingly high morbidity and mortality rates. With the
advent of new diagnostic techniques, multidrug antimicrobial
chemotherapy, and improvements in surgical techniques, the
prognosis has improved dramatically in recent years. Successful management of spine infections requires a high level of
diagnostic acuity to avoid delays in diagnosis, use of appropriate antibiotic therapy as directed by biopsy results, and institution of appropriate surgical intervention when indicated.
here are numerous ways to classify spine infections. he
most basic is by the histologic response of the host to the
speciic organism. Most bacteria cause a pyogenic response,
whereas Mycobacterium, fungi, Brucella, and syphilis induce
granulomatous reactions. Infections may be classiied by their
primary anatomic location—vertebral osteomyelitis, discitis,
or epidural abscess. Another way to categorize spine infections
is by cause; the main routes of infection are hematogenous,
direct inoculation (postoperative and traumatic), and spread
from a contiguous source. Finally, age may be the determinant
and infections may be classiied as occurring in pediatric or
adult populations. Each of these classiications has implications with regard to evaluation, treatment, and prognosis.

Historic Perspective
he irst recorded descriptions of spine infections were those
in the Hippocratic texts on tuberculous spondylitis written
between the 4th century BC and the 1st century AD. Sir Percival
Pott’s description of paralysis in association with tuberculosis
of the spine in the 18th century led to the eponym “Pott
paraplegia.” His frustration with the inadequate treatment
options available to him was shared by physicians for another
150 years: “To attend to a distemper from its beginning
through a long and painful course, to its last fatal period,
without even the hope of being able to do anything which shall
be really serviceable, is of all tasks the most unpleasant.”1

Before the advent of antimicrobial therapy, the treatment
of tuberculosis of the spine was based on bed rest, oten in a
plaster cast, with attention to diet and exposure to fresh air
and sunlight. Laminectomy was the mainstay of surgical treatment in the late 1800s and the early part of the 20th century
but was later condemned by Seddon and others because it did
not address the anterior disease and led to further instability.2
In 1911, Hibbs3 and Albee4 independently described the use
of posterior fusion to hasten the recovery. he idea evolved
from the demonstration that ankylosis of peripheral joints led
to remission of local disease. Unfortunately, posterior fusion
did not prevent progressive kyphosis or address the lesion that
was causing paralysis, and the technique was later abandoned.
he mortality rate for children treated by these various techniques was 40%.5 In 1894, Menard described a series of
patients with Pott paraplegia successfully treated with decompression by costotransversectomy.6 he technique fell into
disfavor because of a high rate of secondary infection; it did
not gain acceptance until Girdlestone reintroduced it in 1931
with aseptic technique.7
Ito and colleagues8 described the anterior approach to the
lumbar spine in 1934, demonstrating that it provided wider
exposure and allowed more radical debridement and fusion.
Hodgson and colleagues9,10 popularized the anterior approach
for the management of tuberculosis of the spine and stressed
radical excision and strut-grat fusion to prevent kyphosis and
late-onset paraplegia.
Antituberculous chemotherapy became available in 1945
and was found to be capable of curing the disease even without
surgery.11–15 Faced with a number of widely divergent regimens
for the treatment of the disease, a group of investigators
formed the British Medical Research Council Working Party
on Tuberculosis of the Spine. his group set out to perform a
number of large-scale, controlled prospective trials of treatment methods. hese studies, as well as others to be described
later, helped to determine the current treatment recommendations for this disease.
he irst recorded description of a pyogenic spine infection
was by Lannelongue in 1897.16 Although pyogenic spine infections difer in many ways from tuberculous spondylitis, the
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surgical treatment of the former has been inluenced a great
deal by the developments in the management of tuberculosis.
he introduction of penicillin and streptomycin revolutionized the treatment of all spine infections. As more powerful
antimicrobial agents were developed and combinations and
dosages were reined, the relative efectiveness of surgical
treatment decreased.
he introduction of needle biopsy of the spine obviated the
need for open biopsy in many cases. Greater awareness of
spine infections and greater availability of better diagnostic
modalities have shortened the delay in diagnosis and have
diminished the role of surgery in prevention or treatment of
deformity. However, patients with a neurologic deicit and/or
progressive deformity are still managed best with surgical
debridement and reconstruction. In this area as well, signiicant advances in surgical techniques, development of specialized implants, and application of biologic adjuncts have
signiicantly improved the treatment outcomes for patients
with severe spinal infections.

Pyogenic Infections
Postoperative Wound Infections
See Chapter 99.

Spinal Intradural Infections

urinary tract infections and the transient bacteremia caused
by genitourinary procedures.18,24,26,30,35–37 Of 198 cases in the
literature in which the probable source of infection was noted,
it was the genitourinary tract in 29%, sot tissue infections in
13%, and respiratory tract infections in 11%; 1.5% of the infections occurred in IV drug abusers,31 but this association is
being reported with increasing frequency.31,38–43 Vertebral
osteomyelitis may also be caused by direct inoculation of
bacteria into the spine by penetrating wounds, spine surgery,
chemonucleolysis, or discography.31,44–53 he source of infection could not be identiied in 37% of cases.31 Immunocompromised hosts appear to be particularly susceptible to
spine infections.24,31,35,37 In particular, diabetic patients have a
high incidence of vertebral osteomyelitis.18,23,35,54 hose who
are human immunodeiciency virus (HIV) positive are also
predisposed to develop spinal infections even when IV drug
users are eliminated from the study group.55 In a recent series
of 253 patients from the Cleveland area, 33% of infections
were acquired in the hospital. In total, 51% of patients had
predisposing extravertebral infections with most due to hematogenous spread from urinary tract, skin and subcutaneous
tissues, infected vascular access sites, endocarditis, and bursitis
of septic arthritis.56 Kulowski thought that trauma was a predisposing factor in pyogenic vertebral osteomyelitis.29 More
recent studies have not supported that association.2,30,35 In
Sapico and Montgomerie’s31 review of 207 literature cases in
which the presence or absence of blunt trauma was discussed,
in only 5% was there a history of trauma.

See Chapter 91.

Bacteriology
Vertebral Osteomyelitis
Epidemiology
Although the incidence of tuberculous spondylitis has
decreased dramatically in recent years, the incidence of pyogenic vertebral osteomyelitis appears to have increased.17,18
Various reports have stated that vertebral osteomyelitis represents 2% to 7% of all cases of osteomyelitis.19–22 he disease
may occur from infancy to old age but has a predilection for
the elderly.17,21,23–32 Approximately one-half of the patients with
spine infections are more than 50 years old and two-thirds are
male.31 he mean age is 66 years, but the incidence may be
higher in younger patients who are intravenous (IV) drug
abusers.2 here is a median length of stay of 31.5 days with
increased mortality associated with elevated C-reactive protein
(CRP), advanced age, and a Charlson Comorbidity index
greater than 2.33

Etiology
Any condition that causes a bacteremia may lead to hematogenous vertebral osteomyelitis. Approximately 50% of cases are
thought to seed the vertebral column through arterial or
venous conduits at the intervertebral disc or endplates.
Another 40% are from direct inoculation, such as ater a spine
procedure. he remaining cases are from local extension from
adjacent areas of infection.34 he most frequent sources are

In 1931, Hatch reviewed the literature and reported that the
causative organism was almost exclusively Staphylococcus
aureus.57 here has been an increase in the number of gramnegative bacillary infections.26 In the series from Cleveland,
gram-negative bacilli accounted for 23% of infections.56 From
data reported in the postantibiotic era, Sapico and Montgomerie31 found that 67% of 222 patients were infected with
gram-positive aerobic cocci; S. aureus constituted 55% of the
total. he emergence of tolerant S. aureus is a concern, and
such strains may become more prevalent with the widespread
use of antibiotics.58 Gram-negative organisms are responsible
for approximately 13% of cases. he most frequently isolated
gram-negative organisms are Escherichia coli, Pseudomonas
species, Haemophilis inluenzae, Klebsiella pneumoniae, and
Proteus species.59 hese are frequently found in association
with genitourinary tract infection.26,35,36,60–62 Pseudomonas
aeruginosa is frequently isolated from heroin abusers.38,40,42,63–65
In a review of 67 reported cases, gram-negative aerobic bacilli
were isolated in 82% of the cases and Pseudomonas was the
pathogen in 66%.42 However, one series included 15 IV drug
abusers with pyogenic vertebral osteomyelitis; all 11 with
positive cultures were infected with S. aureus.24 Isolating an
organism in the blood is most likely when fever is present. In
the absence of a fever, bacteremia can be detected in only 21%
of patients.56
Salmonella osteomyelitis is uncommon. It generally occurs
ater an acute intestinal infection, but the interval between the
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Pathogenesis/Pathology
Although the nucleus pulposus is an avascular tissue, it is
relatively active metabolically.74 It receives its nutrition via
difusion across the endplates and from blood vessels at the
periphery of the anulus ibrosus.74 In the developing spine,
orderly arranged cartilage canals within the endplate contain
vascular organs resembling glomeruli.75,76 Earlier studies
suggested that blood vessels penetrate the nucleus pulposus
in human fetuses and neonates.77 However, elegant studies
by Whalen and colleagues76 demonstrated that the nucleus
pulposus is always avascular. Coventry and colleagues78
demonstrated that, ater birth, the cartilage endplates become
progressively thinner and the vessels within the cartilage
canals become obliterated. Some persist up to age 30 years,
but by adulthood, most of the vessels within the endplate itself
have disappeared.78
Wiley and Trueta79 demonstrated the rich arterial anastomosis within the vertebral body, with end arterioles in the
metaphyseal region. Spinal arteries enter the canal through the
intervertebral foramen at the level of the disc. Branches ascend
and descend, supplying the vertebral bodies above and below.
hrough their injection studies, Wiley and Trueta demonstrated how bacteria could easily spread hematogenously to
the metaphyseal region of adjacent vertebrae. he infection
may also start in the metaphyseal region of one vertebra and
either spread across the avascular disc by lysosomal destruction of the nucleus pulposus or through vessels anastomosing
on the periphery of the anulus ibrosus.79
It has been suggested that Batson’s plexus may be the route
of hematogenous spread of infection. Batson demonstrated, in
injection studies, that dye lows into the valveless vertebral
venous plexus when pressure is applied to the lower abdominal
wall.80 he distribution of veins within the vertebral body is
an arborization of vessels. Minute tributaries draining the
metaphyseal region empty into large, valveless, venous channels that drain into the loose plexus lining the canal. Wiley

and Trueta demonstrated that it takes considerable force to ill
the small metaphyseal vessels in a retrograde fashion compared with the ease of injection of the metaphyseal arterioles;
this suggests that the former is an unlikely route of hematogenous seeding.79
Once microorganisms lodge in the low-low vascular arcades
in the metaphysis, infection spreads. he disc is destroyed by
bacterial enzymes in a manner similar to the destruction of
cartilage in septic arthritis. his is in contrast to tuberculous
infections (described later), in which the endplates and bone
are destroyed, but the disc is frequently better preserved.81
In children, the cartilage canals allow microorganisms nearly
direct access to the disc, which probably explains the clinical
diferences between spine infections in children and adults.
In adults, disc space infection may occur by direct inoculation of the disc as a result of surgery, chemonucleolysis, or
discography but is less likely to occur spontaneously.82,83
Some authors have suggested that discitis in adults is a
separate entity from vertebral osteomyelitis.28,84 Ghormley and
colleagues84 stressed the benign nature of this variation, but in
Kemp and colleagues’28 series, the disease was quite severe,
with a high rate of irreversible paralysis. It is conceivable that
adult discs could receive blood directly through persistent
vascular channels in the endplate, degenerative defects in the
endplate, or vessels anastomosing on the peripheral anulus
ibrosus and perhaps gaining access through rents in the
anulus. When adult discitis occurs, it appears that hematogenous involvement of the metaphysis is far and away the most
common mechanism and, whether the infection begins in the
metaphysis and spreads across the disc or vice versa, the clinical manifestations and treatment are the same.
he upper cervical spine has a peculiar blood supply. Parke
and colleagues85 have demonstrated a venous plexus around
the odontoid, called the “pharyngeal vertebral vein,” which
frequently has lymphovenous anastomoses. his venous
plexus may be responsible for hematogenous spread to the
upper cervical spine.85,86 Abscesses may drain into the sot
tissues surrounding the spine or into the spinal canal itself. In
the cervical spine, a retropharyngeal abscess may invade the
mediastinum.29,87 In the thoracic spine, an abscess may be
paraspinous or retromediastinal.29 Infection in the lumbar
spine may cause a psoas abscess or, less commonly, an abscess
pointing through the Petit triangle.29 Occasionally, an abscess
may create a tract through the greater sciatic foramen and
appear in the buttock beneath the piriformis fascia, in the
perirectal region, or even in the popliteal fossa.29 he more
virulent organisms may not follow fascial planes and may
extend into visceral structures. hey also are more likely to
produce spinal deformity. An abscess that enters the spinal
canal is considered to be an epidural abscess and is discussed
later. Infection may cross the dura, causing a subdural or
intradural abscess or meningitis.29,88
he pathogenesis of neural compromise may be related to
direct compression by epidural pus, granulation tissue, or bone
and disc from the development of spinal deformity and instability. In addition, the cord or nerve roots may sufer ischemic
damage from septic thrombosis or may be damaged by inlammatory iniltration of the dura (Figs. 87.1 and 87.2).28,29,31
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gastroenteritis and the onset of osteomyelitis may be quite
long66; in some cases, no previous infection can be identiied.67
Salmonella has a strong tendency to localize in tissues where
there is preexisting disease.66,68 Infection with anaerobic bacteria is unusual and is generally associated with foreign bodies,
open fractures, infected wounds, diabetes, or human bites.31,69
Infection caused by multiple organisms is encountered
in up to 8% of cases.31,70 Infection with Haemophilus species
has been reported but is extremely rare in adults.71,72 Lowvirulence organisms, such as diphtheroids and coagulasenegative staphylococci, may cause indolent infections with
delayed diagnosis.73 hese organisms may grow slowly; thus,
cultures should be held for 10 days before they are considered
to be negative. Low-virulence organisms should not be dismissed as contaminants in patients suspected clinically to have
vertebral osteomyelitis.73 In one series of 111 cases of pyogenic
vertebral osteomyelitis, low-virulence organisms caused 48%
of the infections in the 61 patients who were 60 years of age
or older and 55% of the 44 patients who had an impaired
immune system.24

1527

XII

1528

AFFLICTIONS OF THE VERTEBRAE

A

B

C

D
FIG. 87.1 This patient with a T7–T8 disc space infection with associated vertebral osteomyelitis developed
progressive paraplegia and died as a result of overwhelming sepsis associated with antibiotic-induced
neutropenia. (A) Lateral radiograph showing marked narrowing and sclerosis at the T7–T8 interspace
(arrowhead). (B) Artist’s rendition of the pathology shows the collapse centered at the T7–T8 interspace and
associated paraspinal abscess. (C) Two months later, infection spread down to the T9–T10 interspace, with
marked narrowing at that level. Gross destruction of the disc can be seen on this gross pathology specimen at
the T7–T8, T8–T9, and T9–T10 levels. (D) This microscopic section of the spinal cord has been taken at 11.5 times
normal magniication. The dorsal aspect of the spinal cord is at the top of this igure. The patient was
completely paraplegic. This is consistent with the changes seen within the spinal cord. (Courtesy Dr. H.H.
Bohlman, Cleveland, Ohio.)

An unusual association between vertebral osteomyelitis
and compression fractures secondary to osteoporosis has been
described. It is theorized that the osteomyelitis may develop
as a complication of the fracture because the fracture creates
a favorable environment for the hematogenous infection.
Alternatively, the osteomyelitis may develop within the central
portion of an osteoporotic vertebral body, perhaps because the
bone is more hyperemic or because of vascular stasis. Infection may then lead to a pathologic fracture of the vertebra
without the usual involvement of the disc space.89

Clinical Presentation
he clinical manifestations of spine infection are determined
by the virulence of the organism and the resistance of the host.
he presentation may be acute, subacute, or chronic.28,29 Before
the antibiotic era, most patients had acute osteomyelitis, and
in 68% of the cases the disease was fulminant with severe
toxemia.57 he mortality rate ranged from 25% to 71%.29,57 A
literature review in 1979 found that only 20% of the patients
had symptoms for less than 3 weeks before presentation, 30%
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FIG. 87.2 This patient died with thoracic vertebral osteomyelitis secondary
to overwhelming meningitis associated with the spine infection. (A) The
patient developed a T7–T8 disc space infection with associated vertebral
osteomyelitis following a urologic operation with associated postoperative
sepsis. He was treated initially with oral antibiotics. (B) One month later,
there is an obvious increasing kyphosis secondary to the spine infection.
The patient is still being mobilized despite this deformity. (C) This
anteroposterior radiograph at the time of transfer to our institution reveals a
large paraspinous abscess (arrowheads). At this time, the patient had an
incomplete paraplegia. (D) This lateral intraoperative radiograph
demonstrates gross instability of the thoracic spine with the T7 vertebra
50% retrolisthesed on the T8 vertebra. At this time, the patient still had an
incomplete paraplegia. Surgery was undertaken in order to drain the
paraspinal abscess. (E) Extent of destruction at the T7–T8 interspace. The
retrolisthesis of T7 on T8 is well demonstrated. The paraspinous abscess is
also clearly shown. (F) The gross destruction of the anterior vertebral
column is well demonstrated in this pathology specimen. (G) This transverse
section of the spinal cord has been magniied 11.5 times. Although there
are signiicant changes within the neural tissue, this patient had an
incomplete paraplegia at the time of death. (Courtesy Dr. H.H. Bohlman,
Cleveland, Ohio.)

had symptoms for 3 weeks to 3 months, and 50% had symptoms for longer than 3 months.31 Greater awareness of the
disease and improved diagnostic modalities (especially magnetic resonance imaging [MRI]) have shortened the delay in
diagnosis. In one series reported in 1997, 68 of 111 patients

were diagnosed within 28 days of the onset of their symptoms
and only 8 patients were diagnosed more than 3 months ater
their symptoms began.24 In an urban setting, the infection is
discovered within 1 month in only 28% and the median time
to diagnosis is 1.8 months.5 More recently, the mean time from
onset of symptoms until diagnosis was 30.2 days in culturepositive cases and 72.2 days in culture-negative cases.90,91
Fever is present in only 52% of the patients overall, 85% in
culture-positive and 32% of culture-negative patients. Pain in
the back or neck is a much more common inding, occurring
in approximately 90% of patients.31,91 Concomitant infections
are found in 47% of culture-positive cases and 4% of culturenegative cases.90 Patients with acute infection commonly
present with fever, local spine pain, severe muscle spasm, and
limitation of motion of the spine. With lumbar spine involvement, there may be a positive straight-leg raise test, reluctance
to bear weight, and hip lexion contracture due to psoas irritation. Hamstring tightness and loss of lumbar lordosis may be
noted. Torticollis and fever may be the only presenting signs
with cervical osteomyelitis.86,92
Subacute and chronic infections may be much more insidious, and these patients have a vague history. Pain may be the
only symptom, especially with an occult infection by a lowvirulence organism.73 Approximately 15% of the patients have
atypical symptoms such as chest pain, abdominal pain, hip
pain, radicular symptoms, or meningeal irritation.18,31,93 hese
unusual and oten vague complaints have led to unnecessary
exploratory laparotomies before the diagnosis has been
made.31,93 A signiicant delay in diagnosis is common with
chronic infections.18,23,25–27,31,94,95
Vertebral osteomyelitis is more common in the lumbar
region. In Sapico and Montgomerie’s31 literature review, in
48% of 294 cases the involvement was lumbar, in 35% thoracic,
in 6.5% cervical, and in approximately 5% thoracolumbar and
lumbosacral. Vertebral osteomyelitis at noncontiguous levels
is uncommon, occurring in approximately 3% (Fig. 87.3).91
With the advent of antibiotics, signiicant spine deformity is
not as common as it was in the past, but signiicant kyphosis
still may occur.26,29 Bacterial infection in the vertebral body
can lead to increased intraosseous pressures and impede blood
low to the vertebrae and discs, leading to ischemic necrosis
and subsequent deformity. Additionally, production of hyaluronidase by certain bacteria can invade the anulus ibrosus
and cause proteolytic breakdown and subsequent biomechanical instability and deformity.96
Abscesses are not encountered as frequently now as they
were before the antibiotic era but should still be sought in the
paraspinous region, psoas region, and in remote areas.29 A
tender or pulsatile abdominal mass may be caused by a mycotic
aneurysm, a dilatation of the wall of an artery resulting from
an infection.97 In the lumbar spine, abscesses in the psoas
muscle are common and help to distinguish spinal infections
from other lesions, such as tumors or trauma (Fig. 87.4).
Approximately 17% of the patients present with a neurologic deicit secondary to nerve root or spinal cord involvement.31 Eismont and colleagues identiied several factors that
predisposed patients to paralysis, including diabetes,18,29,54,98
rheumatoid arthritis,98 increased age,98,99 and a more cephalad
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FIG. 87.3 Although uncommon, some patients present with vertebral
osteomyelitis at noncontiguous levels. This diabetic patient had an infection
of the cervical spine as well as the lumbar spine secondary to
Staphylococcus aureus. (A) The patient has an obvious disc space infection at
L2–L3, with an associated vertebral osteomyelitis. (B) This lateral radiograph
of the cervical spine demonstrates a disc space infection at C5–C6 with
destruction of the adjacent bone. The patient had a quadriparesis as a result
of this infection.

FIG. 87.4 T1-weighted contrast-enhanced magnetic resonance axial image
through lumbar spine. Increased signal intensity can be seen difusely in the
psoas muscle bilaterally with low signal intensity abscess pockets (arrows).

level of infection.41,98 Patients on systemic steroid therapy are
more likely to be paralyzed, and those infected with S. aureus
seem to have the most severe degree of paralysis.98 Some
authors have noted that neurologic involvement is uncommon
in patients infected with Pseudomonas.63,65
Infants and IV drug abusers are two subsets of patients who
have slightly diferent presentations. Infants generally present
acutely with high temperature, septicemia, and generalized
signs of systemic illness.99,100 he radiographic indings of
vertebral osteomyelitis in infants is striking, with almost
complete dissolution of the involved vertebral bodies and
nearly normal adjacent endplates. he late radiographic
appearance may be identical to that of congenital kyphosis
(Fig. 87.5). Heroin abusers also present earlier than most
patients. In a review of the literature, 81% of heroin abusers
presented within 3 months ater the onset of their symptoms,
compared with 50% in the general population with vertebral
osteomyelitis.31,42,99,100 he authors postulated that the earlier
presentation may be related to infection with more virulent
organisms or the fact that their patients have less tolerance to
pain or may be using their back pain as an excuse to receive
more narcotics (Fig. 87.6).42

Diagnostic Evaluation
Laboratory Evaluation
he erythrocyte sedimentation rate (ESR) and Gram stain and
culture are commonly used laboratory tests in the diagnosis
of pyogenic spine infections.25,31,35,82 he leukocyte count is
increased on presentation in only 42% of cases and is usually
normal in patients with chronic disease.31,35,82 Conversely, the
sedimentation rate was increased in 92% of 184 patients
reported in the literature.31 It is a nonspeciic test, however,
and the rate may be increased in pregnancy, malignancy, other
infections, dysproteinemias, and connective tissue diseases. In
addition, it is inluenced by serum levels of ibrinogen and
globulin.31 he sedimentation rate may be normal in occult
infections with low-virulence organisms.73
CRP has been shown to be helpful in the diagnosis of
postoperative discitis101 and has supplanted ESR as the laboratory study of choice for assessing the presence of infection.
CRP was discovered in 1930 by Tillett and Francis in their
studies of pneumonia. his acute-phase protein is a 187 amino
peptide that can precipitate the C-fraction polysaccharide
from Streptococcus pneumoniae.102 With the onset of an infection or other inlammatory process, the CRP level increases
within 4 to 6 hours, doubling every 8 hours and peaking at
about 36 to 50 hours.102 he half-life of CRP is 24 to 48 hours.
he degree of increase can be up to 10,000-fold higher than
normal, while ESR increases only 10- to 100-fold.103 he ESR
begins to increase only several days ater onset of infection
and peaks at 7 to 8 days.102 An additional limitation of the
ESR is the long period of recovery. he ESR has been useful
in follow-up to assess the response to treatment.17,25,26,28,31,104,105
In one small series, the sedimentation rate decreased to at least
two-thirds of the original value at the completion of successful
antibiotic therapy in all patients and decreased to half of the
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FIG. 87.5 This infant developed a vertebral osteomyelitis and life-threatening sepsis. Unlike the relatively
benign disc space infection of childhood, this infection of infancy follows a much more destructive course. (A)
At the time that the infant became septic, the T6 vertebral body could be clearly visualized (arrow). (B) Two
months later, despite aggressive antibiotic treatment, there is gross destruction of the T6 vertebral body (arrow).
(C) This lateral radiograph taken 2.5 years after the spine infection reveals that the patient has a kyphotic
deformity from T5 to T7. This deformity behaves much like an anterior failure of formation of the T6 vertebral
body. (From Eismont FJ, Bohlman HH, Soni PL, et al. Vertebral osteomyelitis in infants. J Bone Joint Surg Br.
1982;64[1]:32–35.)

A

B

FIG. 87.6 Computed tomography scan with (A) sagittal and (B) axial images of the lumbar spine of an active
intravenous drug abuser. Severe destruction of L5 can be seen. The patient presented with severe back pain,
bilateral dorsilexor weakness, and fever. The L5 vertebral body and the inferior portion of L4 have been
destroyed by infection. Cultures revealed Staphylococcus aureus.

original value in the majority.31 In another series of 30 cases,
the sedimentation rate returned to normal ater resolution
of the infection.25 However, the ESR remains elevated for
more than 3 weeks ater infection.106 he CRP, in contrast,
decreases more rapidly and returns to normal levels in 10
days. In cardiac patients, elevated preoperative CRP increases
the risk of postoperative infectious complications.107 Similar
to the ESR, the CRP unfortunately sufers from low speciicity
because any infectious or inlammatory process will elevate

these values.108 Ater routine spinal surgery, the CRP returns
to normal in 5 to 14 days, whereas the ESR takes 21 to 42 days
to return to normal.109 hus, an abnormal increase in CRP 1 to
2 weeks ater spinal surgery may represent onset of postoperative infection. In all cases, a blood culture should be obtained
because it remains a convenient, readily accessible means of
identifying an organism. Blood cultures may only be positive
in about 30% of cases.91 In most cases, the identiication of
the ofending organism correlates well with biopsy results.
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FIG. 87.7 This patient presented with an idiopathic disc space infection at L5–S1 with an associated vertebral
osteomyelitis. His main complaint was low back pain. (A) This lateral radiograph demonstrates marked
narrowing of the disc space at L5–S1; however, nothing is seen on this radiograph that would clearly
demonstrate this to be a spine infection. (B) This lateral tomogram better demonstrates the destruction of the
endplates at L5–S1 and the rarefaction of the adjacent bone. The only diagnosis consistent with these indings
is a disc space infection with associated vertebral osteomyelitis.

In a study of 29 cases of pyogenic spondylitis, O’Daly and
colleagues110 found a 100% correlation between blood cultures
and vertebral cultures when both were positive. In patients
who are medically stable, antibiotics should be helpful until a
biopsy can be obtained since the yield decreases from 80% to
48% in patients receiving antibiotic treatment.111

Imaging Studies
he indings on plain radiographs are characteristic but do not
appear for at least 2 to 4 weeks.25,30,32,35,61,81 he earliest and
most constant radiographic inding, narrowing of the disc
space, is present in 74% of patients at presentation.31 Other
indings include endplate destruction, osteolysis, and vertebral
collapse. Plain radiographs also provide valuable information
regarding alignment and mechanical stability.112 Tomograms
show abnormalities earlier than plain radiographs (Fig. 87.7)
and may show local osteopenia of the endplates at 10 to 14
days, but tomography has largely been supplanted by computed tomography (CT).35 Widening of the retropharyngeal
space in the cervical spine, enlargement of the paravertebral
shadow in the thoracic spine, or changes in the psoas shadow
in the lumbar spine may indicate either abscess or granulation
tissue surrounding the infection. Ater 3 to 6 weeks, destructive changes in the body can be noted, usually beginning as a
lytic area in the anterior aspect of the body adjacent to the disc
and difusely in the endplate.
Reactive bone formation and sclerosis are present in 11% of
patients on presentation; most patients will have sclerosis when
the disease heals.31 Depending on the virulence of the organism
and the response to treatment, progressive bony destruction,
collapse, and kyphosis may develop. he radiographic indings

generally lag behind the clinical response by 1 to 2 months.
With healing, new bone formation and hypertrophic changes
at the vertebral margins eventually may produce spontaneous
fusion. Fusion occurs in just over 50% of the cases31,113 but may
take up to 5 years.114 If a solid fusion does not occur, a ibrous
ankylosis may be achieved.26,113
Although the radiographic indings are characteristic, they
are not speciic; a deinite diagnosis is possible only by
biopsy.113 An unusual radiographic inding that may help with
the diagnosis is gas in the disc space; this may represent infection with a gas-forming organism (Fig. 87.8).70 However, the
most common cause of gas in the disc space in adults is due
to degenerative disease.
An atypical presentation of vertebral osteomyelitis was
reported by McHenry and colleagues.89 hey described a
series of six patients with osteomyelitis in an osteoporotic
vertebral compression fracture. he vertebral endplates were
intact on the initial plain radiographs.89 his presentation
occurred in 13% of all hospitalized patients with vertebral
osteomyelitis and 2.4% of inpatients with osteoporotic compression fractures at one institution over a 5-year period.115
Chest radiographs may reveal atelectasis, pleural efusion, and
sot tissue masses that may be confused with a tumor.94
Radionuclide studies are useful for early detection and
localization of infection before plain ilms become positive.26,28,32,95,105,116-118 Clinical studies have suggested that gallium
scans become positive before technetium scans do,116 which
has been conirmed in experimental studies.119 Technetium
scans show increased uptake difusely in the region of the
infection, whereas gallium scans may show increased uptake
in a butterly area around the infected spine.120 Gallium scanning has been found to have a sensitivity of 89%, a speciicity
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FIG. 87.8 This patient presented with a signiicant paraparesis and associated sepsis. (A) This lateral radiograph
demonstrates marked diminution in the height of the L2 vertebral body. It is surprising that the disc heights at
L1–L2 and L2–L3 appear to be relatively normal. (B) Tomograms of the lumbar spine reveal gas shadows
(arrows) within the disc spaces at L1–L2 and L2–L3. At the time of surgical debridement, Escherichia coli was
cultured.

of 85%, and an accuracy of 86% in the diagnosis of disc space
infections.116 In a separate study,117 technetium scans were
found to have a sensitivity of 90%, a speciicity of 78%, and an
accuracy of 86%. he accuracy of combined technetium and
gallium scans was 94%.117 hese two scans combined are currently our preferred nuclear medicine studies.
In experimental disc space infection, bone scans were positive in 23% at 3 to 5 days, in 29% at 6 to 8 days, and in 71%
at 13 to 15 days.121 he probability of technetium bone scans
becoming abnormal increases with the duration of symptoms,
to almost 100%, but false-negative scans have been reported
in young children and in the elderly. his has been postulated
to be the result of regional ischemia.73
he major mechanism of gallium localization is thought
to be neutrophil labeling followed by migration to the
inlammatory focus. False-negative gallium scans have been
reported in leukopenic patients.118 Both technetium and
gallium scans may be negative with occult infection by lowvirulence organisms.73 Two cases have been reported in which
the technetium scan was negative but the gallium scan was
positive; the authors postulated that this represented pyogenic discitis without vertebral osteomyelitis.122 Technetium
scans remain positive for a long time ater resolution of the
disease, whereas gallium scans become normal during healing
and, therefore, may be useful in following the response to
treatment.123
Indium-111-labeled leukocyte imaging has been found
to be helpful in the evaluation of sepsis in the appendicular
skeleton.124 Unfortunately, it is not sensitive in the spine.125–127
his may be related to the fact that most cases of vertebral
osteomyelitis are chronic by the time the patients are studied,
and the inlammatory response may have fewer leukocytes.
he overall sensitivity of indium scanning for infections of

the spine is 17%, the speciicity is 100%, and the accuracy is
only 31%.126 A correlation was found between prior antibiotic
therapy and false-negative indium scans and photon-deicient
indium uptake.126 Photon-deicient lesions may be detected
by indium-111-labeled leukocyte imaging in many other
conditions, including previous surgery, radiation therapy,
or metastatic disease.128 Palestro and colleagues129 reported
that the speciicity was 52% and the sensitivity was 54%
when decreased activity was the criteria for osteomyelitis
with indium-111 scanning. Single-photon emission computed tomography (SPECT) is a sensitive bone scintigraphic
modality for early detection of spondylitis. It is more sensitive
than planar scintigraphy and has the advantage of increased
contrast resolution and the capability of three-dimensional
localization.130 Scintigraphy with technetium and gallium are
now oten performed with SPECT. Love and colleagues131
compared three-phase bone technetium SPECT with gallium
SPECT and MRI in 11 patients with spinal infections. Gallium
SPECT and MRI were comparable in accuracy and superior
to technetium SPECT. hus, gallium SPECT may be useful in
patients in whom MRI is contraindicated or in cases in which
the diagnosis is uncertain. A positive technetium SPECT in
the setting of a negative gallium scan points toward noninfectious causes of back pain such as degenerative disease or
pseudarthrosis.132
CT may show cystic changes in the bone as well as sot
tissue masses, gas in the sot tissues or within the bone and
disc, and, later, lytic destruction of the body.133–135 he prevertebral sot tissue involvement seen on CT usually completely
surrounds the spine anteriorly, and the destruction of the
vertebra is generally an osteolytic process around the disc
space (see Fig. 87.6). his is in contrast to neoplasms, which
are characterized by no or only partial paravertebral sot tissue
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FIG. 87.9 Craig needle biopsy in the thoracic spine. (A) The course of the needle is determined by the
measurements obtained on the scout computed tomography (CT) scan. The distance from midline and the
angle from the vertical position can be accurately determined. (B) The lateral scout ilm from the CT scan
should be used to determine the exact level to be sampled.

swelling and by changes that may be osteoblastic and more
likely to involve the posterior elements than in infection.136
CT is valuable in diferentiating pyogenic spondylitis from
a tuberculous or fungal infection; in the latter, the sot tissue
components tend to be more prominent.137 he inding of disc
hypodensity on CT is relatively speciic for infection in the
lumbar spine but is less useful in the thoracic and cervical
region.135 A relatively unique feature of tuberculous infection
is vertebral fragmentation and paraspinal calciications.138,139
he destruction tends to extend into the pedicle, which is
uncommon in pyogenic infections. CT with contrast medium
is helpful to delineate the boundary between abscesses and
swollen paravertebral muscles.133–135 CT ater intrathecal
administration of a water-soluble, nonionic contrast agent
provides exquisite detail of the spinal canal.137 CT-guided
biopsies of the spine have been shown to be safe and can be
done at all levels of the spine (Fig. 87.9).133,140–142 Myelography
and postmyelography CT are indicated in cases of neurologic
deicit and radicular pain to rule out epidural and subdural
abscesses and are always used when an MRI scan is contraindicated. Cerebrospinal luid (CSF) should also be examined to
rule out meningitis whenever the myelogram is done with
suspicion of a spine infection.88
he imaging modality of choice for the evaluation of spine
infections is MRI. MRI permits early diagnosis of infection
and recognition of paravertebral or intraspinal abscesses
without the risk associated with myelography.143,144 In a prospective study of 37 patients suspected clinically of having
vertebral osteomyelitis, MRI was found to be at least as
accurate and as sensitive as gallium and bone scanning combined: MRI had a sensitivity of 96%, a speciicity of 93%, and
an accuracy of 94%.117 MRI has the advantage of providing
more anatomic information than radionuclide studies and is
capable of diferentiating degenerative and neoplastic disease
from vertebral osteomyelitis.145 he changes on MRI occur at
about the same time as the changes on gallium scans.117
Disadvantages of MRI are that it is more sensitive to motion
degradation, and there are problems with patient positioning
and claustrophobia. MRI has a limited ield of view, whereas
radionuclide scans can image the entire skeleton. MRI may be

falsely negative in cases of epidural abscess without involvement of the adjacent bone because the signal intensity of the
inlammatory exudate is similar to that of CSF.117,146
he MRI changes in vertebral osteomyelitis are characteristic (Fig. 87.10). On T1-weighted sequences, there is a conluent
decreased signal intensity of the vertebral bodies and adjacent
disc, making the margin between the two structures indistinct.
On T2-weighted sequences, the signal intensity of the vertebral bodies and the involved disc is higher than normal, and
there is generally an absence of the intranuclear clet normally
seen within the adult disc.117,143 he extent of the infection is
best seen, however, using gadolinium contrast enhancement.
he disc and the involved portions of the vertebral bodies
reveal a marked increased signal intensity that delineates
the margins of the infection (see Fig. 87.10C).147 he typical
T1 changes in the vertebral body and endplates and the T2
changes in the disc space were seen in 95% of the 37 cases
of vertebral osteomyelitis described by Dagirmanjian and
colleagues.148 Only 56% of their cases had typical T2 vertebral
body changes. Isointense or decreased signal in the vertebral
body on T2-weighted images is consistent with infection if
the other typical indings are present. In a more recent study
by Ledermann and colleagues,149 46 patients with culture
or histologic-positive spinal infections were systematically
evaluated with gadolinium-enhanced MRI. he most sensitive MRI criterion was the presence of paraspinal or epidural
inlammation (97.7% sensitivity), followed by disc enhancement (95.4% sensitivity). Hyperintensity or luid-equivalent
disc signal intensity on T2-weighted MRI was 93.2% sensitive,
erosion or destruction of at least one vertebral endplate was
84.1% sensitive, and efacement of the nuclear clet was 83.3%
sensitive. When the infection is conined to a single vertebral
body, spread of infection occurs in a subligamentous path.150
Interestingly, the spread of infection tends to be more commonly in a cephalad direction, afecting the superior disc
space more commonly than the inferior disc space. he cause
of the signal intensity changes seen in vertebral osteomyelitis
is uncertain but is thought to parallel the pathogenesis of
the disease. he earliest changes are thought to be related to
ischemia and the increased water content of the inlammatory
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FIG. 87.10 (A) Preoperative imaging studies show L3–L4 disc height loss and irregular endplate sclerosis on
lateral radiographs. (B) Contrast-enhanced magnetic resonance image shows involvement of the L2–L3 disc
space along with increased signal of the L3 and L4 vertebral bodies. (C) Axial image shows enhancement of the
anterior soft tissues (arrowheads).

process. As the infection crosses the endplate, a conluent
signal intensity occurs on MRI. he normal inding of an
intranuclear clet within adult discs is thought to be related to
ibrous tissue within the nucleus pulposus. his clet is lost at
the time of inlammatory involvement of the disc.117
In an elegant study comparing MRI indings of pyogenic
vertebral osteomyelitis with tuberculous osteomyelitis, Chang
and colleagues151 identiied ive key distinguishing features
that help to diferentiate between the two disease entities. A
retrospective study of 33 patients with conirmed tuberculous
spondylitis were compared with 33 randomly selected patients
with known pyogenic osteomyelitis. he key distinguishing
features were (1) degree of bone destruction; (2) degree of disc
preservation; (3) paraspinal abscess appearance; (4) abscess
with postcontrast rim enhancement; and (5) postcontrast
enhancement pattern of the vertebral body. As expected, the
degree of vertebral body and disc destruction were the two
most distinguishing diferences found. Most patients in the
tuberculous (TB) group (82%) had near-complete destruction
of at least one vertebral body, whereas less than one-third
(30%) in the pyogenic group had severe vertebral body
destruction. Conversely, the disc was preserved in more than
one-half (57%) of the TB group, whereas only 3% of the
pyogenic group had a preserved disc space. hus, the credo
that TB spondylitis “skips the disc space” is relatively well
supported. However, a more accurate distinguishing feature
would be better stated that pyogenic vertebral osteomyelitis
difers from TB spondylitis by severe disc space destruction
with relative preservation of the vertebral body.
Chang and colleagues went on to further show that there
were marked diferences in the imaging pattern of the vertebral
body itself.151 In the TB group, the enhancement pattern of the
vertebral body was always focal and heterogeneous, with

rim-enhancing abscesses. In contrast, the enhancement
pattern of the vertebral body in the pyogenic group was nearly
always (94%) difuse and homogeneous. A discrete rim
enhancement intraosseous abscess was never observed in the
pyogenic group. he paraspinal sot tissue imaging patterns
provide further distinguishing features. In the TB group, the
paraspinal sot tissues revealed well-deined rim-enhancing
lesions. In contrast, the pyogenic infections tended to show
more difuse, ill-deined areas of enhancement.
In a comparison of MRI, bone scans, and plain radiographic
evaluations in an animal model of disc space infection, MRI
was found to have a sensitivity of 93%, a speciicity of 97%,
and an accuracy of 95%, corresponding well to results of clinical studies in humans.117,121 he indings are time related. In
one study, scans of rabbits made 3 to 5 days ater injection of
bacteria all showed a decreased signal from the nucleus pulposus on both T1-weighted and short T1-inversion recovery
(STIR) sequences. Scans at 6 to 8 days also showed increased
signal from the adjacent endplates on the STIR sequence and
blurring of the disc margins on the T1 image. Scans at 13 to
18 days showed more lorid endplate changes, and in several
scans at 21 days there was increased signal from the vertebral
endplates and the disc on STIR sequences.121 he MRI indings
slowly return to normal ater successful treatment of vertebral
osteomyelitis.117 Gallium scans revert to normal much more
rapidly and are better indications of appropriate therapy. Post
and colleagues147 noted that abnormal gadolinium enhancement of the disc, vertebral bodies, and paraspinal sot tissues
progressively decreases with successful treatment of the infection. Gillams and colleagues152,153 described some patients who
were improving clinically and had stable or increasing
enhancement patterns and concluded that such indings
should not be interpreted as treatment failure.
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Unfortunately, even MRI may be negative in surgically
documented occult infections by low-virulence organisms.73
Despite the accuracy of MRI, an absolute diagnosis must be
based on bacteriologic or microscopic examination of the
tissue.29,154,155 he only situation in which the diagnosis can
be made without a tissue biopsy is when a positive blood
culture is obtained from a patient with signs and symptoms
of spondylitis. Blood cultures are positive in 24% to 59% of
patients with pyogenic spine infections.24,28 Urine cultures
are less reliable because patients with vertebral osteomyelitis
may have a coexistent urinary tract infection with a diferent
organism.24,26
Finally, a transesophageal echocardiogram should be considered to rule out bacterial endocarditis.156

Biopsy
Needle biopsy of the spine was irst reported by Ball in 1934.
In 1956, Craig described a set of instruments designed to
increase the percentage of successful closed-needle biopsies,
especially in sclerotic or sotened bone, discs, or ibrous
tissue.157 Needle biopsies have been shown to be safe in the
cervical and thoracic spine as well as in the lumbar spine.158,159
A deinite diagnosis is possible by closed-needle biopsy in 68%
to 86% of cases.31,35,142,159,160 CT-guided closed biopsy of the
spine should provide a margin of safety and allow biopsy of
the area most likely to yield the diagnosis. In a series of 22
patients with a mass or destructive lesion who underwent this
procedure, 17 biopsies provided a deinite diagnosis; only one
was false negative and in four cases the specimens were insuficient. All areas of the spine were sampled, including one
lesion at C2. he patient with the C2 lesion had a transient
increase in quadriparesis but returned to baseline, and no
other complications were reported.140
Closed biopsies of the spine are oten false negative in
patients who are being treated with antibiotics at the time of
the biopsy. If a biopsy is nondiagnostic, it would be reasonable
to observe the patient of the antibiotic regimen and repeat the
biopsy if the clinical situation allows such a delay. If the second
closed biopsy is also nondiagnostic, an open biopsy should be
considered. his will provide larger tissue samples and selection of grossly pathologic tissue and should have a lower
false-negative rate. In their review of the literature, Sapico and
Montgomerie31 found that 30% of needle biopsy specimens
and aspirates were sterile, compared with only 14% of surgical
specimens. he technique of transpedicular biopsy allows for
larger bony samples to be obtained. he transpedicular
approach is safely performed with either luoroscopy or CT.
For general biopsies, including tumor, the accuracy rate is over
92%.161–163 In the setting of infection, this technique yields
better results than traditional needle biopsy. Hadjipavlou and
colleagues164 examined 28 patients with suspected spinal
infections diagnosed by a combination of laboratory test,
MRI, and scintigraphy. Positive cultures were obtained in 71%
of the biopsies.164
he diferential diagnosis of pyogenic vertebral osteomyelitis includes tuberculosis, fungal infections, metastatic carcinoma, multiple myeloma, localized Scheuermann disease,

trauma, degenerative disease, epidural abscess, and fractures
associated with osteoporosis.17,31,89,165 Less common disorders in the diferential diagnosis are leukemia, perinephric
abscess, neuropathic spinal arthropathy, and sarcoidosis, as
well as erosive arthritides in rare cases of facet joint involvement.30,82,100,166–168 With such a wide variety of diseases that can
present with signs and symptoms similar to those of vertebral
osteomyelitis, diagnostic acuity is important. As Kulowski said
in 1936, “Knowledge of the disease is the primary factor in
the diagnosis.”29

Management
Before the advent of antibiotic therapy, treatment of pyogenic
vertebral osteomyelitis involved drainage of abscesses, rest on
a frame or plaster bed, and attention to nutrition and general
hygiene. he mortality rate with this approach was between
25% and 70%.29,57 he use of antibiotics has drastically changed
the prognosis with this disease, but attention to good general
medical care is still a vital part of the treatment. Associated
conditions that compromise wound healing or immune
response should be managed aggressively. Attention to proper
nutrition and the reversal of metabolic deicits and hypoxia
are essential. Diabetes and other systemic illnesses should be
brought under control.98 Any underlying focus of infection in
the urinary tract, lungs, skin, or elsewhere must be treated
concurrently with the spine infection.169
he goals of treatment are to establish tissue and bacteriologic diagnoses, prevent or reverse neurologic deicits, relieve
pain, establish spinal stability, correct symptomatic spinal
deformity, eradicate the infection, and prevent relapses. Biopsy,
by either a closed or an open method, is mandatory in any case
of spine infection before the institution of antibiotic therapy.
he only exceptions to this rule are straightforward cases of
pediatric discitis and cases with positive blood cultures in
association with strong clinical evidence of spine infection.
Changes in patterns of pathogenic organisms and antimicrobial agents necessitate an accurate bacteriologic diagnosis.
If possible, treatment should be withheld until an organism is
identiied in case a second biopsy is necessary. However,
patients who are systemically toxic should be treated with
maximal doses of broad-spectrum antibiotics as soon as the
biopsy has been completed. Most patients with vertebral
osteomyelitis are not septic and will not be harmed by a delay
in treatment for several days. Conversely, if the biopsy is
nondiagnostic and antibiotic therapy has been started, a
second biopsy may not yield the organism. Patients with clinical evidence of vertebral osteomyelitis but negative cultures
from open biopsy should be treated with a full course of
broad-spectrum antibiotics. When possible, the choice of
antibiotics should be based on the culture and sensitivity test
results so that more speciic and less toxic agents can be used.
Daly and colleagues170,171 have demonstrated that antibiotic
penetration of osteomyelitic bone parallels serum concentrations for all classes of antibiotics. he penetration of antibiotics
into inlammatory exudates and the intervertebral disc is less
certain.172–177 Vancomycin, gentamicin, tobramycin, clindamycin, and teicoplanin all penetrate the nucleus pulposus
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lumbar lesions should be immobilized in a TLSO device
without a chin piece. Frederickson and colleagues26 found that
immobilization was most important in those patients with
destruction of greater than 50% of a vertebra and recommended immobilization for the irst 3 months. In 5 of their 17
cases, signiicant deformity developed in the irst 6 to 8 weeks,
all at the thoracolumbar junction or above. hose patients
with the greatest deformity had 50% or more vertebral body
destruction at presentation.116 Most authors recommend
bracing for at least 3 to 4 months. Garcia and Grantham35
recommended that the duration of immobilization should be
individualized and based on the response to treatment.

Surgical Treatment
Surgery is indicated in the following circumstances: (1) to
obtain a bacteriologic diagnosis when closed biopsy is negative or deemed unsafe; (2) when a clinically signiicant abscess
is present (spiking temperatures and septic course); (3) in
cases refractory to prolonged nonoperative treatment, in
which the ESR and/or CRP remain high or pain persists; (4)
in cases with spinal cord compression causing a neurologic
deicit; and (5) in cases with signiicant deformity or with
signiicant vertebral body destruction, especially in the cervical spine.98,183,184 Upper cervical osteomyelitis is rare but generally requires fusion because of the associated instability.86
In cases of lumbar lesions with root deicits, the inal
outcome is satisfactory with or without surgical treatment, but
patients with spinal cord compression have a better prognosis
with surgery.98 Surgery should be carried out as soon as possible in these cases, but when doubt exists regarding the
chances of a reversible spinal cord lesion, decompression
should be carried out because recovery has been noted in
patients with paralysis who underwent decompression as late
as 5 months ater the onset of weakness.98
In most cases, the spine should be approached anteriorly
because this allows direct access to the infected tissues and
adequate debridement. Anterior exposure allows stabilization
of the spine by bone grating, which promotes rapid healing
without collapse and assists rehabilitation (Fig. 87.11).98,185–189
Laminectomy without anterior debridement and reconstruction is contraindicated in most cases because it may lead to
neurologic deterioration and increased instability.98,186,190 he
situation is similar to that in acute trauma.191 Laminectomy may
be performed in the lumbar spine below the level of the conus
provided that there is no psoas abscess or extensive anterior
destruction of the bodies that would require debridement.
Anterior approaches to the spine have been described elsewhere187,192 and are reviewed in Chapters 17, 18, and 19. For
lesions in the thoracic or thoracolumbar spine, the transthoracic
approach has the advantage of better exposure, allowing more
extensive debridement and better decompression of the cord
and more efective bone grating.185,189,193,194 he disadvantage
is the potential increased morbidity ater a thoracotomy in
the presence of a purulent infection. Ater debridement of the
infected focus, anterior strut grating can be performed during
the same procedure. he grat should extend from healthy
bone above to healthy bone below.185,189,193,194 Autogenous bone
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reasonably well.172,178 he data regarding cephalosporins are
inconclusive, but if penetration does occur, it appears to be at
a relatively low level.173,176,177 he penetration of cephalosporins
into inlammatory exudates appears to be inversely proportional to the degree of serum protein binding.174 Riley and
colleagues179 have shown that the penetration and distribution
of antibiotics into the nucleus pulposus is signiicantly inluenced by the charge of the antibiotic, with positively charged
molecules penetrating the best.
he route of administration of the antibiotics and the duration of therapy are somewhat empiric because little research
has been done to clarify these topics. At present, it is recommended that parenteral antibiotic therapy be used in maximal
dosage for 6 weeks and followed with an oral course of antibiotics until resolution of the disease. It may be reasonable to
switch from parenteral to oral therapy at 4 weeks.26 Parenteral
therapy for less than 4 weeks results in a higher rate of failure.31
Oral ciproloxacin therapy has been used successfully in the
management of patients with chronic osteomyelitis of the tibia
or femur.180 It is possible that ciproloxacin and other new
agents for oral use may supplant parenteral treatment of vertebral osteomyelitis in the future, but general use of these
agents should await evidence of their efectiveness.
he ESR has been found to be a reasonable guide to the
response to therapy17,25,26,28,31,104,105 and can be expected to
decrease to one-half to two-thirds of pretherapy levels by the
completion of successful treatment.31 If the sedimentation rate
does not decrease with treatment, consideration should be
given to a repeat biopsy. CRP is a more useful laboratory test
to follow resolution of the infection, as described earlier.
However, it is still unclear at what point to discontinue antibiotics on the basis of CRP levels. Further studies are necessary
to correlate CRP levels with the duration of antibiotic treatment. Currently, at least 6 weeks of parenteral antibiotics is
used empirically. Antibiotic administration must be carefully
monitored to avoid toxicity, especially in diabetics and others
who might have impaired renal function.54 Risk factors for
failure of conservative treatment include ESR greater than
55 mm/h and CRP greater than 2.75 µg/mL ater 4 weeks of
IV antibiotic therapy.181,182
Patients should be immobilized for pain control and prevention of deformity or neurologic deterioration. he length
of time that a patient should rest, the type of orthosis, and the
duration of its use all depend on the location of the infection
in the spine, the degree of bone destruction and deformity,
and the response to treatment. In rare cases, thoracic and
thoracolumbar lesions may require bed rest on a RotoRest or
similar device if there is undue pain. Rigid bracing with a
thoracolumbosacral orthosis (TLSO) suices in most cases to
allow mobilization of the patient. horacic and thoracolumbar
lesions are more likely to cause deformity and, if neurologic
deicits occur, the prognosis is worse with these lesions than
with lumbar spine involvement.26,98
Cervical and cervicothoracic lesions may be immobilized
with a halo device if there is signiicant instability or deformity.
In most cases, external bracing is suicient and is always better
tolerated by the patient. Upper thoracic lesions are best immobilized in a TLSO device with a chin piece; lower thoracic and
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FIG. 87.11 T8–T9 discitis with osteomyelitis. Magnetic resonance imaging
showing enhancement with (A) gadolinium and (B) corresponding
T2-weighted image showing bony destruction. (C) Preoperative lateral
radiograph shows focal kyphosis, which is treated with anterior mini-open
direct lateral thoracotomy with T8 and T9 corpectomies and strut fusion
with a titanium expandable cage (D). Posterior stabilization was achieved by
percutaneous pedicle screw ixation at the same stage.

grating ater vertebral body resection in the presence of active
infection was irst reported by Wiltberger in 1952 and has
since been demonstrated to be safe and efective regardless of
the causative organism.32,195 Grating with iliac crest is generally better than grating with rib.185,188,196 If a good-quality rib
is excised in the process of a transthoracic approach, however,
it is oten adequate as long as a large segment does not need to
be spanned and there is no signiicant kyphotic deformity.196
Revascularization of a cortical grat may not be complete even
ater 1 year.197 Vascularized rib grats have been used with
good success for the stabilization of kyphosis.198 Louw has
reported successful fusions in 95% of cases at 6 months and
100% at 1 year when vascularized rib grats were used for TB
kyphosis.199 Fibular grats have been shown to be efective for
reconstruction of multiple-level anterior decompressions of
the cervical spine200; however, the large amount of cortical
bone in ibular grats makes them less ideal in the presence
of infection. In cases with signiicant kyphotic deformity,
anterior reconstruction with autogenous bone grats ater
debridement should be carried out as a irst stage.185,189,196 Posterior stabilization and fusion can be performed in a secondstage procedure if necessary (see Fig. 87.11D).185,186,196,197,201
Posterior instrumentation has been shown to be safe and

efective ater anterior debridement and fusion.24,202 he use
of titanium mesh cages may provide better anterior column
support because their structural integrity is not afected by
degradative enzymes present in an infected environment.203
he addition of posterior instrumentation provides even
better deformity correction and faster rates of fusion.203 he
addition of posterior instrumentation does not appear to
increase the risk of infection.181,204 he anterior and posterior
surgeries can be performed on the same day with good results.
Safran and colleagues205 reported on 10 consecutive patients
with lumbar osteomyelitis treated with same-day anterior
decompression and strut fusion with posterior instrumented
fusion. All 10 patients achieved solid fusion with eradication
of infection. Single-stage anterior and posterior surgery has
been shown to be safe and efective using titanium implants.
Interestingly, bacteria have a lower propensity to adhere to
titanium compared with stainless steel.206–210 Kuklo and colleagues211 retrospectively reviewed 21 consecutive patients
with pyogenic vertebral osteomyelitis treated with anterior
and posterior surgery on a single day with titanium mesh
cages. Most patients (16 of 21) had a signiicant reduction of
pain. Radiographically, they averaged 12 degrees of improvement in segmental kyphosis (preoperatively 11.5 degrees to
0.8 degrees postoperatively) with an average of 2.2-mm cage
settling (range, 0–5 mm) on latest follow-up. here were no
instrumentation failures, signs of chronic infection, or rejection, but two patients required a second surgery during the
same admission for persistent wound drainage at the posterior
wound. Both patients were successfully treated with irrigation
and debridement. hese indings are supported by previous
studies showing the safety and eicacy of single-stage surgical
debridement and reconstruction.205,212,213
In the past, cervical spine vertebral osteomyelitis was
managed efectively without bone grating by drainage,
antibiotics, and skull traction for 6 to 12 weeks.41 Prolonged
hospitalization can be avoided by debridement, bone grating, halo immobilization, and outpatient antibiotics. Posterior
stabilization performed as a second stage may be reasonable
in order to avoid a halo. Today, most cervical spine infections
refractory to nonoperative treatment are treated with anterior
plate ixation at the time of debridement and strut grating.214
When vertebral osteomyelitis occurs in a patient who has
undergone a surgical procedure on the spine or sustained a
penetrating trauma of the spine, a istula should be suspected.
Depending on the level of the spine infection, the appropriate
imaging study (barium swallow or gastrointestinal series) or
endoscopic examination should be ordered to rule out a
istula. If a istula is identiied, it must be repaired along with
treatment of the spine infection (Fig. 87.12).
Costotransversectomy or the slightly more extensive lateral
rachiotomy described by Capener is recommended when a
spine biopsy or minimal decompression with limited grating is necessary or when gross purulence is expected.215 his
approach is being used more frequently with the advent of
improved spinal reconstruction devices, such as expandable
cages. Lu and colleagues216 reported on 36 patients with known
vertebral osteomyelitis treated with anterior debridement and
reconstruction with an expandable titanium cage. In four of
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FIG. 87.12 (A) Mini-open posterior transpedicular corpectomy and reconstruction of L5 vertebral
osteomyelitis. Preoperative radiograph of a 57-year-old man with a history of multiple previous operations and
progressively worsening back pain showing destruction of the L5 vertebral body. The white square outlines the
expected location of L5. (B) Sagittal computed tomography image shows complete destruction of L5 and
partial destruction of L4 and S1. A posterior, mini-open corpectomy was performed through a paramedian
approach with insertion of an expandable titanium cage. (C) Anteroposterior view of the retractor system used.
(D) Removal of instrumentation was achieved through separate mini-open approaches using tubular retractors.
(E, F) Posterior stabilization was achieved with reinsertion of pedicle screws into L2 and L4 with insertion of iliac
screws through the mini-open, paramedian exposure.

those cases, a transpedicular approach was used to perform
debridement anteriorly, followed by insertion of an expandable
cage from the same posterior exposure. All four patients had
an excellent clinical result. he transpedicular approach has
several advantages. First, the entire surgery can be completed
in a single stage. In the treatment of burst fractures, single-stage
surgery leads to shortened total operative time and decreased
total blood loss.217 Mochida and colleagues218 described the
treatment of osteoporotic compression fractures through a
transpedicular approach. his strategy is better described in
the treatment of metastatic spinal tumors.219 Senel and colleagues220 described good results with transpedicular tumor

resection in seven patients with spinal metastases from breast,
prostate, and thyroid cancer. Similarly, Bilsky and colleagues221
described 25 patients who underwent posterior-only transpedicular procedures when comorbidities precluded an anterior
approach or when the tumor was likely inaccessible entirely
from an anterior approach. More recently, this technique has
been used by Lee and colleagues222 for the correction of late
traumatic thoracic and thoracolumbar kyphotic spinal deformities in 28 patients. In light of the advantages of single-stage
surgery, it appears that anterior-only single-stage surgery may
be less advantageous. In the study by Lu and colleagues,223
there was a diference in terms of postoperative pain among
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various procedures. Only 60% of the patients who underwent
an anterior-only approach reported being pain free as compared with 81% of patients who had anteroposterior surgery
and 100% of the patients who had a transpedicular approach.
Furthermore, one of two recurrent infections at the site of
previous debridement occurred in the anterior-only patient.216
Historically, much concern for the fate of the hardware has
prompted removal of the retained instrumentation once a
fusion is obtained. However, in our experience, the need for
instrumentation removal due to recurrent infection at the
original site of infection is uncommon. Routine removal of
retained spinal instrumentation placed for vertebral osteomyelitis is not recommended.
Recent advances in minimally invasive spine (MIS) techniques ofer alternative methods of surgical treatment. Staatz
and colleagues223 reported on 21 patients treated with catheters
inserted into abscess cavities adjacent to the vertebral body via
CT guidance. Two patients went on to surgery; however, the
remainder were successfully treated with catheter drainage
and parenteral antibiotics. Percutaneous suction-irrigation
systems combined with posterior external ixation have also
been shown as efective minimally invasive treatment.224
However, the use of external ixators in the spine has not
gained wide acceptance. Percutaneous debridement of the
infected disc, such as via automated percutaneous lumbar
discectomy225 or endoscopic discectomy,226–228 holds promise
as a means of hastening antibiotic treatment when infection is
identiied before signiicant bony collapse, abscess formation,
and deformity develops. Such techniques would be used when
antibiotic treatment alone is likely to be insuicient but the
infection is not severe enough to warrant major spinal surgery.
Korovessis and colleagues229 showed in a small number of
patients that anterior debridement and reconstruction with
titanium mesh cages followed by posterior MIS screw ixation
led to decreased blood loss and shortened operative time. In a
series of 24 consecutive patients, the last 8 cases were treated
with posterior ixation and intertransverse fusion using bilateral paramedian intermuscular approaches. Intraoperative
blood loss for their initial open posterior surgeries was
540 mL (range, 350–750 mL). With the MIS technique, blood
loss averaged only 70 mL (range, 50–100 mL). his diference
was statistically signiicantly (P <.001).
he combined use of expandable titanium cages and a
minimally invasive posterior transpedicular approach provides another method of surgical treatment. Kim and colleagues230 have described a unilateral paramedian (Wiltse-type)
approach to expose the posterior aspect of the involved vertebral body. A subtotal vertebrectomy can then be performed
using the transpedicular technique, followed by insertion of
an expandable cage that can be placed in a smaller collapsed
form and thereater expanded to the proper size in situ (see
Fig. 87.12). Similarly, the use of MIS direct lateral interbody
fusion/extreme lateral interbody fusion (DLIF/XLIF) techniques shows promise for the treatment of frail patients with
vertebral osteomyelitis (Fig. 87.13).230a
he recent advent and commercialization of bone morphogenetic proteins (BMPs) provides another adjunctive treatment. In both human and animal studies of infected long bone

defects, the use of BMP led to improved bone healing in the
presence of active infection.231,232 Several studies in humans
show similar eicacy in the treatment of vertebral osteomyelitis. Garin and colleagues233 reported on 14 patients treated by
anterior reconstruction using structural allograt or titanium
cages illed with BMP-2. Despite the presence of active infection, all 14 patients went on to solid fusion and eradication of
infection. In 8 of the 14 cases, treatment was successful even
when the anterior and posterior surgeries were performed on
the same day. Similar results have been reported by other
groups. O’Shaughnessy and colleagues234 reported on the successful treatment of 20 patients with at least 2-year follow-up.
Aryan and colleagues235 showed successful treatment in 15
patients. On the basis of the mechanism of action and histologic studies of BMP in animal models, it is hypothesized that
BMP increases vascular ingrowth and recruitment of immunologic cells to the site of infection.233 BMP has not been
proven to be safe or efective in large-scale studies of infection,
and its use in this setting would be considered to be a
physician-directed (of-label) use by the US Food and Drug
Administration.

Prognosis
Relapse of infection is uncommon if antibiotics are administered for more than 28 days.31,98 Nonoperative treatment has a
higher failure rate in patients with an impaired immune
system.24 he mortality rate is less than 5% to 16% depending
on the average age and comorbidities of patients in the series.
Death is much more likely in the elderly and in those with an
underlying disease.24,31,35,98 In one series, S. aureus infection
was associated with a higher mortality rate than infection with
other pathogens.24
Factors that have been found to predispose a patient to
paralysis include increased age, a more cephalic level of infection, and a history of diabetes mellitus or rheumatoid arthritis.98
In one series, a neurologic deicit occurred in 45% of the 44
patients who had an impaired immune system, whereas only
19% of the remaining 67 patients developed a deicit.24 Less
than 7% to 15% of patients overall have residual neurologic
deicits.24,31 Diabetics are more likely to have permanent neurologic deicits, and patients with thoracic involvement are the
least likely to recover.31,98 Eismont and colleagues98 described
the results of operation in 14 patients with spinal cord paralysis. hree of the seven patients who underwent a laminectomy
deteriorated, and four remained unchanged. In contrast, half
of the patients treated by an anterior procedure recovered
normal or nearly normal function, and no patient was made
worse by the procedure. he patients with root lesions alone
had an excellent outcome with or without operation.
In selected patients who require surgical treatment for
pyogenic osteomyelitis, the prognosis is very good ater the
anterior debridement and primary bone grating in conjunction with a full course of antibiotics. In a series of 21 patients,
6 of whom had neurologic deicits, there were no deaths and
no relapses and all of the patients with neurologic deicit
recovered. All but one of the patients who underwent fusion
had a solid fusion, and one of the two patients who did not
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FIG. 87.13 Mini-open direct lateral lumbar corpectomy and reconstruction with expandable cages. A
67-year-old man presented with an infected pacemaker, sepsis, and severe intractable low back pain. (A)
Gadolinium-enhanced magnetic resonance imaging shows disc space destruction and increased signal
intensity at L3 and L4. (B) Direct lateral, mini-open, transpsoas exposure for L3 and L4 corpectomies, with
insertion of expandable titanium cage illed with bone morphogenetic protein 2. (C) Anteroposterior and (D)
lateral radiographs following posterior percutaneous pedicle screw ixation.

have a grat had spontaneous fusion. he mean increase in
kyphosis was 3 degrees.183
Garcia and Grantham35 found that spontaneous interbody
fusion was the rule, which occurred in less than 1 year in most
patients and in 2 years in almost all other cases. Some studies
have found that the chance of spontaneous fusion in patients
treated nonoperatively is 50% or less.26,31,113 Fortunately, those
who do not develop a bony union achieve a ibrous ankylosis,
which is generally painless.26,35,113,114 Occasionally, a patient
complains of persistent back pain from localized degenerative
changes at the site of previous infection.26,35,113
he more cephalad the level of infection, the higher the rate
of spontaneous fusion; almost all cases of cervical infection
will fuse spontaneously.17,41 In one series, 6 of 6 cervical lesions
went on to solid interbody fusion compared with 22 of 29
thoracic lesions and 5 of 21 lumbar lesions.17 One of the
patients with cervical infection and one with thoracic

involvement had undergone posterior fusion. Fiteen of the
patients with thoracic disease underwent costotransversectomy, and ive patients with lumbar involvement had anterior
debridement without fusion.17
Although deformities are much less common with pyogenic
infection than with tuberculosis infection, they still may
occur.26,236 Deformities have been reported to occur in the
cervical spine236 but are more common in the thoracic and
thoracolumbar areas and in those cases with involvement of
more than 50% of one or more vertebral bodies.26 Interestingly, IV drug abusers have an excellent prognosis. Ninety-two
percent responded to parenteral antibiotic therapy for 4 weeks
or more, and relapses responded to a second course. In 67
cases reported in the literature, there were no deaths or permanent neurologic sequelae.42
Overall, the long-term outcome of patients with vertebral
osteomyelitis is relatively poor compared with the normal
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population. O’Daly and colleagues assessed the long-term
functional outcome of patients with pyogenic spinal infection
using the Oswestry Disability Index (ODI) and the Short-Form
36 questionnaire (SF-36) survey to measure health-related
quality of life (HRQOL).110 Twenty-nine patients with a
median follow-up of 61 months (range, 37–104 months) were
examined. IV drug use was not reported in the study population. Eight patients (28%) underwent operative treatment and
21 (72%) were managed nonoperatively with antibiotics alone.
“Recovery” was classiied as survival and disappearance of all
signs and symptoms of active infection, with no residual disability. “Adverse outcome” was classiied as survival and disappearance of all signs and symptoms of infection but persistence
of clinically signiicant residual disability or pain, or death
caused by or associated with persistent infection at any time
before follow-up. Nineteen patients (66%) had an “adverse
outcome” as deined by this study. As expected, there were
marked diferences in SF-36 scores between these patients and
the normative population. However, the “recovery” group
patients had SF-36 physical function scores and ODI scores
that were comparable with the normative values. here was no
correlation between SF-36 bodily pain and general health
measures and the ODI. Forty-eight percent of patients reported
being pain free. Due to the small number of patients, no statistically signiicant diference was found between patients
who underwent surgery compared with patients treated
nonoperatively. Delay in diagnosis (>8 weeks) and neurologic
deicit at diagnosis were independent risk factors for an
“adverse outcome.” Advanced age was a risk factor for acute
death, and previous surgery at the site of initial infection was
a risk factor for recurrent infection.
Woertgen and colleagues237 compared the outcome of
operative and nonoperative treatment using the SF-36. he
authors retrospectively investigated 62 patients sufering
from pyogenic spinal infections: 28 patients (45%) underwent nonoperative treatment and 34 (55%) underwent
surgery. As seen in the study by O’Daly and colleagues,110
most patients continued to sufer some sort of pain and
various SF-36 measures did not reach normative levels.
Despite diferent indications, the surgically treated patients
experienced a slightly better HRQOL, self-reported satisfaction levels, and better clinical outcomes than patients treated
nonoperatively. hese results support the current recommendations that surgery should be pursued in those patients
with progressive neurologic deicits, in those with obvious
spinal instability, and in cases in which medical therapy has
failed.

Epidural Abscess

disease is 0.2 to 1.2 per 10,000 hospital admissions per year
with an incidence of 1.8 per 100,000 population annually.240,241
At the University of Miami/Jackson Memorial Hospital
Medical Center, 137 spine infections were treated by the
orthopaedic service over an 8-year period; of these, epidural
abscess occurred in 10 (7.3%).146 Approximately 50% of
patients are initially misdiagnosed (range, 11%–75%).242,243
Danner and Hartman238 noted an increased frequency at
their hospital between 1971 and 1982. his increase was disproportionate to the small increase in admissions and laminectomies performed at that hospital. he authors’ proposed
explanations were an increased use of medical instrumentation, an increase in frequency of IV drug abuse, and an aging
population.238 Other investigators have also documented an
increasing incidence in the condition.244,245

Etiology
Spinal epidural abscess occurs from a collection of purulent
material between the dura and the osseous-ligamentous
structures of the spine and was irst described by Morgagni
in 1761.246 he primary source of infection can be identiied in approximately 60% of the cases.238 Infection may
occur by hematogenous spread from a remote focus of
infection,238,240,247–250 by spread from a contiguous focus of
vertebral osteomyelitis or a disc space infection,146,238,240,249,251
or from direct inoculation at the time of operation, epidural
steroid injection, lumbar puncture, or epidural catheterization.44,238,240,249,252–254 In 136 cases compiled from ive series in
the literature, skin and sot tissue infections were thought to
be the source in 21%, bone or joint infections in 13% (up to
28% if vertebral osteomyelitis is included), spine surgery or
other procedures in 10%, upper respiratory tract infection in
6%, abdominal sources in 4%, urinary tract infection in 2%,
and IV drug abuse in 4%.3,238,240,248,250 he incidence of epidural
abscess ater catheter insertion is about 0.001%.255 Although
this risk is low, the increased use of epidural analgesia as a
method of postoperative pain control is increasing.
Factors that may be associated with a higher incidence of
infection include diabetes mellitus, human immunodeiciency
virus (HIV) infection, IV drug abuse, prior back trauma, renal
failure, liver disease, alcoholism, and pregnancy.55,146,238,240,251
Between 12% and 30% of patients reported an episode of
trauma preceding the infection.238,240,251 A review of 75 patients
from Baltimore revealed an increase in the incidence of epidural abscess over the prior 10-year period.256 his increase
may be due in part to better diagnostic techniques, particularly
with gadolinium-enhanced MRI. his study population may
be at higher risk of this disease. In this series of 75 patients,
33% had a history of IV drug abuse.

Epidemiology
An epidural abscess is a bacterial infection of the spine that
results in the accumulation of purulent luid or infected
granulation tissue in the epidural space. Most cases occur in
adults (mean age, 57 years; range, 2–81 years).238 Occurrence
in children younger than age 12 years is rare.239 he male/
female ratio is approximately 1 : 1.238 he incidence of the

Bacteriology
In 1948, Heusner reported on 20 patients with an epidural
abscess; S. aureus was the pathogen in all of the cases in which
the organism was known.249 In more recent series, S. aureus
accounts for approximately 60% of cases in which the organism is known.238,240,250 From the results in 166 patients from
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Pathogenesis/Pathology
he epidural space is illed with fat and loose areolar tissue
containing numerous veins.258 he size and shape of this space
is determined by the variations in size of the spinal cord. In
the cervical region, this is a potential space with almost no fat
between bone and dura. he epidural space exists only dorsal
to the origin of the spinal nerves. Ventrally, the dura is closely
applied to the canal from C1 to S2. Posteriorly, the space
begins to appear at C7 and gradually deepens along the thoracic vertebrae to a depth of 0.5 to 0.75 cm between T4 and
T8. he space tapers again and becomes shallow between T11
and L2 and attains its greatest depths below L2. Below S2, the
epidural space surrounds the dura on all sides.259 he epidural
space communicates with the retroperitoneal and posterior
mediastinal spaces through the intervertebral foramina.260 As
would be expected by this description of the anatomy, most
epidural abscesses are in the thoracic and lumbar spine and
are generally posterior.238,240,248–250,261–263
In several series, the thoracic spine was involved in 51% of
cases, the lumbar spine in 35%, and the cervical spine in
14%.238,240,249,250,261,262 he abscess was anterior in 21% and
posterior in 79% of the 133 patients from four series in which
the location was recorded.238,240,248,249 An abscess is more likely
to be located anteriorly if the infection is in the lumbar spine
and if it is secondary to vertebral osteomyelitis.238,248 Because
there is no anatomic boundary within the space, the infection
may extend the entire length of the canal but generally covers
only three or four segments.146,238,239,249,250,262
he pathogenesis of the neurologic manifestations is related
either to direct compression from epidural pus or granulation
tissue or to disruption of the intrinsic circulation of the
cord.240,249,251,258 A microangiographic study in a rabbit model
demonstrated that the initial neurologic deicit is related to
compression rather than to ischemia. he spinal arteries and
epidural venous plexus remained patent in cases of mild to
moderate spinal cord compression. he vessels became
occluded only with extreme spinal cord compression.264 On
the basis of postmortem examinations, Russell and colleagues263 identiied thrombosis and thrombophlebitis of the
veins of the cord and epidural space without involvement of
the arteriolar supply. However, others have found thrombosis
of the arteriolar supply and veins.240

Several authors have identiied a correlation between the
duration of infection and the gross appearance at operation
or postmortem examination. Corrandini and colleagues
described an early presuppurative phase in which the inlammatory lesion was characterized by an epidural mass of
swollen, red, friable fat without any gross pus.265 In patients
who have had symptoms for less than 2 weeks, gross pus with
varying amounts of red granulation tissue has been identiied.238,240,251,263,265 Above and below the level of the pus, the
epidural fat may undergo reactive changes and appear swollen
and necrotic.251 In patients with symptoms of longer duration,
granulation tissue is oten identiied on the dura. Small beads
of pus embedded in the granulation tissue are frequently
observed.238,240,263,265 In delayed cases with symptoms for 150
days or longer, grayish-white granulation tissue or maturing
ibrous tissue has been found.263 Some authors have thought
that it is not always possible to predict whether pus or granulation tissue is likely to be found at operation.248–250 Hancock
described patients in whom granulation tissue was found 1
day ater the onset of symptoms and other patients who had
had symptoms for up to 4 weeks and had no granulation tissue
at operation.248 Subdural extension of infection is possible but
uncommon.88,240 With spinal cord involvement, there may be
evidence of vessel thrombosis, inlammatory response of glial
cells, and myelomalacia with liquefaction and vacuolization of
the white matter.251,258

Clinical Presentation
Patients with an epidural abscess have a highly variable presentation, which causes initial misdiagnosis in approximately
50% of cases.238 he diiculty in making the correct diagnosis
frequently leads to signiicant delays between presentation and
deinitive treatment.238,240,248-250,258,261,262,266,267 Patients who
present acutely and who have had symptoms for less than 2 to
3 weeks generally have a better-deined syndrome than do
patients with chronic disease. he diferentiation between
acute and chronic disease is somewhat arbitrary and probably
relates to the virulence of the organism, the resistance of the
host, and the type of treatment received before deinitive
diagnosis. Most patients with an acute epidural abscess present
with fever, back pain, and spine tenderness. hese signs
and symptoms may be lacking in patients with chronic
disease.146,248,249,251,261–263 he most common presenting symptoms are spinal pain (89%), neurologic deicit (80%), and
fever/chill (67%). Local tenderness (48%) and paresthesia
(28%) are less common.242 Patients with a history of IV drug
use, diabetes, or multiple medical problems are particularly
susceptible.256
Without treatment, the disease frequently progresses
through four stages. he patients complain of local spine pain
initially, followed by radicular pain and weakness and, inally,
by paralysis. Heusner is frequently given credit for deining
these stages of progression; however, Browder described the
same syndrome in 1937, and a number of other authors reiterated the pattern before Heusner’s report in 1948.249,251,265,267,268
he transition from one stage to another is highly variable,
and weakness or paralysis may not develop for many months

S E C T I O N

ive series, S. aureus accounted for 62%, aerobic streptococci
for 8%, Staphylococcus epidermidis for 2%, aerobic gramnegative rods for 18%, anaerobes for 2%, and other bacteria
for 1%; 6% of the organisms were unidentiied.238,240,248–250
Gram-negative organisms have been reported with increasing
frequency.240,247,250 One study found that IV drug abusers were
frequently infected with gram-negative organisms250; in
another series, 12 of 18 IV drug abusers were infected with S.
aureus and only one with Pseudomonas.39 A meta-analysis of
915 patients by Reihsaus and colleagues257 showed that S.
aureus accounted for 73%, other staphylococcal species 9.3%,
aerobic streptococci for 7.7%, Enterobacteriaceae (mainly E.
coli) 4.9%, Pseudomonas species 4.9%, mixed bacterial infections 3.6%, and fungi 1.7%.
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or may occur suddenly and unpredictably in a matter of
hours.146,238,262 Neurologic symptoms occur with motor weakness in 30% of cases, and 19% of cases involve paralysis.269 he
location of the pain depends on the site of disease; therefore,
pain is more common in the thoracic than in the lumbar or
cervical spine.
If the abscess penetrates the dura, a subdural abscess or
meningitis may result.88,240 Many patients with an epidural
abscess have nuchal rigidity; this sign is not helpful in diferentiating an epidural abscess from meningitis.240 Fraser and
colleagues88 suggested that a patient with a subdural abscess
presents exactly like one with an epidural abscess, except that
oten there is no spinal percussion tenderness. Butler and
colleagues270 reviewed 16 patients with subdural abscesses
described in the literature and found that only four had spinal
tenderness. Unfortunately, this feature is not pathognomonic
because not all patients with an epidural abscess have spine
tenderness.248,261
Heusner thought that it was possible to diferentiate patients
with acute hematogenous epidural abscess from those whose
abscess developed secondary to vertebral osteomyelitis: the
latter patients had a predictable delay between the phases of
spine pain and radicular pain followed by rapid progression
of the illness.249

Diagnostic Evaluation
Patients with an acute epidural abscess generally have more
systemic illness than those with vertebral osteomyelitis.
Despite this, the initial diagnosis is incorrect in most cases.242
he leukocyte count and the ESR are generally increased. In a
meta-analysis of 915 patients, the ESR was 77 mm/h (range,
1–150 mm/h) and the mean leukocyte count was 15,700/µL
(range, 1500–42,000/µL).257 Patients with chronic disease
usually have less systemic illness and display leukocyte counts
that are oten normal.240
CRP is a sensitive marker for infection. In a study of 26
patients with epidural abscesses treated without surgery, the
initiation of antibiotic therapy led to a rapid drop in CRP
within 5 to 10 days.271 CRP values returned to normal at
25.5 days, on average. he deinitive diagnosis is based on
identiication of the organism. Pus from the abscess is positive
in approximately 90% of the cases, blood cultures are positive
in 60%, and cultures of spinal luid yield the organism in
approximately 17%.238,240,248–250

Imaging Studies
Plain radiographs are frequently normal unless vertebral
osteomyelitis or disc space infection is present and enough
time has elapsed for the radiograph to become positive.39,263
Radionuclide studies are oten helpful but nonspeciic and
may be falsely negative.39 he gallium scan may be slightly
more sensitive than the technetium scan.39
In the past, myelography was the standard imaging tool for
the diagnosis of an epidural abscess, but now it is used only if
the patient is unable to undergo MRI or if spinal luid is necessary for diagnostic testing. he puncture should be performed

at a level remote from the expected area of infection. It may
be necessary to perform injections at two sites in order to
demonstrate both the cranial and caudal extents of compression. he indings are those of an extradural mass, and generally there is a high-grade or complete block. he lateral
myelogram will demonstrate whether the abscess is anterior
or posterior.240,250,263 In one series, myelography was accurate
to within one vertebral level in both the cephalic and caudal
extents of the abscess in 10 of 12 cases compared with indings
at operation.146
he needle should be inserted slowly and, if pus is encountered, a specimen should be taken for culture without entering
the thecal sac. Myelography can then be performed at a different level. At the time of myelography, CSF should be studied
for cell total and diferential counts, glucose, protein, and
culture and sensitivities. he CSF indings generally relect a
parameningeal infection with markedly increased protein
content and no bacteria unless there is an associated subdural
abscess or meningitis.240,250,263 If a CT scan can be done expeditiously ater the myelogram is performed, the degree of neural
compression will be deined more accurately.
Plain CT scans may be helpful if they demonstrate an
extradural mass.39 Plain CT has a high false-negative rate, and
in one study it was diagnostic in only four of nine cases.238 he
CT scan may demonstrate hypodense tissue in the epidural
space.252 If gas-forming organisms are present, gas may be seen
within the epidural space.272 When positive, CT could be
useful to guide epidural puncture for isolation of the organism.273 Contrast-enhanced CT has been found to be helpful by
some authors.273–276 Positive indings include the loss of physiologic epidural fat and ixation of contrast at the level of the
dura surrounded by an area of higher density between the
bone and the dura.273 One major limitation of CT without a
preceding myelogram is that the area of interest may be missed
unless a large number of cuts are taken.
MRI has proved extremely useful and is the imaging study
of choice.146,274,277,278 It is noninvasive and safe and is able to
visualize the degree of cord compression and extent of abscess
in all directions. In addition, it has the capability of diagnosing
disc space infection or vertebral osteomyelitis. Areas of infection have characteristically high signal intensity on T2-weighted
images (Fig. 87.14). One potential disadvantage of MRI is that
the CSF also has high signal intensity on T2-weighted images;
therefore, there is little contrast between the CSF and the
epidural abscess. his has led to false-negative MRI results,
especially with long abscesses that do not have a discrete
abnormality.148 MRI may also be falsely negative in patients
with concomitant epidural abscess and meningitis because the
signal changes in the abscess may not be distinct from those
in the infected CSF.144
he sensitivity of MRI at detecting an epidural abscess is
increased by administration of gadolinium.147,256,279 he pus in
the epidural space will enhance with gadolinium, whereas the
CSF will have a low signal intensity on the T1-weighted
sequence. Patients who have abundant epidural lipomatous
tissue may have false-negative scans because fat has a bright
signal on T1-weighted images before administration of gadolinium and the contrast enhancement of the epidural pus may
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FIG. 87.14 Use of gadolinium-enhanced magnetic resonance imaging to
detect epidural abscess. (A) Posterior epidural abscess in the cervical spine
(arrowheads). (B) Multiloculated epidural abscess spanning entire lumbar
spine.

be obscured.279 he epidural venous plexus normally enhances
with gadolinium administration and may be mistaken for an
epidural abscess.279 he plexus is characteristically more
prominent in the cervical spine, and it should be symmetrical
and extend into the neural foramina. he presence of concurrent noncontiguous spinal epidural abscess lesions, or skip
lesions, should be conserved. Patients with a delay in diagnosis
greater than 7 days, a concomitant area of infection outside of
the spine or paraspinous region, and ESR greater than 95 mm/h
have greater risk of a skip lesion. he predictive value was 73%
for patients with all three characteristics, 13% with two, 2%
with one, and 0% with zero.280
Myelography followed by CT should be performed in
patients with negative MRI scans if they are suspected clinically to have an epidural abscess.144 Injection of contrast via a
lateral C1–C2 approach has been advocated as a means of
avoiding the abscess pocket.256 A repeat MRI with gadolinium
enhancement may also detect an infection missed on the irst
study because there is a short time delay between the onset of
clinical symptoms and the MRI appearance of an abnormality
on MRI.152,279
Two other conditions to consider in the diferential diagnosis of an epidural abscess are epidural metastasis and subdural abscess. It is much more critical to make the appropriate
diagnosis in the case of epidural metastasis because the
treatment of the two disorders is distinctly diferent. Subdural
abscesses are uncommon. A review of the literature in 1988
revealed only 16 reported cases.270 Myelography will reveal an
intradural extramedullary illing defect, usually with a complete spinal block, and may demonstrate defects at several
levels.88,270,281,282 CT with intrathecal contrast provides better
deinition of the process than does myelography alone.39,282
he deinitive diagnosis is based on identiication of the

An epidural abscess accompanied by a neurologic deicit is a
medical and surgical emergency. he goals of treatment are
eradication of infection, preservation or improvement of the
neurologic status, relief of pain, and preservation of spinal
stability. he standard approach to an epidural abscess in the
early part of the 20th century was immediate laminectomy for
spinal decompression. In 1941, Browder and Meyers258 suggested that chemotherapy might be a helpful adjunct to
surgery. Heusner249 found survival rates of 63% in patients
managed surgically without antibiotics and 90% in those who
received antibiotics in addition. A review of the literature from
1970 to 1990283 revealed 37 cases of epidural abscess that had
been treated conservatively. Of these cases, 63% had a successful result; however, some of the patients had poor outcomes.238,240,249,266,268 Nonoperative management of epidural
abscesses is recommended only in selected cases: (1) poor
surgical candidates, (2) abscess involves a considerable length
of the vertebral canal, (3) no signiicant neurologic deicit, and
(4) complete paralysis for more than 3 days.284,285 Surgical
decompression and debridement is strictly recommended
when there is emerging or worsening neurologic deicit or
sepsis. he following factors are reported to predict a failure
of medical management alone: diabetes, CRP greater than
155 µg/mL, WBC greater than × 109/L and bacteremia.286

Nonoperative Treatment in the Neurologically Intact
Patient
With increased use of MRI and a heightened awareness of this
disorder, more patients are diagnosed early in the course of
the disease. Recent reports show many patients present with
no neurologic deicits. In this subset of patients, nonoperative
treatment appears to be eicacious. In a retrospective review
of 30 cases, Sorensen showed that all 8 patients without neurologic deicit were successfully treated with antibiotic therapy
alone.271 Liem and colleagues287 reported on 21 patients with
thoracic epidural abscesses. hree patients had no neurologic
deicit. hese patients were treated with antibiotics alone with
good results. Mampalam and colleagues285 showed good
results in six patients without neurologic deicit treated with
4 to 6 weeks of IV antibiotics. he causative organism was
identiied by blood cultures. All patients became afebrile
within 48 hours ater initiation of antibiotic therapy. Most
patients also noticed a marked diminution in pain. In most
series, antibiotic therapy lasted at least 4 weeks and up to 12
weeks.
Siddiq and colleagues288 compared the outcomes of patients
treated with antibiotics alone (25 patients), antibiotics with
percutaneous CT-guided drainage (7 patients), or surgery (28
patients). Nearly half of the nonsurgical group had neurologic deicits. Despite this, the overall treatment outcome was
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organism. Pus from the abscess is positive in approximately
90% of the cases, blood cultures are positive in 60%, and
cultures of spinal luid yield the organism in approximately
17%.238,250
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comparable with the surgical group. he only predictor of
outcome was neurologic abnormality at the time of hospital admission. his is consistent with previous indings, in
which patients with little or no neurologic deicit had good
overall results with nonoperative treatment.283 To date, no
randomized study directly comparing prophylactic surgery
and medical therapy has been performed. However, it is clear
that once neurologic deicits appear, surgical decompression
and debridement must be timely. When surgery is performed
within 24 hours ater the onset of neurologic symptoms,
overall good results can be obtained in 53% to 80% of
cases.256,287 If surgery is performed ater 24 hours, the success
rate is 10%.
hus, nonoperative treatment should be pursued with
extreme caution. If an epidural abscess is discovered before
the onset of neurologic symptoms, the patient should be
hospitalized for close clinical follow-up. Identiication of the
organism is a critical step in the treatment regimen. Oten, this
can be done through blood cultures. If the infection begins
in the disc space or vertebral body, a percutaneous biopsy in
that area can be performed along with drainage. Once cultures
are obtained, IV antibiotics should be initiated promptly and
serial physical examination and daily CRP values should
be assessed.289 he fever curve and CRP levels should trend
downward within 24 to 48 hours. Pain may decrease to
some extent. If the baseline leukocyte count was elevated, a
downward trend will also be appreciated. In approximately
5 to 10 days, the CRP should be dramatically decreased and
is oten near normal ranges. Antibiotic therapy should be
started immediately on the basis of the Gram stain results and
the known bacteriologic basis of the disease. Gram-negative
organisms should be suspected if there is a history of a spinal
procedure or in IV drug abusers. S. epidermidis should also
be considered ater spinal procedures.238 he deinitive antibiotic therapy should be based on the culture and sensitivity
results. Antibiotics should be given in maximal dosages for
at least 2 weeks; most authors recommend 3 to 4 weeks of
parenteral therapy.238,240 Antibiotics must be administered
parenterally for at least 6 to 8 weeks for coexistent vertebral
osteomyelitis.238,240
If the patient remains neurologically intact and afebrile,
outpatient treatment can be instituted in the reliable patient.
Initially, weekly follow-up examinations and laboratory studies
should be performed. Such outpatient therapy is reserved for
patients who can reliably return to appointments and can
readily respond to changes in their symptoms. In our institution, we typically treat with IV antibiotics for at least 6 weeks.
Surgical treatment in this patient population is pursued for the
following indications: (1) lack of response to medical treatment, (2) onset of systemic infection (sepsis), and/or (3)
development of neurologic signs and symptoms. A lack of
response to medical treatment oten follows a relatively slow
course. here is a lack of decline in the fever curve and CRP
levels. Pain may persist or increase. Oten, this is evident ater
5 to 10 days of medical treatment.289 When systemic infection
(sepsis) or neurologic deicits emerge, surgical treatment
becomes urgent because the time point when a neurologic
injury becomes irreversible is unknown.290

Surgical Treatment
It is clear that, in a small proportion of patients, a rapid
neurologic decline can occur despite the initiation of appropriate antibiotics.283 his can be a devastating event; for this
reason, surgical decompression and debridement remain the
treatment of choice in nearly all patients.291–293 Up to 75% of
patients are reported to fail medical management alone.294
he surgical approach depends on the location of the abscess.
Because the abscess is posterior in most cases, laminectomy
is generally the treatment of choice.240,249 he facet joints
should be let intact for spinal stability. Intraoperative ultrasonography ater laminectomy allows localization of epidural
masses and diferentiation of them from the adjacent spinal
cord.144 When the abscess is secondary to vertebral osteomyelitis, it may be necessary to perform both anterior and
posterior decompression. Instrumentation and fusion may be
necessary in those cases in which spinal stability has been
compromised by the decompression. Such extensive reconstruction can be staged at a time subsequent to an initial
decompression and debridement in patients who have active
comorbidities.
he wound may be closed over drains.238,240,249 Garrido and
Rosenwasser295 recommended closure of the wound and
continuous suction-irrigation for 5 days ater decompressive
laminectomy. Baker and colleagues240 recommended openwound treatment in cases with gross purulence followed by
closure of the wound only when granulation tissue is identiied. If the wound is let open, delayed closure may be carried
out when the leukocyte count, sedimentation rate, and temperature return to normal and the wound shows good granulation tissue.249 Closure with wound vacuum-assisted closure
therapy (Kinetic Concepts Inc.) may be considered, although
no series have been reported to our knowledge on the safety
or eicacy of the technique.
In children, an extensive laminectomy is undesirable
because of the risk of postoperative spinal deformity.170,266
Hulme and Dott266 suggested two limited procedures for
children. hey recommended irst a laminoplasty type of en
bloc removal of the lamina and ligaments with replacement
ater drainage. Alternatively, they advised exploration of the
canal through a small fenestration made by removing the ligamentum lavum and portions of the adjacent lamina and
insertion of thin rubber catheters. hey thought that this
technique was appropriate when gross purulence was encountered but recommended laminectomy if granulation tissue
was found to be compressing the dura.266 de Villiers and
Cluver260 reported on four children successfully managed by
a modiication of Hulme’s second technique. A single-level
laminectomy was performed, catheters were passed cranially
and caudally, and the epidural space was irrigated with antibiotic solution. None of the children required reoperation, and
no sinus tract developed with this technique.260
A variation of Hulme’s technique was reported by Cardan
and Nanulescu in 1987.296 A 2.5-year-old boy with an extensive
epidural abscess was treated by epidural lavage using Mancao
needles. hree hundred milliliters of isotonic saline was
lushed through the epidural space over a 30-minute period
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Prognosis
he natural history of an untreated epidural abscess is relentless progression of symptoms and eventual paralysis and
possibly death. Before the advent of antibiotics, the overall
mortality rate was between 55% and 70%.251,258,298 Mixter and
Smithwick298 reported on 10 cases; all 3 patients treated nonoperatively died. With surgery, the mortality rate decreased to
between 30% and 57%258,298; 50% of the survivors were let with
residual neurologic deicit.258 From the data on 168 patients
reported in six early series since the introduction of antibiotics, 38% made a complete recovery, 29% had residual weakness, 21% were paralyzed, and 12% died.238,240,248,250,258,261,262 he
data from ive series published since 1990244,245,299–302 indicated
that 78% of patients undergoing surgery recover fully or with
minimal weakness. he prognosis is similar for patients with
acute or with chronic disease as long as they are managed
appropriately.240
he prognosis for neurologic recovery depends on the
duration and severity of the neurologic deicit.238,249,250,261,262
Heusner found that most patients with paresis of less than 36
hours’ duration had a complete recovery. No patient with
complete paralysis for more than 36 to 48 hours recovers
signiicant neurologic function.249,261,303 Complete sensory loss
is also a poor prognostic factor.261 Patients who have an acute
progressive syndrome with complete paraplegia occurring
within the irst 12 hours have a poor prognosis; it is postulated
that these patients have spinal cord infarction rather than
mechanical compression as the pathogenesis of the neurologic
deicit.39 Rigamonti and colleagues256 reported more recently
on 75 patients with spinal epidural abscesses. In patients with
severe neurologic deicit, treatment ater 24 hours had a 47%
poor outcome, whereas those treated before 24 hours had a

10% poor outcome. hus, they recommend early surgical
intervention in patients with neurologic deicit.
Other associated conditions thought to be poor prognostic
factors are diabetes, advanced age, female gender, HIV infection, and associated vertebral osteomyelitis.39,55,249 Furthermore, patients with thoracic-level involvement and those with
severe deicits preoperatively also have signiicantly worse
outcomes.304 he prognosis with subdural abscess is relatively
similar—two-thirds of the patients in reported cases made a
complete or good recovery ater surgical treatment in association with antibiotic therapy.281,305

Granulomatous Infections
Granulomatous infections may be caused by fungi, certain
bacteria, and spirochetes. If a granuloma is identiied on the
frozen section, appropriate studies should be initiated to assist
an accurate diagnosis.306 he most common granulomatous
spine infection in the world is tuberculosis (TB). TB spondylitis
will be described in detail; the fungal and other granulomatous
infections will be briely reviewed by outlining the diferences between them and TB infection. Bacteria in the order
Actinomycetales cause chronic infections. his order includes
the following families of pathogens: Mycobacteriaceae (genus:
Mycobacterium), Actinomycetaceae (genera: Actinomyces,
Arachnia), and Nocardiaceae (genus: Nocardia).307

Tuberculosis
he incidence of TB spondylitis varies considerably throughout the world and is usually proportional to the quality of
public health services available. It is extremely common in
underdeveloped countries where malnutrition and overcrowding are major problems. In aluent countries, the incidence
has decreased dramatically in the past 30 years, and it now is
uncommon.17 Bone and joint involvement develops in
approximately 10% of patients with TB308; half of these afected
patients have TB of the spine.309,310 A neurologic deicit will
develop in 10% to 47% of those with TB spondylitis.5,201,310–319
In developing countries, the disease is still a signiicant source
of morbidity and mortality and remains the most common
cause of nontraumatic paraplegia.320
In North America, Europe, and Saudi Arabia, the disease
primarily afects adults; in Asia and Africa, a large percentage
of the patients are children.312,313,318,321–327 hese patterns are
changing, and a decrease in the incidence of infection in
infants and young children has been noted in Hong Kong.324
he age incidence of paraplegia corresponds with the general
age incidence of TB of the spine, except for the irst decade,
in which the incidence of paraplegia is signiicantly less.315
In the United States, it is estimated that 10% of all TB cases
occurred in HIV-positive patients.328 Although it can occur in
patients with any range of CD4 count, disseminated and
extrapulmonary disease is more common in patients with
CD4 counts less than 200 cells/µL and is an acquired immunodeiciency syndrome (AIDS)-deining condition.328 Weinstein and Eismont55 showed that patients with HIV had a
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while the patient was under general anesthesia. A multiplehole catheter was then inserted from the sacral hiatus to the
midthoracic spine, and a gentamicin isotonic saline solution
was administered. he patient improved clinically and, at 18
months postoperatively, was neurologically intact without any
sequelae.
A modiication of this technique has been employed in
adults with good initial outcome. Schultz and colleagues297
reported on two patients with extensive epidural abscesses.
Both patients had abscesses extending from the cervical to the
lumbar spine. Rather than performing full-length laminectomies, limited approaches above and below the levels of
involvement were used to pass Fogarty catheters through the
areas of the abscesses. Once the catheters reached to the
opposite opening, the balloon was inlated and carefully pulled
back through the canal, efectively “milking” the purulent
material out of the canal. Usually, two passes were required.
Both patients had resolution of the infection. One patient had
near full recovery of motor function; the other patient had
moderate improvement of motor function. his technique is
promising as an alternative to complete laminectomies, particularly when there is extensive involvement over many levels
or when a minimally invasive approach is warranted due to a
fragile medical condition of the patient.
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higher rate of osseous spinal TB than the general public. heir
data indicated that HIV-positive patients were 11 times more
likely to be admitted for spinal TB than HIV-negative patients.
HIV-positive patients represented 24% of the patients admitted with spinal TB. Among their patients with spinal TB, the
average CD4 count was 75.7 cells/mm3.55

Etiology
Spinal TB may occur from hematogenous spread from wellestablished foci outside the spine. he pulmonary and genitourinary systems are the most frequent sources, but spinal TB
may also arise from other skeletal lesions.81,312 At presentation,
the primary focus of infection may be quiescent. Spinal
involvement may develop from visceral lesions by direct
extension.81

Bacteriology
Infection is most commonly caused by Mycobacterium tuberculosis, but any species of Mycobacterium may be responsible.329

Pathogenesis/Pathology
he pathogenesis of the early stages of spinal TB is similar to
that of pyogenic infections of the spine and may result from
hematogenous spread or from direct extension of disease.81
One study has suggested that the venous or lymphatic routes
may be more important than the arterial system for dissemination of this disease. Blacklock was unable to produce spinal
disease by injection of mycobacteria into a vertebra or into the
let ventricle of experimental animals.330
here are three major types of spinal involvement: paradiscal, central, and anterior.331 In one series of 914 cases, the
disease was paradiscal in 33%, central in 11.6%, and anterior
in 2.1%; in 52.8%, the disease was too widespread at presentation for identiication of the primary focus.314 Atypical forms
of spinal TB include those with neural arch involvement only
and rare cases in which granulomas occur in the spinal canal
without bony involvement.314,332,333 A similar classiication
system along with speciic MRI indings have recently been
described by Moorthy and Prabhu.334 he actual incidence of
TB primarily involving the posterior elements is unknown but
is probably between 2% and 10%.332,333,335 MRI shows a homogeneous hyperintense T2-weighted signal in the posterior
elements and associated paraspinal abscess.334
With paradiscal disease, the infection begins in the
metaphyseal area and spreads under the anterior longitudinal ligament to involve the adjacent bodies. In contrast to
pyogenic infections, the disc is relatively resistant to infection and may be preserved, even with extensive bone loss.81
Disc space narrowing has been postulated to occur either
as a result of extension of disease or from dehydration of
the disc secondary to the altered functional capacities of the
endplate. MRI shows low signal on T1-weighted images and
high signal on T2-weighted images in the endplate, with disc
space narrowing and large paraspinal and occasional epidural
abscesses.334

In cases with primarily anterior involvement, the infection
spreads beneath the anterior longitudinal ligament and may
extend over several segments. he radiographic features
include scalloped anterior erosion of several vertebral bodies.
his pattern is said to result from aortic pulsations transmitted
via a prevertebral abscess beneath the anterior longitudinal
ligament.336 However, similar changes have been seen in the
cervical spine, and another hypothesis is that the scalloping
may be due to changes in local vertebral body blood supply.201
A combination of pressure and ischemia caused by this pus
may produce anterior scalloping. MRI reveals subligamentous
abscesses, preservation of disc space, and abnormal signal of
multiple vertebral bodies.334
In cases classiied as central involvement, the disease begins
within the middle of the vertebral body and remains isolated
to one vertebra. hese lesions are frequently mistaken for a
tumor. hey tend to lead to vertebral collapse and therefore
are the most likely type to produce signiicant spinal deformity.331 Such pathologic fractures may mimic the more
common osteoporotic compression fracture.337 MRI in central
lesions shows signal abnormality of the vertebral body with
preservation of the disc space and may also mimic lymphoma
or metastases.334 he pathologic features of TB spondylitis may
be altered by secondary pyogenic infection, which may occur
through sinus tracts or ater debridement procedures.81
he pathologic indings in TB spondylitis difer in several
ways from those in pyogenic infections. he disc is relatively
resistant to TB infection. he pathologic changes generally take
longer to develop and are frequently associated with greater
deformity. Large paraspinal abscesses are more common with
TB infections.25,30,81,319
here are numerous mechanisms by which a neurologic
deicit may develop in a patient with TB spondylitis. he focus
of disease may be within the bone or, occasionally, within the
spinal canal without osseous involvement.322,332,333,338–341 Seddon
recognized that neurologic deicits may occur either acutely
or chronically.2 He classiied acute disease as “paraplegia of
active disease” and recognized that this was due to either
external pressure or invasion of the dura. Pressure on the
spinal cord may arise from an epidural granuloma or abscess,
from sequestered bone and disc, or from pathologic subluxation or dislocation of the vertebra. he paraplegia in chronic
cases is related to pressure on the cord from epidural granulomas or ibrosis or from a ridge of bone anteriorly caused by
a progressive kyphotic deformity. Several other authors have
conirmed these pathogenetic mechanisms at operation or
postmortem examination.10,201,308,341–344
An epidural granuloma is analogous to a pyogenic epidural
abscess. Most frequently, the granuloma arises by spread from
the adjacent bone. Because the primary bony lesion is anterior
in the majority of cases, spinal cord compression occurs
anteriorly. With posterior arch involvement, however, the cord
may be compressed from behind.333,335,345 Although isolated
involvement of the neural arch is uncommon, posterior compression from arch involvement occurs in approximately 10%
of cases associated with paralysis.14
Rarely, an epidural granuloma may occur directly by hematogenous seeding without any bony involvement.48,273,322,332,333,340,341
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Clinical Presentation
he clinical presentation of TB spondylitis is variable and
depends on many factors. In the classic presentation, the
patient complains of spine pain and exhibits manifestations of
chronic illness such as weight loss, malaise, and intermittent
fever. he physical indings include local tenderness, muscle
spasm, and restricted motion. he patient may also have a
spinal deformity and neurologic deicit. he duration of
symptoms before a deinitive diagnosis is made varies from
months to years; most cases are diagnosed in less than 2
years.201 In aluent countries, presentation is generally early.
In underdeveloped countries, the complications of neglected
disease—such as paraplegia, kyphosis, and draining sinuses—
may be the presenting complaints.319,326,347
he location of the pain corresponds to the site of the
disease, which is most frequent in the thoracic region, less
common in the lumbar region, and rare in the cervical spine
and sacrum.201,314,317 Patients may present with an abscess in
any one of many locations, including the groin and buttocks.331

B

D

FIG. 87.15 (A) Sagittal T2-weighted magnetic resonance image (MRI) demonstrating a difuse posterior mass
displacing the spinal cord anteriorly. (B) Axial T2-weighted MRI demonstrating a difuse posterior mass
displacing the spinal cord anteriorly. (C) Hematoxylin and eosin–stained tissue of the pathologic specimen
removed at surgery. This ×10 magniication view demonstrates a poorly formed granuloma. (D) Antituberculosis
immunohistochemical stain at ×40 magniication. The immunohistochemical stain is directed against
tuberculosis antigen and is brown in the pathologic specimen. This brown staining indicates the presence of
tuberculosis antigen.
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Other lesions that may cause a neurologic deicit without
bony involvement are intradural tuberculomas and TB
arachnoiditis.322,338,340 Paraplegia from extraosseous disease
occurs in no more than 5% of cases.322 Transdural extension
of TB inlammation was irst described by Michod in 1871.343
Since then, it has been described by other authors.201,319,340,341,343
Presumably, transdural extension can occur regardless of
whether or not the process originates within the bone. TB
meningitis is characterized by a granulomatous reaction in the
subarachnoid space.346 Intradural extramedullary mycobacterial disease is the least common presentation of spinal TB. In
2005, Roca reviewed 22 cases in the literature over the past
25 years.346 Only 3 (14%) were HIV positive and had CD4
counts of 137 to 228/µL.346 Roca reported that the majority of
patients (82%) with intradural extramedullary tuberculomas
required operative intervention. At surgery, pathologic tissue
revealed granulomatous reaction secondary to a persistent
inlammatory reaction. Although organisms may be absent in
the specimen, immunohistochemical staining reveals TB antigen
(Fig. 87.15).
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In 10% to 47% of patients, neurologic deicits develop during
the course of their disease.5,201,310–312,314–319 he incidence of
paraplegia is higher with spondylitis in the thoracic and the
cervical spine.314,348 he most common complications occurring prior to diagnosis include abscesses (69%), neurologic
deicits (40%), spinal instability (21%), and spinal deformity
(16%).349
he manifestations of cervical spine involvement vary with
the age of the patient. Children younger than age 10 years
usually have extensive disease, with large abscesses and a relatively low (17%) incidence of paralysis. In older patients, the
disease is more localized with less pus, but the incidence of
paraplegia is 81%.348 A distinct syndrome has been reported
in heroin addicts with TB spondylitis. All ive patients in one
series had an acute toxic reaction with fever, back pain, weight
loss, night sweats, and rapidly evolving neurologic deicits. All
patients had disseminated TB with involvement of extravertebral sites.350

Diagnostic Evaluation
he sedimentation rate is generally increased with TB spondylitis, but this is nonspeciic. he tuberculin puriied protein
derivative skin test is usually positive and indicates either past
or present exposure to Mycobacterium.322 Cultures of early
morning urine samples may be helpful in cases of renal
involvement, and sputum specimens and gastric washings
may be positive with active pulmonary disease. hese laboratory indings are helpful in the diagnosis, but an absolute
diagnosis can be made only by biopsy of the spine lesion.189
Aspiration of a subcutaneous abscess on occasion may reveal
the organism and obviate the need for spine biopsy.
Isolation of Mycobacterium from clinical specimens takes
6 to 8 weeks, and the sensitivity of culture may be as low as
50%.351 In the past, the most rapid method of detecting mycobacteria was the staining and smear microscopy of acid-fast
bacilli. However, the acid-fast bacilli smear technique requires
5000 to 10,000 bacilli per milliliter of sputum for detection,
with only 50% to 80% of specimens testing positive.352 Polymerase chain reaction (PCR) has been used to rapidly identify
the presence of mycobacteria in formaldehyde solution–ixed,
parain-embedded tissue specimens.353 Over the past several
years, a number of commercially available molecular detection systems have been introduced. All of these systems
use detection of Mycobacterium DNA or RNA, using the
publication of the M. tuberculosis genome.352 hese extremely
sensitive detection systems require great care in minimizing
contaminants in the sample specimens and thus are relatively
expensive. Molecular detection systems are also able to test for
genes known to be associated with drug resistance, including
rifampin, isoniazid, pyrazinamide, ethambutol, and streptomycin. he speciicity of molecular detection techniques is
approximately 98%, the sensitivity 85%, the positive predictive
value 95%, and the negative predictive value 93%.354
he indings on plain radiographs of the spine will vary
depending on the pathologic type and chronicity of the infection. he earliest inding may be bone rarefaction, regardless
of type. With peridiscal involvement, disc space narrowing is

followed by bone destruction, similar to pyogenic infections.
With anterior multilevel spine involvement, the anterior
aspect of several adjacent vertebrae may be eroded in a scalloped fashion. Central body involvement resembles a tumor,
with central rarefaction and bone destruction followed by
collapse. he initial radiographs oten show far advanced bony
changes in contrast to pyogenic infections, in which radiographs may be normal on irst presentation. he central type
is more common in the thoracic area, and the peridiscal
variant is more common in the lumbar region. he central
type causes greater and earlier bone collapse than the peridiscal type.331 Although these radiographic changes are characteristic, a diagnosis based on radiologic changes alone is
inadequate in 10% of cases.355
Chest radiographs are helpful in demonstrating pulmonary involvement and may show a paraspinal abscess. It is
not possible to diferentiate ibrosis and paravertebral edema
from abscess formation on the basis of plain radiographs.201
Occasionally, lumbar spine radiographs will demonstrate
calciication in the psoas muscle in cases with a long-standing
abscess.201 Sclerotic reactive bone formation occurs with healing
of TB infection but is seen much later and is less marked than
with pyogenic infection.93 Heroin addicts with Pott disease
may have atypical radiographs. In one study, four of ive
patients had atypical radiographs, including two with an ivory
vertebra.350 Radionuclide scanning with technetium or gallium
may help to deine the extent of disease.356 Gallium scanning
has been recommended for diagnosing extrapulmonary TB and
also to monitor the response to treatment.356 Unfortunately,
radionuclide scans are not sensitive for TB infection; technetium
bone scans are negative in 35% of cases, and gallium scans
are negative in 70%.322 CT is useful to delineate sot tissue
changes around the spine and in the canal but is not capable
of diferentiating an abscess from granulation tissue.
MRI is the imaging modality of choice because it demonstrates both bony and sot tissue involvement. he MRI
indings in TB spondylitis may be indistinguishable from
pyogenic infections, but there are some diferences that are
characteristic of TB and relect the diferent pathologic types
described earlier.357 he intervertebral disc may have normal
height and a normal signal on MRI, relecting the resistance
of the disc to TB infection (Fig. 87.16). Involvement of the
anterior aspect of several contiguous vertebral bodies or
involvement of posterior elements suggests a diagnosis of
TB spondylitis. Paraspinal masses tend to be longer in TB
spondylitis than in pyogenic infections and can be imaged
well with plain or gadolinium-enhanced MRIs. Enhanced
scans can distinguish abscesses from granulation tissue (Fig.
87.17). A mass with near-total enhancement is generally
granulation tissue, whereas a mass with enhancement only
at the periphery is generally an abscess.358 As the infection
resolves, the T1-weighted images of the vertebral body
characteristically have progressively greater signal intensity.115
Even the MRI indings are not completely characteristic; thus,
a biopsy is necessary in all cases. Central body TB closely
resembles a neoplasm357,359; an epidural TB granuloma without
osseous involvement cannot be diferentiated from an epidural neoplastic metastatic lesion. he distinction between
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FIG. 87.16 Tuberculous vertebral osteomyelitis. In contrast to pyogenic infections, the disc tends to be spared
relative to the vertebral body. (A) Computed tomography scan showing tuberculous infection of the vertebral
body and relative preservation of the disc spaces above and below. (B) Radiograph of anterior corpectomy and
strut fusion with posterior instrumented fusion.

A

B

FIG. 87.17 (A) Axial and (B) coronal images of an abscess in the left psoas muscle in association with L3 and
L4 tuberculous vertebral osteomyelitis. The periphery of the abscess enhances after administration of
gadolinium, suggesting that the mass is an abscess rather than granulation tissue. The psoas abscess was found
to be a sterile loculation of pus.

these conditions can be made only at operation.332 Two MRI
indings shown to signiicantly identify TB versus pyogenic
infection are the presence of abscesses with thin and smooth
walls (75% with TB vs. 0% in pyogenic spondylitis; P < .001)
and well-deined paraspinal sot tissue (66.7% in TB vs. 11.1%
in pyogenic spondylitis; P = .007).360
he diferential diagnosis should include other bacterial
and fungal infections as well as sarcoidosis and neuropathic
spine disease. Sarcoidosis rarely involves the spine but may

produce paraspinal masses and circumscribed lytic spine
lesions with or without a sclerotic rim. Purely sclerotic lesions
occur less frequently.82 Neuropathic disease of the spine is
usually limited to one to three contiguous vertebrae and is
characterized by marked reactive sclerosis or destruction.
Sclerosis associated with neuropathic disease of the spine
parallels the base of the vertebral body and commonly involves
the posterior arch. It is associated with paraspinal debris but
not masses.82
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Management
he goals of management are to eradicate the infection and to
prevent or treat neurologic deicits and spinal deformity. he
modern era in the treatment of spinal TB began in 1943 with
the discovery of streptomycin by Waxmin. he irst major
description on the use of streptomycin in TB bone and joint
lesions was published by Bosworth and colleagues361 in 1950.
he drug had a tremendous inluence on the mortality rate
from TB. Between the 5 years before streptomycin was used
and the 5 years ater its introduction, the mortality rate at Sea
View Hospital in New York decreased by 72.5%.275 Kondo and
Yamada362 reported a decrease in the mortality rate from
42.9% to 9.3% with the addition of streptomycin to the regimen
for patients treated nonoperatively. In patients undergoing
Albee fusion, the mortality rate was 32% without streptomycin
and none with streptomycin. In patients undergoing focal
debridement, the mortality rate decreased from 71.4% without
streptomycin to 2.1% with streptomycin.362
In 1952, Bosworth and associates published a preliminary
report showing encouraging results with the use of isoniazid.363
hese drugs and others eliminated the risk of dissemination
of disease and the development of chronic sinuses ater surgical debridement and allowed radical procedures to be performed in relative safety.9,364 Both drugs were found to be
efective without surgery when the patients were kept immobilized in the hospital for long periods.365
In Nigeria, a shortage of medical beds and poor medical
facilities forced Konstam and Konstam12,13 to use chemotherapy
on an ambulatory basis. Although many patients in their study
were lost to follow-up, 96% of those returning were thought
to be healed and free of disease. Spinal deformity was found
to be a problem with this form of treatment; only 75% developed a bony fusion, 49% had between 0 and 10 degrees of
increased kyphosis, and 18% had 30 degrees or more of
kyphosis.12 Other authors found reasonably good results with
chemotherapy alone.9,312,366
Hodgson and Stock9,10 had excellent results with their
procedure of radical debridement and anterior strut grat
fusion in association with chemotherapy (the Hong Kong
operation). In 1963, the Medical Research Council Committee for Research on Tuberculosis in the Tropics began
to investigate these widely divergent forms of treatment. A
subcommittee was established that later became known as
the Working Party on Tuberculosis of the Spine. his group
initiated a number of large-scale controlled, prospective trials
of treatment methods. he design of each study was based
on the available resources in areas where TB was endemic.
he irst studies, carried out in Korea and Rhodesia, established that chemotherapy is highly efective in ambulatory
patients.325,347,367 hese investigations showed that there was
no advantage to an initial period of bed rest in the hospital,325
application of a plaster of Paris jacket,367 or addition of streptomycin to the chemotherapy regimen.325,347,367 hese results
were maintained ater 5 years368 and 10 years369 of follow-up.
Other studies comparing the efectiveness of debridement
with that of more radical resection and bone grating were
carried out at three diferent centers. In Hong Kong, where the

radical procedure was popularized, resection and fusion were
found to have advantages in terms of less deformity and earlier
bony fusion.370 Patients with extensive disease and neurologic
deicit were excluded from that study. In two concurrent
studies in Africa, in which patients with more severe disease
were included, there was no signiicant diference between the
two surgical approaches.326 Most of the patients in the three
centers were doing well by the 3-year follow-up, and these
results were maintained with up to 5 years of follow-up.327 No
changes were found at 10 years in the Hong Kong series.371 he
Medical Research Council then set out to determine whether
short courses of chemotherapy would be as efective as the
standard 18-month regimen (used in all previous studies).
In Hong Kong, patients underwent the radical operation and
either a 6- or 9-month chemotherapy regimen of isoniazid and
rifampin supplemented with streptomycin for 6 months. he
6- and 9-month courses were equally efective and at least as
successful as the standard 18-month regimen when assessed
at 3 years.372 In South India, ambulatory chemotherapy alone
with 6- or 9-month regimens was compared with radical
surgery plus 6 months of chemotherapy.373 Of the patients
treated by the 9-month regimen, 97% achieved a favorable
status at 3 years compared with 93% for the patients in the
6-month ambulatory group. Surprisingly, only 85% of the
patients in the surgical series achieved a favorable status.
he conclusion of the Medical Research Council was that the
treatment of choice for spinal TB in developing countries is
ambulatory chemotherapy with 6- or 9-month regimens of
isoniazid and rifampin. Surgery should be considered only
for biopsy or the management of myelopathy, abscesses,
and sinuses. Even in technically advanced countries, they
advised against surgery in all cases. When surgery is felt to be
necessary, the Hong Kong operation was recommended.371,372
Although the results of the studies in Hong Kong and Africa
on radical debridement and fusion versus debridement alone
were at variance, the overall conclusion was that the Hong
Kong operation allows anterior bony fusion to occur earlier
and in a higher percentage of patients. Kyphotic deformity was
less common and not progressive in those patients undergoing
the more radical procedure.371 Other independent studies have
demonstrated the efectiveness of debridement and fusion
and support the recommendation of the Medical Research
Council.185,189,374–377 he group in Hong Kong has written
extensively on this approach and is responsible for its popularity.9,10,188,319,323,348,378 Another advantage of anterior decompression and fusion compared with nonoperative treatment that
has been demonstrated by a number of authors is the higher
recovery rate in patients with neurologic deicit.201,316,318,322
Reinements in antituberculosis chemotherapy have permitted a more selective approach to the surgical management
of spinal TB. Many mild cases respond well to standard chemotherapy without the need for surgery.378a Rather than
operate in every case, Tuli described a “middle-path” regimen
of operating only when medical management failed.14,309 he
irst line of treatment was drug therapy; operation was considered for the following: decompression in patients with
neurologic deicit who failed to respond to conservative
therapy, posterior spinal lesions, failure of response ater 3 to
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exist in the highly suppressive acidic environment inside the
activated macrophage. INH and RMP are bactericidal against
both intracellular and extracellular organisms.380 RMP may
have an advantage against bacilli with low metabolic activity,
as are present in caseous material. PZA is bactericidal only
in an acidic environment and therefore is efective against
intracellular organisms or within caseous lesions. Conversely,
STM is active only in the extracellular space and therefore is
oten used to complement PZA. EMB is bacteriostatic against
both intracellular and extracellular organisms and oten is
used in multiple-drug regimens in place of the once-popular
para-aminosalicylic acid. All of these agents have the potential
for signiicant toxicity. Hepatitis may be caused by both INH
and RMP and is four times more common in patients receiving both agents than in those receiving INH alone. INH can
also cause dose-dependent peripheral neuritis. he major
toxicity of STM is nerve VIII damage; that of EMB is optic
neuritis.
Antimicrobial resistance may occur from the multiplication
of resistant mutants under the selective pressure of single-drug
therapy. Resistance developing during the course of treatment
in a patient with an initially drug-sensitive infection is termed
“secondary resistance.” “Primary resistance,” deined as infection with drug-resistant organisms in a previously untreated
patient, may be transmitted to other patients. he prevalence
of primary resistance rose from less than 3% in the United
States during the 1970s to approximately 9% by 1986.381
Resistance is much more common in certain urban areas and
in patients who are homeless, drug abusers, or infected with
HIV. he patterns of drug resistance are variable throughout
the world, reemphasizing the need for close follow-up during
treatment.12,188,322,372 Resistance is generally not a problem with
multiple-drug regimens as long as the patient is in compliance.
A 6-month, three-drug regimen including INH, RMP, and
PZA is used for most cases of drug-sensitive infection in
Western nations. Atypical mycobacterial species are oten
resistant to standard drug regimens.329 Because spinal TB
carries a signiicant risk, maximal chemotherapy should be
used. In a study of lumbar and lumbosacral spine involvement,
triple antibiotic therapy with INH, EMB, and RMP yielded
excellent results.382 All patients healed the original site of
infection with little change in spinal alignment. At 36 months’
follow-up, the kyphosis angle improved slightly by 2.2 degrees
and the Cobb angle increased slightly by 5.4 degrees.382 Spontaneous bony union occurred in 87.5% of patients. Purtuiset
and colleagues383 reported on their experience of 103 cases of
spinal TB occurring in a developed country. Most of their
patients (74%) were treated with medical therapy alone and
the remainder with surgery. Overall, there were two TB-related
deaths. heir mean duration of medical treatment was 14
months. hese results are similar to those observed in less
developed countries, such as India.384

Surgical Treatment
An operation may be performed to drain abscesses, to debride
sequestered bone and disc, to decompress the spinal cord,
or to stabilize the spine for the prevention or correction

S E C T I O N

6 months of nonoperative treatment, doubtful diagnosis,
instability ater healing, or recurrence of disease or of neurologic complications. In cases without neurologic involvement,
healing occurred in 94% with antibiotics alone. In 200 cases
with neurologic involvement, 38% of the patients recovered
with drugs alone; of those patients requiring operation, 69%
recovered completely. he overall success rate in patients with
neurologic complications treated by this regimen was 78.5%.14
he indications for operation outlined by Tuli are similar
to our current recommendations, except that patients with a
neurologic deicit would be operated on urgently rather than
ater a delay to see if drug therapy alone would be efective. In
general, the indications for operation are the same as with
pyogenic infection. Lifeso and colleagues322 think that patients
with mild neurologic deicits should not undergo operation
because medical therapy alone with close observation is safe.
Two of their 23 patients became worse with conservative treatment; both recovered completely ater anterior decompression
and fusion. hey also thought that patients with slight kyphosis
could be treated with medical therapy alone because the
increase in kyphosis and in the number of afected vertebral
bodies reported in children was not found in adults treated
medically.322
When an operation is indicated, it is easier to do it early
because abscesses tend to dissect along tissue planes. If operation is delayed, ibrosis makes the procedure technically much
more diicult. Hodgson and Stock188 found a direct correlation
between the duration of neurologic symptoms before the
operation and the time for recovery from paraplegia. Others
have conirmed this inding.316 Operation also is advised in
late-onset paralysis associated with cord compression by a
hard bony ridge in association with kyphosis. Hsu and colleagues342 think that, in patients with mild or moderate paraplegia, stabilization alone may be indicated, with decompression
reserved for those patients with severe paralysis.
Regardless of whether an operation is performed or not,
chemotherapy is an integral part of the management of spinal
TB. he only cases in which chemotherapy is not indicated are
those in which late-onset paraplegia from progressive deformity has occurred in a patient with healed inactive disease.
Drug therapy is usually started preoperatively but may be
started ater operation if a biopsy is necessary. he irst line of
drugs currently in use include isoniazid (INH), rifampin
(RMP), pyrazinamide (PZA), streptomycin (STM), and ethambutol (EMB). A number of second-line agents that occasionally are used in special circumstances include ethionamide,
cycloserine, kanamycin, capreomycin, prothionamide, and
para-aminosalicylic acid.379 he choice of agents, dosages, and
duration of therapy should be directed by an infectious disease
expert.
Multiple drugs are used because of the potential for resistance to a single agent. Selection of rational combinations of
drugs is based on the mechanism of action and toxicity of the
agents.379 he organisms may be in several diferent environments and therefore not accessible to all agents. hey may
reside in the extracellular space, either in the hyperoxic neutral
environment of the pulmonary cavity or in the hypoxic acidic
environment of caseous material in the spine. hey also may

1553

XII

1554

AFFLICTIONS OF THE VERTEBRAE

of deformity. In 1779, Pott described the drainage of a TB
abscess: “he remedy for this most dreadful disease consists
merely in procuring a large discharge of matter, by suppuration from underneath the membrana adiposa on each side of
the curvature, and in maintaining such discharge until the
patient shall have perfectly recovered the use of his legs.”1
His statement was rather optimistic—many patients did not
recover neurologic function ater this procedure, and many
others died of secondary pyogenic infection. In general,
abscess drainage is indicated only if the patient is septic from
the abscess or has a neurologic deicit from an epidural abscess
or when the abscess is extremely extensive. Ater drainage of
an abscess, the tissues may be closed in layers or the wound
may be packed open. Paravertebral abscesses in the thoracic
spine can be drained efectively by a costotransversectomy.215
Large psoas abscesses may be drained by a retroperitoneal
approach.385
Simple debridement of the spine without fusion is advocated by some surgeons.326,362 However, most authors agree
with the conclusions of the Medical Research Council that the
Hong Kong procedure of anterior radical debridement and
strut grat fusion is superior.10,185,188,189,201,319,375–377,386 Surgery
performed when the disease is active is safer, and the response
is faster and better than that performed in patients with healed
disease.342
In the Hong Kong procedure, the spine is approached
anteriorly so that the afected area may be dealt with most
directly. he sequestered bone and caseous material must be
debrided back to bleeding bone above and below and back
to the posterior longitudinal ligament. he decompression
should go back to the dura in cases of neurologic deicit
when spinal cord decompression is necessary.327 he angular
deformity is corrected by insertion of a strut grat. he
anterior approach produces statistically better kyphosis correction and less correction loss, but it has been reported to
be clinically insigniicant.387 Autogenous bone grating at the
time of the primary debridement is reliable in both adults and
children.10,185,188,189,194,201,316,319,323,371,375,377,388–390 he incidence of
fusion with a bone grat is 97% at 10 years compared with
90% with debridement alone. Medical management with
chemotherapy alone may yield a solid fusion in 65% to 79%
of cases.11,12,113
he choice of grat material is based on considerations of
grat incorporation and structural support. he grats used
most frequently are iliac crest and ribs. Fibular grats provide
good structural support, but the large amount of cortical bone
is undesirable in cases of infection. In addition, long segments
of ibula are likely to fracture. In a study of 4-cm-long canine
ibular grats, the grats were markedly weakened between 6
weeks and 6 months ater implantation. he total incorporation may take several years; at 48 weeks, approximately 60%
of the necrotic matrix had been remodeled. Despite that, the
strength of the grat is nearly normal at 1 year.197 Bradford and
Daher198 described the use of vascularized rib grats for stabilization of kyphosis. Incorporation of the grats occurred
between 4 weeks and 16 weeks (mean, 8.5 weeks). hey
described three patients in whom the grat was placed 4 cm
or more anterior to the apical vertebra for mechanical

advantage; none of these grats fractured.198 High fusion rates
have been reported when vascularized rib grats are used in
the treatment of TB kyphosis.199
Kemp and colleagues185 found that rib grating was inadequate in adults. hey reported a 32% incidence of grat fracture
and a mean increase in kyphosis of 20 degrees. Partial collapse
occurred in some cases because the ribs penetrated the endplate. he overall fusion rate was 62% with rib grats and
94.5% when autogenous, full-thickness iliac crest grats were
inserted as long as they crossed the coronal diameter of the
vertebra.185 Iliac crest may be preferable to rib, especially in
patients with large defects.185,188,196
McCuen described the irst case of TB spondylitis treated
by laminectomy in 1882. In the early part of the twentieth
century, it had become a common procedure for patients with
Pott paraplegia. In 1935, Seddon condemned the procedure,
claiming that “laminectomy is futile” because it removes the
integrity of the posterior arch and may lead to instability and
further neurologic damage.190 he opinion that laminectomy
is contraindicated is shared by many authors.186,315,316,319,341,3
64,375,391
Patients actually may improve considerably immediately ater laminectomy. As Bosworth and colleagues361
noted, however, paraplegia inevitably recurs unless fusion is
performed both anteriorly and posteriorly. hey described 14
patients who had had laminectomies: all died except 4, who
had “circumduction” fusions.361 Currently, the only indication
for laminectomy in the treatment of Pott paraplegia is atypical
disease involving the neural arch and causing posterior spinal
cord compression.155,186,190,314,333 It is also reasonable in rare
circumstances with posterior epidural tuberculoma without
bony involvement.332
Debridement, decompression, and fusion in the thoracic
spine may be performed through a transthoracic approach,
through a costotransversectomy, or by an extrapleural anterolateral approach. he last has the theoretical beneit of avoiding
the TB empyema.375 However, no studies have demonstrated
any actual advantage of an extrapleural approach over a
standard thoracotomy. Kirkaldy-Willis and homas189 demonstrated that the transthoracic approach is more successful than
lateral rachiotomy (modiied costotransversectomy). he
fusion rate was 95% in the former and 78% in the latter; the
mortality was 3% and 8%, respectively.189 hey recommended
thoracotomy in cases of early TB, with lateral rachiotomy
reserved for late-onset paraplegia associated with a large
kyphotic deformity requiring lateral exposure of the dura.189
Kemp and colleagues185 support this concept.
With TB, the periosteum is generally thicker and frequently
adherent to the pleura. herefore, it is oten necessary to
dissect in a subperiosteal plane for exposure. If a lung abscess
is found at the time of thoracotomy, the abscess may be
debrided by scooping out the necrotic material. Yau and
Hodgson392 rarely found an air leak in this situation and had
good success by insulating the cavity with streptomycin and
suturing the visceral pleura. Because of the potential for
wound dehiscence in these patients, who are frequently
immunocompromised and have poor wound-healing potential, the wounds should be closed in layers with interrupted
nonabsorbable sutures. In patients with lesions involving
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FIG. 87.18 This patient presented with intermittent fevers and spine deformity. He complained only of
relatively minor spine pain. He was neurologically intact. Tuberculosis was suspected and conirmed by culture.
(A) This lateral radiograph shows a 27-degree kyphosis from the inferior portion of T12 to the superior endplate
of L5. The intervening vertebrae are grossly destroyed. (B) An anteroposterior chest radiograph reveals chronic
changes in the right lung and an efusion, which are also consistent with tuberculosis. (C) Computed
tomography (CT) scan of the lumbar spine reveals bilateral psoas abscesses (arrows). There is also a signiicant
paraspinal mass, which is most likely granulation tissue. This was later veriied at surgery. (D) This postoperative
lateral radiograph reveals that the kyphosis at the thoracolumbar spine has been reduced to 12 degrees. The
intervening neural elements have been decompressed with complete corpectomies from T12 through L4. The
patient’s ibula was used for an autogenous bone graft and supplemented with autogenous cancellous iliac
bone graft. The patient remained neurologically intact. At the time of surgery, gross purulence was found,
which corresponded with the psoas abscesses identiied on the CT scan.

more than two vertebral bodies, a period of bed rest followed
by external support in a TLSO is recommended until the
fusion becomes consolidated if instrumentation is not used.196
Posterior fusion alone, without instrumentation, does not
control progressive kyphosis,393 but it may be performed in
addition to anterior strut grating for added stability (Fig.
87.18).196,201 If a laminectomy is performed for posterior neural
compression, a fusion should also be performed if any of the
facets are removed.186 Progressive kyphosis may occur in the
immature spine in spite of a solid anterior fusion. Some
authors recommend that a posterior fusion should be performed in addition to an anterior fusion in order to eliminate
the risk of increasing deformity.186,366 Fountain and colleagues386 found that progressive kyphosis developed in only
3 of 31 children with solid anterior fusions. hey recommended
performing a supplementary posterior fusion only if progressive deformity is noted.

Anterior grats may not provide stable ixation, especially
in cases in which the grat spans more than two disc spaces.196
To prevent loss of correction, some authors recommend a
two-stage procedure with an instrumented posterior fusion
followed by anterior debridement and fusion.358,394,395 Moon
and colleagues394 reported on 39 adults undergoing the twostage procedure in the same operative setting or in a delayed
fashion. he infection was cured in all cases, and they achieved
excellent deformity correction without a prior anterior release.
he loss of correction did not exceed 3 degrees. Similarly good
results have been reported by other groups from various
countries, such as Taiwan, South Africa, India, Kuwait, and
Turkey.396–400
Güven and colleagues401 recommend a single-stage posterior approach without any anterior procedure in cases without
paralysis, multisegmental involvement, or large abscesses.
hey reported on 10 patients who underwent the procedure.
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All patients had resolution of the infection and the mean loss
of correction was only 3.4 degrees. Mehta and Bhojraj402 have
proposed a reasonable classiication system for surgical treatment of patients with thoracic spine infection. hey propose
four treatment groups on the basis of the location of the
infection. Group A patients, who had paradiscal or central
involvement with no deformity, were treated with transthoracic debridement and strut fusion with no further instrumentation. Group B patients, who had paradiscal or central
involvement along with deformity, were treated with transthoracic debridement and strut fusion with posterior instrumentation. Group C patients were similar to group A patients but
were too ill to tolerate a transthoracic approach. hese patients
were treated via a posterior transpedicular decompression and
posterior instrumentation. Group D patients, who had only
posterior element involvement but no deformity were treated
with posterior decompression alone with no fusion or instrumentation. With these treatment guidelines, all their patients
did well.402
Oga and colleagues403 studied the risk of using spinal
instrumentation despite active TB infection. All 11 of their
patients had resolution of the infection and none developed a
kyphotic deformity ater operation. hey also evaluated the
adherence properties of Mycobacterium tuberculosis and S.
epidermidis to stainless steel. he Staphylococcus heavily colonized the rods and was covered with a thick bioilm, whereas
only a few bioilm-covered colonies of M. tuberculosis were
seen. hese indings have prompted the use of anterior instrumentation at the time of initial anterior debridement. hree
recent reports reveal that this single-stage technique is eicacious. Benli and colleagues404 reported on 63 patients from
Turkey with involvement of the thoracic and lumbar spines.
All patients underwent anterior debridement and decompression with autogenous iliac crest strut grating. In the same
setting, a lateral plate was applied. Kyphosis was corrected by
89% and maintained at an average follow-up of 51 months. Of
the patients who had neurologic deicit, 80% had full recovery
and 16% had partial recovery. No recurrence of infection was
found. Govender reported on 41 patients from South Africa.405
In these patients, the anterior strut was fresh-frozen allograt.
Compared with autogenous rib grat, the fusion rate was
slower with allograt. Fusion and remodeling was seen in 33
of 41 patients and partial remodeling with fusion in 8 patients
at a mean follow-up of 6.4 years. here were no cases of
fracture or late sepsis. Yilmaz and colleagues406 reported on 22
patients from Turkey with similar results.
he incidence of cord compression with cervical TB spondylitis is more than 40% overall and much higher in adults348;
therefore, an infection in this region requires aggressive treatment. Hsu and Leong348 reported excellent results from using
the Hong Kong procedure via a Southwick-Robinson approach
in conjunction with medical management. With C1–C2
involvement, drainage may be performed by the transoral
route with or without a supplementary posterior occiput-toC2 fusion.378 Isolated involvement of the arch of the atlas has
been treated successfully in one case by chemotherapy, needle
aspiration of an abscess, and halo-brace immobilization.407
Lesions at the craniocervical junction are rare, occurring in

only 0.3% to 1% of patients with TB spondylitis.408 Behari and
colleagues408 reported on 25 patients treated variably for craniocervical infection. hey classiied patients as grade I,
deined by neck pain only and no pyramidal signs; grade II,
deined by a neurologic status of independent but with minor
disability; grade III, deined by partial disability requiring
assistance with activities of daily living; and grade IV, deined
by severe disability, including respiratory compromise. Grade
I and grade II patients were treated with brace immobilization
and medical therapy. Grade III and grade IV patients underwent anterior decompression followed by posterior fusion.
Signiicant improvements in all grades were seen with this
strategy.
Lesions between C3 and C7 may be approached through
either the anterior triangle187 or the posterior triangle. he
latter may be preferable in some cases because pus oten tracks
and points in the posterior triangle, making dissection easier.409
When cervical disease is complicated by kyphosis, staged
procedures may be necessary. Strut grating may be performed
at the time of debridement if the deformity can be reduced. If
the deformity is too great, traction may be necessary before
inal anterior grating. Anterior reconstruction should be followed by posterior stabilization and fusion.378 Laminectomies
are contraindicated in the cervical spine because subluxation
and further neurologic deicits may occur.348
Complications of surgical treatment are frequent. he
operative risk is greatest in elderly patients with extensive
disease. In one series, the operative mortality was 2.9% and an
additional 1% of the patients died of the disease later.10 Early
complications include wound sepsis, pleural efusion, pulmonary embolism, CSF istula into the pleural cavity, ileus, progressive neurologic deicit, damage to the ureter, loss of grat
ixation or grat fracture, atelectasis, pneumonia, air leak,
Horner syndrome, and injury to one of the great vessels.194
When streptomycin is placed directly on exposed dura, convulsions may occur.194 Late complications include grat resorption, grat fracture, nonunion, and progressive kyphosis.185,196,410
Adrenal insuiciency may occur secondary to TB involvement
of the adrenal glands. Adrenal suppression should be suspected, especially if calciication is noted on radiographic
studies.316

Prognosis
With TB spondylitis, the prognosis depends on the age and
general health of the patient, the severity and duration of the
neurologic deicit, and the treatment selected.

Mortality
Before the advent of chemotherapy, the mortality rate in
patients treated nonoperatively was 12% to 43%.5,314,317,362 he
rate in patients with a neurologic deicit was close to 60%.315 In
one study, the mortality rate was found to be linked directly to
associated pulmonary involvement: 9.4% of the patients with
spine infections and inactive pulmonary TB died in contrast
to 51.3% of those who had active pulmonary disease or
metastatic spread to other organs.310 Attempted debridement
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Relapse
he relapse rate in patients treated with the antibiotics available between 1952 and 1962 was 21%.312 With current medical
regimens and close follow-up, the rate should approach zero.322

Kyphosis
Progressive kyphosis is a signiicant cosmetic deformity, but
more important is the fact that it may cause a neurologic
deicit or respiratory and cardiac failure due to restriction of
pulmonary function (Fig. 87.19). Rajasekaran and Soundarapandian reported the results of a prospective controlled study
performed in collaboration with the Medical Research
Council.196 he treatment groups included chemotherapy
alone for either 6 or 9 months or radical surgery in combination with 6 months of chemotherapy. Ninety patients (98% of
the study group) were followed for a minimum of 6 years.
hose who underwent nonoperative treatment had a statistically signiicant higher rate of kyphotic deformity than those

treated surgically. here was a direct correlation between the
inal angle of the deformity and the amount of initial loss of
vertebral body. he angle increased severely in 10% of the
surgical group and in 32% of the nonsurgical group. Severe
deformity in the surgical group was related to grat failure.
To predict the angle of deformity expected, the researchers
devised a formula410; Y = a + bX, in which Y is the inal angle
of the deformity, X is the amount of initial loss of vertebral
body, and a and b are constants (5.5 and 30.5, respectively).
With their formula, the inal angle of the gibbus was predictable, with 90% accuracy in the patients treated nonsurgically.410
If the predicted angle is excessive, early operation should be
considered.
Rajasekaran and Soundarapandian196 provided additional
information on 81 patients treated by the Hong Kong operation
and followed for a minimum of 8 years; 19% of these patients
had an increase in the gibbus angle of up to 20 degrees, and
in 22% it was more than 20 degrees. he major risk factor for
increasing deformity was extensive involvement of the vertebral
bodies, which resulted in a large defect ater debridement and
necessitated a grat spanning more than two disc spaces. Patients
with lesions of the thoracic vertebrae and those with marked
kyphosis preoperatively were also more likely to have progression. hese authors concluded that when the length of the grat
exceeds two disc spaces, surgical treatment should be augmented
by prolonged bed rest, bracing, or posterior arthrodesis. Rib
strut grats were used in many of the patients with progressive
deformities, and it was proposed that iliac crest grat may be
preferable in patients with large defects.196 Iliac crest grats
were used exclusively by Hodgson and Stock188 and may explain
the low incidence of progressive kyphosis in their series. Others
also have recommended the use of iliac crest grats rather than

125°

110°

A

B

C

FIG. 87.19 This young adult patient was known to have had tuberculosis of the spine as a child. At this time,
she presented with a history of spine pain that was relieved with bed rest and aggravated by increasing
activities. (A) At the time of irst presentation, the patient was seen to have a kyphosis of 110 degrees. It is
apparent that she has had extreme shortening of the trunk due to the combination of kyphosis and vertebral
body destruction. (B) Over a period of 5 years, it can be seen that the patient has had an increase in the
kyphosis from 110 degrees to 125 degrees. At this point, she remained neurologically normal. (C) This
anteroposterior radiograph of the thoracic and lumbar spine is consistent with the gross deformity seen on the
lateral radiographs and obvious on clinical inspection. This is the type of deformity that is best prevented with
surgical intervention.

S E C T I O N

of the spine without antibiotic coverage was associated with a
mortality rate as high as 71%.362 With the chemotherapeutic
regimens now available, the mortality rate should be less than
5% if the disease is diagnosed early, the patients comply with
the regimen, and follow-up is close.321,322 he mortality rate in
patients treated with the Hong Kong procedure in addition
to antibiotics is directly proportional to the severity of the
neurologic deicit. In one study, among patients undergoing
operation, the mortality rate was 2% in those with mild to
moderate neurologic deicit, 6% in those with moderate
neurologic deicit, and 11% in those with a severe deicit.321
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rib struts.185 In patients with small defects, however, the availability of rib grat and avoidance of additional donor site
problems make rib grats a more attractive alternative.
In addition to grat failure, children are at risk of progressive deformity ater anterior debridement and fusion because
of persistent growth posteriorly and growth retardation
anteriorly. Close follow-up is necessary and a supplementary
posterior fusion should be performed if progressive kyphosis
occurs.201,386 A study comparing the radiographs of 117 children operated on for spinal tuberculosis at the age of 2 to 6
years showed that anterior fusion alone leads to greater
kyphotic angulation than a posterior fusion, a combined
anterior and posterior fusion, or anterior debridement alone.411

Neurologic Deicit
Patients with neurologic deicit may improve spontaneously
without surgery or chemotherapy317,341 or with chemotherapy
alone,12,14,312 but in general the prognosis is improved with
early surgery.201,285,322 In one study, 94% of neurologically
impaired patients recovered normal function ater anterior
decompression; only 79% totally recovered ater nonoperative management.322 When patients with a neurologic deicit
were operated on only if they failed to respond to an initial
course of antibiotics, the overall success rate was 78.5%.14 As
expected, patients with less severe neurologic deicit and those
who were treated early ater the development of neurologic
signs had a better outcome.14,308,311,319,321,412 In one study of 64
patients, only 48% of those with severe neurologic deicits
recovered, whereas 83% of patients with moderate deicits
recovered; only 4 of 10 patients with late-onset paraplegia had
a satisfactory recovery.321
Patients with paraplegia of long duration should be treated
aggressively. Hodgson and colleagues319 found that the chances
of complete recovery are good ater surgical treatment,
although it may take longer for them to recover. hey documented recovery in a patient who had had a neurologic deicit
for 5 years.319 In patients with late-onset paraplegia, the
response to operation is faster, better, and safer in patients who
have active disease than in those with healed disease and a
hard, bony ridge compressing the cord.342 Overall, most
patients with a neurologic deicit recover within 6 months, but
those who have direct involvement of the meninges (pachymeningitis) may recover more slowly.319 Govender and colleagues308 found that patients who have an atrophic cord as
seen on CT myelography preoperatively usually do poorly
ater decompression. Patients with cervical spine involvement
are at high risk of neurologic deicit but do well ater anterior
debridement and fusion.348
he only indication for laminectomy is posterior cord
involvement. In 19 patients with posterior element disease
undergoing laminectomy, 16 had good results and 3 had fair
results in one series. Six of 10 patients undergoing laminectomy for epidural tuberculomas without bony involvement
had good results, 3 patients had fair results, and 1 had a poor
result.332 he overall prognosis with posterior spinal TB is
better in those patients who have less severe neurologic deformity of shorter duration, slower progression, and are younger

and in good general health.335 In general, children have a
better prognosis than adults.185,201,318,319

Fusion
Bosworth and colleagues315 thought that a solid fusion was
essential for permanent recovery from TB spondylitis. hey
described ive patients who initially recovered but became
paralyzed again with the development of pseudarthrosis. hese
patients recovered once again ater repair of the pseudarthrosis.315
Spontaneous bony fusion occurred in 27% of patients
treated with bed rest in a plaster shell, without surgery or
chemotherapy.314 With chemotherapy alone, spontaneous
fusion occurred in 24% at 18 months and in 36% at 36
months.366 In the prospective study by the Medical Research
Council, the fusion rate in patients treated by the Hong Kong
procedure was 28% by 6 months, 70% by 12 months, 85% by
18 months, and 92% at 5 years. he corresponding values for
the patients undergoing debridement without fusion were 3%,
23%, 52%, and 84%, and the fusion rates in patients treated by
ambulatory chemotherapy alone were 9%, 26%, 50%, and
85%, respectively.

Actinomycosis
Actinomyces israelii is an anaerobic, slowly growing, ilamentous, gram-positive bacterium. Actinomyces was originally
discovered in 1877 as a genus containing the causative agent
of actinomycosis in cattle. hereater, in 1891, A. israelii was
irst isolated from a lung abscess by Wolf and Israel.413 Since
then, other Actinomyces species and related bacteria have been
isolated and are believed to be involved in a wide variety of
human infections, most commonly linked to A. israelii. A
number of other species have also been involved in human
infections. hese include Actinomyces meyeri, Actinomyces
graevenitzii, Actinomyces turicensis, Actinomyces gerencseriae,
Actinomyces odontolyticus, Actinomyces cardifensis, Actinomyces radingae, Actinomyces naeslundii, other Actinomyces
species, and a closely related species, Varibaculum cambriensis.413 It is postulated that the coexistence of other organisms
may assist anaerobic growth by reducing the oxygen tension
in the local environment.
he diseases it causes mimic those produced by fungi. he
organism, an endogenous, oral saprophyte, requires trauma,
surgery, or other infection to penetrate the mucosa. Once
Actinomyces invades the tissue of a disrupted mucus membrane, it slowly expands and develops into an abscess. It is
noted for causing chronic suppurative infections with external
sinuses that discharge distinctive aggregates of organisms
(“sulfur granules”).306,414 Infections involving Actinomyces
frequently are polymicrobic, including Fusobacterium, Bacteroides, Capnocytophaga, Eikenella, Staphylococcus, Streptococcus, and Enterococcus species.414
he lesions are characterized by hard, ibrotic walls with
granulation tissue surrounding loculations of pus. Sinus tracts
extending to the skin or into other organs are commonly seen
in more chronic infections.414 Classic actinomycosis presents
as an oral-cervicofacial lesion, known as “lumpy jaw” lesion,
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Nocardiosis
Nocardia asteroides is the most common human pathogen in
this family of aerobic, weakly gram-positive bacteria. It is a

natural soil saprophyte oten found in decaying organic
matter.307 Infection most commonly occurs through the respiratory tract, although other modes of infection may occur.
his infection is now seen most frequently in immunocompromised hosts. he predisposing factors are long-term
corticosteroid use, chronic lung disease, hematologic malignancies, and organ transplant patients. Renal transplant
patients are particularly susceptible, with a reported incidence
as high as 5%.423,424 Nocardiosis may initiate a chronic granulomatous response, but more frequently the histologic features
are suppurative necrosis and abscess formation, typical of
pyogenic infections.414
he most frequent primary site is the pulmonary system,
but dissemination occurs frequently to the central nervous
system, skin and subcutaneous tissues, eyes (especially the
retina), kidneys, joints, and heart in up to 56% of cases.425,426
Dissemination to the brain, meninges, and spinal cord occurs
in 23%, but hematogenous involvement of the vertebrae is
uncommon.427 In a recent literature review and case report,
Graat and colleagues428 found only 11 cases of Nocardia spinal
osteomyelitis reported in 40 years. Epidural spinal cord compression from vertebral osteomyelitis has been reported.429,430
Diagnosis of nocardiosis can be diicult because there are
no pathognomonic signs or symptoms. Historically, phenotypic characteristics in conjunction with antibiotic susceptibility patterns have been used for diagnosis. hese tests sufered
from poor reliability. Current methods of identiication rely
on gene sequencing, particularly of the 16S rRNA gene, which
has become the gold standard.431 Rapidly growing bacteria in
mixed cultures may obscure the growth of Nocardia species,
and the laboratory should be alerted if Nocardia infection is
suspected.
Sulfonamides, in conjunction with appropriate surgery,
have been the mainstay of treatment since 1944. Many other
antibiotics—including minocycline, trimethoprim-sulfamethoxazole, amikacin, imipenem, cetriaxone, cefuroxime,
and cefotaxime—have been used either alone or in combination. he most common irst-line therapy is cotrimoxazole,
with imipenem and amikacin as second-line therapies.432,433
he optimal duration of therapy is uncertain but, because of
the possibility of relapse, treatment is oten continued for
many months ater apparent cure. A poor response to treatment may be related to the presence of a second pathogen.

Brucellosis
Human brucellosis remains an important public health
problem in most developing countries, including those of
the Mediterranean, Balkans, Middle East, Central Asia, and
Central and South America. he occurrence is high when
there is inefective eradication of brucellosis in animals.434–436
Brucellosis is caused by an aerobic, gram-negative coccobacillus commonly found in domestic animals and transmitted
to humans by direct contact, by ingestion of contaminated
products, and possibly, by inhalation of aerosols.306,437,438
he disease afects approximately 500,000 persons per year
worldwide. Its incidence is decreasing throughout the United
States, primarily because of pasteurization of milk. In 1976,

S E C T I O N

which occurs in approximately 55% of actinomycosis cases.415
Infection occurs at other sites and is manifest as thoracic
(15%), abdominal and pelvic (20%), musculoskeletal (rare),
and central nervous system (rare) disease.82
Several risk factors for the development of actinomycosis
exist. It occurs more commonly in males, but there is no clear
explanation for this. Other risk factors may include poor oral
hygiene and the use of intrauterine devices. In addition,
immunocompromise and other conditions such as diabetes,
alcoholism, infections with immunosuppressive agents (e.g.,
HIV), and steroid use are thought to predispose individuals
to the development of actinomycosis.413,417
Before 1950, vertebral actinomycosis was the most common
form of osseous involvement. Vertebral involvement is usually
secondary to an infection at an adjacent tissue. Hematogenous
spread is less common for actinomycosis. Vertebral infection
occurs by extension from retropharyngeal, mediastinal, or
retroperitoneal sot tissue abscesses. Unlike M. tuberculosis,
the organism has a predilection for the cervical and thoracic
spine from retropharyngeal or pulmonary spread.418,419
Actinomycosis may be diicult to diferentiate from mycobacterial and nocardial infections. Accurate diagnosis is
essential because the treatment regimens difer markedly from
these other organisms. he organism must be isolated from an
anaerobic culture, which may take up to 21 days for positive
culture growth. As in tuberculosis, the radiographs may
demonstrate prominent paraspinal abscesses and involvement
of several vertebral bodies. Distinctive features include simultaneous vertebral body and posterior element involvement,
spread to adjacent ribs, periosteal new bone formation outlining the vertebra, and a mixture of lytic and sclerotic changes
that may produce a honeycomb appearance of the bone.82 he
vertebral body collapse and disc space narrowing that are
common in TB are uncommon in actinomycosis.82
Epidural abscesses may occur by extension from a vertebral
source or through an intervertebral foramen from a cervical,
pulmonary, or abdominal focus.414 he dura generally resists
penetration, but neurologic deicit may occur by epidural
compression.414 Before the introduction of penicillin, most
cases of actinomycosis were fatal. he current treatment is
still penicillin in large doses given over extended periods in
association with abscess drainage and excision of sinus tracts
when necessary.414 Other irst-line antibiotics that are efective
are tetracycline, erythromycin, clindamycin, and the cephalosporins.420,421 Long-term treatment for up to 6 months is
common.419 When response to penicillin is poor, the possible
reasons include an undrained abscess, polymicrobial infection, and perhaps bacterial resistance. Overall, the treatment
of actinomycosis infection results in good outcomes, even
when there is extensive involvement. In a recent case report
of a patient with severe mediastinal, paraspinal, and thoracic
epidural involvement, limited debridement and laminectomy
combined with antibiotics yielded excellent results.422
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$75.6 million were spent to maintain the brucellosis control
program and the incidence in the United States is now less than
0.5 cases per 100,000 population.439 he causative organisms
include Brucella abortus (cattle), Brucella melitensis (goats),
Brucella suis (swine), and Brucella canis (dogs).
Brucellosis mainly afects the musculoskeletal system, with
the spine as the most common location.440,441 he infection
spreads via lymphatics and blood vessels and produces acute
systemic infection, as well as chronic relapsing disease (undulant fever). Involvement in joints tends to occur during acute
infections, whereas spinal manifestations tend to occur during
chronic infections.436,442,443
he clinical presentation of patients with brucellosis varies
widely. Ater an incubation period of days to several weeks,
low-grade fever, weakness, headaches, lymphadenopathy,
hepatosplenomegaly, and generalized musculoskeletal complaints may develop insidiously.306,444 Approximately one-third
of the patients have a more fulminant illness with acute onset
of systemic toxicity.445 Some infections are asymptomatic initially. Ater the initial illness, which may last for several days
to weeks, relapses occur in about 5% of patients. Relapses
seldom occur in patients who receive appropriate treatment
and are oten the result of focal suppurative complications,
such as spondylitis.445 he classic feature of an undulating
fever is not present in most cases.437,445 Late complications may
afect almost any organ system and include septic arthritis,
central nervous system involvement, osteomyelitis, and spine
infection. he statistics on brucellosis vary widely depending
on the source of the information. Between 11% and 80% of
patients with brucellosis have bone and joint involvement and,
of these, 6% to 54% have spinal column involvement,438,444–447
most commonly in the lumbar spine.306,437 Localized spine
pain is the earliest sign of spondylitis.437 Of those with spondylitis, between 10% and 43% have some degree of neurologic
compromise,438,444 and in 10% to 20%, a paraspinal abscess
develops. his may occur with other system signs such as
fever, hepatomegaly, and splenomegaly. Osteoarticular infections have a genetic predisposition and are associated with
HLA-B39.436,442,443
In one series of 593 patients with brucellosis, neurologic
deicits occurred in ive of the patients with cervical spondylitis, two of the patients with thoracic involvement, and nine
of the patients with lumbar disease. he patients with cervical
and thoracic disease had signiicantly more paraspinal and
epidural abscesses than the patients with lumbar infection.
Patients with cervical spine involvement had a much worse
prognosis than those with disease in other areas.446
Blood cultures are positive in less than half the cases
overall but are positive in 70% of patients with acute B. melitensis infection.437,438 An agglutination reaction with a Brucella
antibody titer of 1 : 160 or greater is presumptive evidence
of infection, but an increasing titer is a more helpful sign
of active infection.437,438 If B. canis infection is suspected, a
speciic agglutination test must be used because the standard
test does not react with antibodies against B. canis. When
blood cultures are combined with serologic tests, the diagnostic yield is high. Colmenero and colleagues448 reported
on 105 cases of brucellar spondylitis. In only ive cases (4%)

was a bone biopsy necessary for diagnosis. his is in contrast
to pyogenic and TB spondylitis, for which bone biopsies
were required in 50% and 75%, respectively, to conirm the
diagnosis.
he characteristic radiologic features of brucellar spondylitis include predilection for the lower lumbar spine, intact
vertebral architecture despite evidence of difuse vertebral
osteomyelitis, disc space involvement, minimal associated
paraspinal sot tissue involvement, and absence of gibbus
deformity.438,449,450 he facet joints are oten involved in brucellar infections, which can be readily seen on gadoliniumenhanced MRI.451 Bone destruction is less severe than in TB
spondylitis.452 Bone scintigraphy is not helpful in diferentiating brucellar from tubercular spondylitis. he MRI indings
are similar in the two, except that tuberculosis oten produces
more severe changes with more deformity and abscess
formation.450
he current World Health Organization treatment of choice
for brucellosis is doxycycline at 200 mg/day and rifampin
at 600 to 900 mg/day for at least 6 weeks.445 A randomized,
double-blind study comparing doxycycline plus rifampin with
doxycycline plus streptomycin for 45 days showed that the
latter was more efective for treatment of spondylitis.453 Some
authors recommend that treatment should be continued for
at least 3 months in cases of spondylitis because high relapse
rates have been reported with shorter courses.438 Ater singleagent therapy with tetracycline, streptomycin, rifampin,
or trimethoprim-sulfamethoxazole, the relapse rates are
between 5% and 40%.445 Response to treatment is monitored
with repeated agglutination tests. Lifeso and colleagues438
recommend continuing antibiotic therapy until the titer is
1 : 160 or less and there is clinical and radiographic evidence
of resolution. Surgery is usually unnecessary.438 However,
Nas and colleagues454 reported on 11 cases from Turkey: 8
patients required surgical decompression to alleviate neural
compression.

Fungal Infections
Some fungi are normal commensals of the body and cause
opportunistic infections (e.g., Candida and Aspergillus). Other
fungi are endemic and are limited to speciic geographic areas.
he two most common endemic fungi that give rise to spinal
infections are Coccidioides immitis and Blastomyces dermatitidis. he former is endemic to parts of the southwestern United
States (especially the San Joaquin Valley in central California),
Central America, and parts of South America.306,455 he fungus
exists in its mycelial phase in the soil of desert areas. Humans
become infected most commonly by inhalation of the spores
(conidia) or, less commonly, through abrasions of the skin.
Person-to-person transmission is rare. Blastomyces dermatitidis is a dimorphic fungus endemic in the southeastern and
south central states, especially those bordering the Mississippi
and Ohio River basins, and in the Midwestern states that
border the Great Lakes. Cases have also been reported in
Central and South America, Africa, and the Middle East.306 B.
dermatitidis is considered to be an inhabitant of soil, and
infection occurs by inhalation of conidia.
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Laboratory Studies
A rise in inlammatory markers—such as white cell count,
ESRs, and CRP levels—can alert the physician to the possibility of a spinal infection. However, these are not speciic
for fungal infections. Antibody tests are seldom helpful in the
diagnosis of spinal infections due to ubiquitous fungi such
as Candida and Aspergillus. Because these are sometimes
normal commensals, previous exposures can elicit antibody
formation and reduce the sensitivity and speciicity of these
tests. Several tests are commercially available. he Platelia
Aspergillus assay (Bio-Rad, Marnes-la-Coquette, France) is a
commercial kit with relatively high sensitivity to Aspergillus

galactomannan antigen.461 his test is one of the most sensitive methods currently available for detection of this fungus.
he Platelia Aspergillus assay, however, has a false-positive
rate ranging from 1% to 18%.462 Several commercial kits are
also available for detection of Candida species antigens. hese
also have limitations in sensitivity or speciicity, or both.462 In
general, repeated serum sampling can improve sensitivity for
antigen detection tests.463 Detection of cryptococcal capsular
polysaccharide antigen by latex agglutination procedure is a
rapid serodiagnostic test. Rheumatoid factor, however, can
also cause agglutination, leading to a false-positive result.
he PREMIER Cryptococcal antigen assay (Meridian Diagnostics) does not react with rheumatoid factor, gives fewer
false-positive reactions, and is helpful in diagnosis of the
disease.464
he detection of fungal nucleic acid via PCR holds promise
as a diagnostic tool. So far, the technology has demonstrated
high sensitivity and speciicity for detecting isolates of Candida
and Aspergillus.465,466 he technology not only allows for the
rapid identiication and subtyping of fungi but it also enables
monitoring of clinical progress.467–470 Disadvantages include
the inability to distinguish between normal colonization and
active infection. A false-positive result can also be obtained
from specimen contamination due to the high sensitivity of
the PCR assay.462

Histology
Biopsy and histopathologic assessments are critical in the
diagnosis of fungal infections. Accurate diagnosis is dependent
on the skill of the pathologist and adequacy of organisms
received in aspirates or tissue biopsies. Further identiication
can be aided by other methods, such as the carbohydrateassimilation test for Candida and the phenol oxidase reaction
for Cryptococcus. It is important that microscopic appearances
are correlated with microbiology indings as well as other tests
for speciic host antibodies, fungal antigens, and fungal nucleic
acids.

Imaging Studies
Radiographic indings in mycotic spinal infections resemble
those of TB: relative sparing of the disc, anterior involvement
of the vertebral body, and development of large abscesses (Fig.
87.20). here may be less frequent invasion of adjacent ribs or
involvement of the posterior elements and formation of draining sinuses.82,306 Certain patterns do occur more commonly
with certain fungal infections. For instance, paravertebral sot
tissue swelling with involvement of the posterior structures is
more common in late Coccidioides infections (Fig. 87.21).471
With Blastomyces, collapse and gibbus deformity tend to be
seen more commonly.82,306,472 In Cryptococcus, lytic lesions
within vertebral bodies can resemble those in coccidioidomycosis or the cystic form of TB with discrete margins and surrounding abscess formation (Fig. 87.22). he infection may
also appear as a permeative lesion of a single vertebra with
collapse.82 he degree of bone involvement is oten advanced
compared with a patient’s symptoms.

S E C T I O N

Cryptococcus, Candida, and Aspergillus are found worldwide. Cryptococcus neoformans is found in the soil and in
pigeon feces. he disease is the fourth most common infection
in HIV-infected patients and is found in 1% to 5% of organ
transplant recipients. Candida species are part of the normal
lora and are commonly found on the skin and in the
gastrointestinal (GI) tract. hese sites are believed to be the
most likely ports of entry into the bloodstream. Candida
species are also commonly found in sputum, the female genital
tract, and the urine of patients with indwelling urinary catheters. Human-to-human transmission is possible, but most
infections are endogenous.456–458 Aspergillus species are
ubiquitous saprophytic fungi that produce numerous small
spores (2–4 µm in diameter). he small size of the spores
allows for ready dispersion onto air currents from contaminated air-handling systems and deposition into human lung
alveoli.459 Spores are frequently found in water, soil, decaying
vegetation, hay, and grains.
Fungal infections of the spine are uncommon. hey frequently occur in immunosuppressed hosts with multiple
medical problems. Oten, there is a long delay in diagnosis,
mainly because other medical conditions may mask the diagnosis and because fungal spondylitis characteristically runs an
indolent course.460 In one series of 11 cases, the source of
infection was hematogenous seeding from septic episodes in
ive, postoperative osteomyelitis in three, local extension from
an adjacent fungal infection in two, and direct traumatic
implantation in one.460 he incidence of fungal infections has
risen markedly in recent years. Several factors have contributed to this increase. hese include greater use of immunosuppressive drugs, prolonged use of broad-spectrum antibiotics,
widespread use of indwelling catheters, and AIDS.
Because presenting features can be nonspeciic, mycotic
spine infections can be diicult to recognize in the early stages.
In addition, diagnostic and susceptibility testing methods for
fungi have not progressed as quickly as those for bacteria. As
such, institution of appropriate treatment is oten delayed,
which can lead to poor patient outcome. Deinitive diagnosis
rests on the evaluation of a tissue specimen. Biopsies must be
evaluated with fungal stains as well as cultures because the
latter may be negative or take several weeks or months before
identiication is possible. Closed biopsy was reported to be
positive in only 50% of cases, whereas open biopsy was positive in all cases in the series of Campbell and colleagues.460
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FIG. 87.20 (A) Sagittal and (B) axial gadolinium-enhanced magnetic resonance images of L4–L5 Aspergillus
infection.

A

B

FIG. 87.21 (A) Sagittal and (B) axial gadolinium-enhanced magnetic resonance images showing difuse,
multifocal infection of the lower thoracic spine and sacral region (arrowheads) along with large paraspinal
abscesses of Coccidioides immitis infection. The arrow shows extension into posterior compartment.

In fungal vertebral osteomyelitis, CT and MRI are efective
in determining the extent of disease spread. In contrast to pyogenic vertebral osteomyelitis, fungal infections oten spare the
disc.473 hese changes, however, can be seen in other causes of
nonpyogenic vertebral osteomyelitis, such as TB, and are not
speciic to fungal vertebral osteomyelitis. he CT appearance

is oten one with holes in the bone, punctuated with small
irregular bone islands, contrasted with tumors where bone is
completely gone over segments of the vertebra.
Scintigraphic studies can also be helpful in identifying
regions of infection, but they cannot diferentiate among the
various causes of vertebral osteomyelitis. Radionuclide scans
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FIG. 87.22 (A) Sagittal and (B) axial gadolinium-enhanced magnetic resonance images of T12–L1 Cryptococcus
neoformans infection. Vertebral body involvement shows discrete margins along with paraspinal abscess
formation (arrows).

with technetium-99m compounds are frequently abnormal
before changes are seen on plain radiographs and may be
useful in the early stages of infection. Isotope uptake occurs
in any bone-forming process and is nonspeciic for infection.
Indium-111-labeled white blood cells are more speciic for
infection and can be used to diferentiate tumor from abscess.
hese tests are less important since the advent of MRI.

Treatment
he treatment of fungal infection involves correcting any
underlying medical conditions that may compromise wound
healing or immune defense capabilities. Antifungal agents
are the mainstay of treatment, but surgery is oten necessary
in cases of abscess formation, spinal instability, developing
neurologic deicits, or sepsis. he use of newer antifungal
medications, including azoles, has improved patient survival
rates.474 he approach should be based on the pathologic
features encountered, but in general anterior debridement and
stabilization are preferred.460 he prognosis for patients with
fungal vertebral osteomyelitis depends on the organism and
the host. As with bacterial infections, it appears that patients
with diabetes mellitus or neurologic deicits have a poorer
prognosis.460

Nonoperative Treatment
Historically, nonsurgical treatment has been met with varied
success in the management of fungal spinal infections. Successfully treated patients experience resolution of spine pain
and oten fuse spontaneously. Nonoperative treatment includes
the institution of antifungals, spinal immobilization (cast or
bracing), and early ambulation. Consulting an infectious
disease specialist is advised because treatment is oten prolonged and antifungal agents may be toxic. It has been shown,

however, in a rabbit model that both amphotericin B and the
lipid formulations of amphotericin B have poor penetration
into the intervertebral disc when given IV.475
Amphotericin B is a broad-spectrum antifungal that is
oten used as a irst-line agent for fungal spinal infections.476
It is also recommended in cases of Blastomyces that are nonresponsive to oral azoles. It must be administered intravenously,
which can be inconvenient, and it possesses nephrotoxicity.
he newer lipid formulations are signiicantly less toxic.
he azoles (e.g., itraconazole, ketoconazole, luconazole, miconazole) are alternative agents for fungal
osteomyelitis.476–480 In the same rabbit model study discussed
earlier, luconazole had excellent penetration into the intervertebral disc.475 On the basis of these data, luconazole
might be a better irst-choice antifungal agent when a fungus
is sensitive to both amphotericin B and luconazole. he
potential side efects of luconazole are also signiicantly less
than amphotericin B.475 Itraconazole and ketoconazole are the
irst-line agents for spinal infections due to Blastomyces.481
Echinocandin and caspofungin are newer promising drugs
that are capable of providing higher availability at infected
sites with better long-term tolerability.482,483

Surgical Treatment
Indications for surgical intervention include relief of spinal
cord or nerve root compression, correction of instability and/
or deformity, and management of overwhelming infection.
Lack of identiication of organisms on blood culture, serology,
and needle aspirates may necessitate open surgical biopsy. Due
to the relative scarcity of reported cases in the literature, the
optimal method of surgical treatment is diicult to deine.
In general, it is accepted that infected tissue should be thoroughly debrided and existing or anticipated spinal instability
addressed.
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Posterior Decompression Without Fusion
his method of treatment may be advisable only in isolated
posterior epidural collections without anterior vertebral
element involvement. his is relatively uncommon. In general,
when the pathology is located in the anterior vertebral elements, posterior decompression fails to address the problem
and may further contribute to instability by removing uninvolved supporting tissue.

Posterior Decompression With Fusion and Instrumentation
Aggressive vertebrectomy via a posterior approach can be
challenging and has the potential for anterior column instability. Debridement of the anterior vertebral elements may be
accomplished posteriorly through variations of the extracavitary or costotraversectomy approaches. An important advantage of this approach is that it avoids entering the thoracic
cavity. he disadvantages are the limited exposure and visualization of the anterior thecal sac.460 here is also the risk of
rupturing a mycotic aneurysm, with little or no ability to
control it. Anterior grat placement can also be diicult.
Additionally, there is the dilemma of placing instrumentation
during the initial surgical debridement close to a contaminated
wound. If there is adequate anterior column support, posterior
instrumentation and autograt fusion will provide spinal stability and prevent sagittal plane deformity.

Anterior Decompression and Fusion With
Posterior Stabilization
Successful vertebrectomy and fusion using anterior strut grats
and posterior instrumentation for fungal vertebral osteomyelitis has been described.484,485 his can be performed under
the same anesthetic, with little risk of infection from the
fungal infection posteriorly. he anterior approach also provides the best opportunity of a thorough debridement. In most
cases, posterior stabilization is required (Fig. 87.23). his type
of treatment is highly successful in the treatment of pyogenic
and mycobacterial spinal infections. he efectiveness for the
treatment of fungal infections appears to be modest on the
basis of the limited information available to date.

Percutaneous Techniques
Percutaneous suction/irrigation systems with adjunctive percutaneous external spinal ixation have been described for the
treatment of bacterial vertebral osteomyelitis.224 hese procedures
may be alternatives to open instrumentation for disease located
between T3 and S1. At present, there are no published cases of
fungal spinal infections treated in this manner. Percutaneous
techniques in fungal spinal infections have been limited to
tissue sampling and for performing therapeutic aspiration.486,487

Coccidioidomycosis
Coccidioides immitis infection was irst described in 1892 by
an Argentinian medical student, Alejandro Posadas.488 he

disease, oten referred to as “valley fever,” is localized to
geographic regions with arid soil due to high temperatures
and low humidity.489 C. immitis is endemic in parts of the
southwestern United States (especially the San Joaquin Valley
in central California), Central America, and parts of South
America.306,455 Disease prevalence is increasing with the
rise in tourism to those countries. he fungus exists in its
mycelial phase in the soil of desert areas. he saprophytic
cycle includes the formation of spores that become airborne.
Humans become infected most commonly by inhalation of
the spores or, less commonly, through abrasions of the skin.
he spores swell and become spherules, which reproduce
by the formation of internal spores known as “endospores.”
When the spherule ruptures, endospores are released and
each may develop into a new spherule, completing the
parasitic cycle. he saprophytic cycle can begin again only
when the spores are returned to the soil. he disease is not
contagious because person-to-person transmission can
occur only in rare circumstances when the fungus reverts
from its tissue phase to its airborne form in contaminated
secretions.490
he primary focus of disease is the lung, but infection may
become disseminated in 0.5% of the cases; osseous manifestations occur in 10% to 50% of those with disseminated disease.491
Histologically, coccidioidomycosis causes a granulomatous
tissue reaction resembling TB. Extrapulmonary disease is
uncommon if the infection has been quiescent in the year ater
the initial pulmonary infection, unless the host is immunocompromised.490 Bone lesions are multifocal in 40% of cases
overall and in most cases of vertebral involvement. he bones
most commonly involved are the skull, metacarpals, metatarsals, spine, and tibia. Spine infection occurs in 10% to 60% of
patients with osseous involvement.82
Serum immunoglobulin M precipitins can be detected by
a variety of methods. hese antibodies occur in 75% of cases
1 to 3 weeks ater onset of symptoms of primary infection, and
they disappear within 4 months. Skin tests with coccidioidal
antigens are positive within 3 weeks ater the onset of symptoms. Anergy is common in disseminated coccidioidomycosis;
therefore, skin testing is unreliable in systemic disease. A
negative skin test in a patient with a primary infection suggests
that dissemination will occur.490 An increased complementixing antibody titer indicates disseminated disease. Sixty-one
percent of patients with disseminated disease have titers of at
least 1 : 32, and 41% have titers of at least 1 : 64. In contrast,
95% of patients without disseminated disease have titers below
1 : 32, and 99% have titers below 1 : 64.490
Spine lesions are frequently multiple (Fig. 87.24) and generally lytic.82,306,492 Filipinos, African Americans, pregnant
women in their third trimester, young children, and elderly
individuals are at higher risk of developing disseminated
disease.493 he entire vertebra including the arch is oten
involved, but the disc is usually spared. Paraspinal masses are
frequent, and contiguous rib involvement may be seen.492
Vertebral collapse occurs late.492 MRI of coccidioidal spondylitis is nonspeciic. Infection may involve a single level, multiple
levels, the surrounding sot tissues, and the disc space.494 he
disc may become narrowed; however, the extent of disc space
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FIG. 87.23 (A) Sagittal and (B) axial gadolinium-enhanced magnetic resonance images of L4 fungal infection
showing relative sparing of the disc space along with large multiloculated abscesses in both the anterior psoas
compartment and posterior spinous erectae compartment. (C) Plain radiograph shows bony changes of the L4
vertebral body. (D) Surgical treatment included staged debridement of the posterior paraspinal abscesses
followed by debridement of the left psoas abscesses, L4 corpectomy, and strut grafting with posterior
instrumented fusion.

changes is disproportionately less than the extensive vertebral
body and adjacent sot tissue involvement.
Although most patients with primary, localized infection
recover without therapy, a small subgroup of patients (<0.5%
of cases) will develop severe primary infection with dissemination, which will oten involve the spine. Coccidioidomycosis
of the spine is a highly aggressive disease that, if not managed
appropriately, can lead to signiicant morbidity and mortality.
Treatment regimens limited to systemic antifungal therapy
alone, percutaneous drainage of lesions, or limited open
debridement have led to poor outcomes with chronic recurrence of disease.495 he standard treatment of coccidioidomycosis has been a total dose of 1 to 2.5 g of amphotericin B

intravenously. Alternative agents include miconazole, an azole
available for IV therapy, or the oral azole ketoconazole. he
oral triazole drugs, itraconazole and luconazole, are under
evaluation in clinical trials.490 Itraconazole is now available in
both parenteral and oral formulations.496–499 Reliable absorption of the itraconazole oral solution has been demonstrated
in patients with HIV infection, neutropenic patients with
hematologic malignancies, bone marrow transplantation
patients, and neutropenic children. In clinical trials, the oral
form of itraconazole is more efective than the oral forms of
luconazole and amphotericin B.479,480 In chronic granulomatous disease of childhood, itraconazole is efective as a prophylactic treatment against recurrent fungal infections.500
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FIG. 87.24 Computed tomography (CT) scan of a 35-year-old man with fevers, weight loss, neck pain, and low
back pain. (A) Sagittal CT of the cervical spine shows lytic lesions within C3, C5, and T1. (B) Similar lytic lesions
are present in L1–L3. There is no disc involvement. Surgical specimens revealed coccidioidomycosis infection.

However, its prophylactic efect in neutropenic patients due to
hematologic malignancy was not shown.501 Relapse rates are
high and azole therapy should probably be continued for 6
months ater the disease is inactive.490
he response to treatment may be followed by measuring
complement-ixing antibody titers. he treatment program
should be reassessed if the titers are increasing.490 he indications for surgery are the same as in other spine infections.455
In established spinal disease, surgery is oten required to
eradicate infection.502 he local use of antifungal agents may
be added by depositing amphotericin B with bone cement or
calcium sulfate cements.495

Blastomycosis
Blastomyces dermatitidis is a dimorphic fungus endemic in
areas bordering the Mississippi and Ohio Rivers, the Great
Lakes, and the St. Lawrence River.503 Cases have also been
reported in Central and South America, Africa, and the
Middle East.82,306 he organism exists in warm, moist soil rich
in organic debris.
Primary infection in humans occurs by inhalation of
conidia, which then converts to the yeast phase at body temperature. Infection occurs by inhalation of the conidia, a
product from the hyphae in the mycelia form, which, in turn,
causes pneumonia.504 he inlammatory response resembles
coccidioidomycosis, with clusters of neutrophils and noncaseating granulomas. he incubation period for acute pulmonary
infection is 30 to 45 days. he symptoms are nonspeciic, and

acute infection may go unrecognized. Dissemination by
hematogenous spread occurs frequently. Direct invasion from
adjacent tissues is also common. he skin is the most common
extrapulmonary site, being afected in 40% to 80% of the
patients. Skeletal blastomycosis is seen in 10% to 50% of cases;
the long bones, vertebrae, and ribs are the most common sites
of osseous involvement.82
he radiographic indings in vertebral blastomycosis
resemble those in TB: disc space narrowing, anterior involvement of the vertebral body, and development of large abscesses.
Collapse and gibbus deformity are more common with blastomycosis than with the other fungal diseases.82,472 he thoracic
and lumbar regions are more commonly involved than the
cervical spine.505 Unlike the situation in TB, lesions frequently
invade adjacent ribs, cause draining sinuses, and involve the
posterior elements.82,306,472
Unfortunately, serum complement-ixation tests are not
sensitive or speciic. An immunodifusion test is more sensitive and more speciic and is more likely to be positive in
patients with disseminated disease. A radioimmunoassay and
an enzyme immunoassay are available and are quite sensitive but lack speciicity. An enzyme-linked immunosorbent
assay is commercially available and is oten used for initial
screening.
Before the availability of efective antimicrobial therapy, the
mortality rate exceeded 60%.506 he drug of choice for mild to
moderate disease is itraconazole, an oral broad-spectrum
antifungal, which has a 90% to 95% cure rate in such cases.504
In severe cases, the drug of choice is amphotericin B, which
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Cryptococcosis
Cryptococcus neoformans, a yeastlike fungus, is surrounded by
a thick, gelatinous capsule. It is found throughout the world,
most commonly in pigeon feces and soil.509 he disease is
more common in males, whites, and immunocompromised
hosts. Cryptococcosis is the fourth most common lifethreatening infection in patients with AIDS. In the parts of
Africa where there is a high HIV seroprevalence, Cryptococcus neoformans is the leading cause of adult meningitis,
and infection accounts for a high proportion of deaths in
HIV-infected cohorts.510–513 Infection is acquired by inhalation ater the organism is aerosolized. here are no known
instances of direct human-to-human or animal-to-human
transmission.306,509 he inlammatory response is variable
and generally made up of chronic inlammatory cells, but
neutrophils may predominate. he cellular reaction usually is
minimal, and there is little suppuration and necrosis.306 he
exudate in cryptococcal lesions is quite mucoid, giving the
granuloma a gelatinous appearance so that it may be mistaken
for a myxomatous tumor.306 Well-formed granulomas are
uncommon.509
Cryptococcosis may be localized to the lung or generalized.
Central nervous system involvement is common in the disseminated form. Osseous involvement occurs in approximately
5% to 10% of patients and resembles cold abscesses, similar to
TB.509 Unlike the indings in other fungal infections, sinus
tracts and abscess formation are rare.82 Radiographically, the
lesions resemble those of coccidioidomycosis. Lucent lesions
of the vertebral bodies and posterior elements are sharply
deined but lack reactive sclerosis or periosteal new bone
formation.82 he disc spaces are frequently spared, but involvement of the posterior elements is common.82
A latex agglutination procedure for the detection of cryptococcal polysaccharide capsular antigen is available. Both
serum and CSF should be tested. he tests detect antigen in
90% of patients with cryptococcal meningitis, but antigen is
much less sensitive in patients without central nervous system
involvement.509 Rheumatoid factor also causes agglutination
in this procedure, necessitating a test for rheumatoid factor as

a control on all samples.509 Deinitive diagnosis is made by
culture of the organism.
he current recommended medical treatment of cryptococcosis is a combination of amphotericin B (0.3 mg/kg/day,
intravenously) and lucytosine (37.5 mg/kg every 6 hours by
mouth) for 6 weeks. he dose of lucytosine can be adjusted
on the basis of serum levels to reduce the risk of drug accumulation. Alternatively, amphotericin B alone in doses of 0.5
to 0.7 mg/kg/day for at least 10 weeks can be given. Flucytosine
is limited by the development of drug resistance when used
alone. Ketoconazole and itraconazole both penetrate CSF
poorly and therefore cannot be used in cases of central nervous
system involvement. Of the patients initially cured of the
disease, 20% to 25% have a relapse. Patients who also have
AIDS are rarely cured of the cryptococcal infection; the goal
of treatment in these patients is suppression of disease.509
Recently, Bicanic and colleagues514 performed a randomized
control trial of higher-dose amphotericin B in HIV-infected
patients. Higher-dose amphotericin B at 1 mg/kg/day with
lucytosine showed improved fungicidal activity with 2-week
and 10-week mortality rates of 6% and 24%, respectively.
Surgical treatment with decompression and strut grating in
cases of neurologic compression progresses to successful
fusion in most cases.471

Candidiasis
Ten species of Candida are regarded as pathogens for humans.
Candida organisms are small, thin-walled yeast cells that
reproduce by budding. he organisms are normal commensals
of humans and are found throughout the gastrointestinal tract,
in sputum, in the female genital tract, on diseased skin, and
in the urine of patients with indwelling catheters. Humanto-human transmission is possible, but most infections are
endogenous.515 For Candida organisms to become pathogenic,
the host must be immunocompromised. Candida may gain
access to the vascular system of susceptible patients via IV
lines or monitoring devices and the implantation of prosthetic
materials. IV drug abusers are also at risk.515–517 Although
there are 10 species of Candida that are pathogenic to humans,
62% of cases of vertebral osteomyelitis are caused by Candida
albicans, 19% by Candida tropicalis, and 14% by Candida glabrata (formerly called Torulopsis glabrata).518 Infection caused
by C. glabrata, however, is becoming more common. his
may be secondary to the general trend of increasing Candida
infections and widespread use of azole antifungals.519
he initial cellular reaction is by polymorphonuclear leukocytes. Chronic inlammatory cells appear early, causing a
granulomatous response. In severely immunocompromised
patients, the reaction may be minimal.515 Spinal involvement
(Fig. 87.25) is rare. Overall, Candida is responsible for
approximately 0.7% to 2.7% of cases of spinal infections.56,458,520
he lower thoracic or lumbar spine is most frequently involved
(95% of patients) with only a few reported cases occurring at
a higher spinal level and one published case involving the
sacrum.518,521 At presentation, 83% of patients complain of
back pain of more than 1 month’s duration. Only 32% of cases
have fever. Most of these patients had complex multisystem
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can be converted to an oral azole such as itraconazole, ketoconazole, luconazole, and miconazole.507 Itraconazole has less
toxicity and is at least as efective as ketoconazole. Some
authors consider itraconazole to be the oral azole of choice.506
Fluconazole has been compared to ketoconazole with comparable cure rates, but with less toxicity.504 Miconazole is only
moderately active and must be administered intravenously;
thus, it has been widely used. Ketoconazole cannot be used in
patients with central nervous system blastomycosis because it
does not cross the blood-brain barrier.506 Chemotherapy
should be continued for 6 months, although the optimal duration of treatment has not been determined. A reasonable
regimen is amphotericin B given intravenously for 4 weeks,
followed by 6 months of itraconazole.508 he role of surgery in
blastomycosis is the same as in other spine infections. Successful anterior instrumentation at the time of initial debridement
and strut grating has been reported.507
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FIG. 87.25 This patient, who had been chronically ill, developed a Candida disc space infection at the L1–L2
interspace. (A) This lateral radiograph reveals erosion of the endplates at the inferior portion of L1 and superior
portion of L2 vertebral bodies, which is consistent with a standard disc space infection and adjacent vertebral
osteomyelitis. This cannot be diferentiated from a standard pyogenic disc space infection. (B) The patient was
inappropriately treated with a wide laminectomy posteriorly and subsequently developed retrolisthesis of L1 on
L2. The paraparesis never improved. He subsequently died of a gastrointestinal hemorrhage while still under
treatment for this spinal condition. (From Eismont FJ, Bohlman HH, Soni PL, et al. Pyogenic and fungal vertebral
osteomyelitis with paralysis. J Bone Joint Surg Am. 1983;65[1]:19–29.)

medical problems, and the disease occurred ater prolonged
hospitalization.516
he treatment of choice is amphotericin B; a total dose of
1 to 1.2 g may be adequate. Flucytosine and ketoconazole are
alternative agents in selected patients, but comparative studies
with amphotericin B have not been done.516 Patients who have
persistent back pain should undergo another biopsy to conirm
resolution of the disease. Most cases reported in the literature
of candidal spinal osteomyelitis have undergone surgery
combined with medical therapy with good results.522–524 When
making treatment choices for treating patients with Candida
intervertebral disc space infection, it is important to understand that, in a rabbit model, both amphotericin B and its lipid
complex formulation have poor penetration into the disc and
luconazole has excellent penetration.475

Aspergillosis
Aspergillus is a mold found throughout the world. here are
more than 350 known species of Aspergillus. he organism is
pathogenic only in immunocompromised hosts.353,484,525 he
one report of aspergillosis occurring in a previously healthy
young man without immunocompromise is an enigma.526 he
most frequently isolated species in humans are Aspergillus
fumigatus and Aspergillus lavus. Patients with AIDS and
chronic granulomatous disease, those on long-term antibiotics, and IV drug abusers are especially at risk of developing
the disseminated form.527,528 Infection occurs by inhalation of
small spores (conidia). Vascular invasion is common in
immunosuppressed patients and leads to necrosis of tissues
with abundant hyphae from proliferation of the organism. In
patients with chronic granulomatous disease, vascular invasion is uncommon and hyphae are sparse.525

Osseous involvement may occur by direct extension from
the lung or by hematogenous spread.253,525 It has also been
reported as a complication ater lumbar discectomy.525 Spine
involvement with Aspergillus is uncommon, with only 45 cases
in the literature to date.529–532 he lumbar region is the main
area (63%) of osseous involvement followed by the tibia, ribs,
wrist, sternum, pelvis, and knee.533 Advances in imaging and
a greater awareness of the severity of this disease have led to
a higher rate of diagnosis. Aspergillus vertebral osteomyelitis
shares several features in common with other causes of pyogenic vertebral osteomyelitis. hese include bimodal age distribution, male preponderance, predominance of lumbar
involvement, and back pain.31,530,534 Back pain has been
reported almost consistently as the initial complaint with this
infection.
he radiographic indings are similar to those in TB of the
spine. Disc space narrowing, involvement of adjacent vertebrae, and the presence of paraspinal abscesses are characteristic.82 Dense new bone formation with small lytic lesions
without sequestration may be seen.253 Clinically, sinus tract
formation is characteristic. he incidence of epidural abscess
formation in association with neurologic deicits is quite
high.253 he diagnosis is made by microscopic examination of
tissue and by culture. Aspergillus may be isolated in culture
due to contamination or colonization; thus, the culture results
must be correlated with the clinical situation.
he drug of choice for the treatment of aspergillosis is
amphotericin B, although the response may be poor in markedly immunosuppressed patients.525 Itraconazole has been
efective in some of the more indolent cases of aspergillosis.525,535 he prognosis of patients with Aspergillus spondylitis
is guarded. Surgery has been used in the past in almost all
cases. In 10 cases in adults reported in the literature, all were
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Syphilitic Disorders of the Spine
he spirochete Treponema pallidum, the organism responsible
for syphilis, causes two types of spine lesions. he incidence
of syphilis has decreased signiicantly with the advent of penicillin, but another rise has been observed with the appearance
of AIDS.537 he central nervous system is most commonly
involved in tertiary syphilis. Tabes dorsalis is the most wellknown spinal form of neurosyphilis. Other spinal manifestations include meningomyelitis, pachymeningitis, spastic
paraparesis, and myotrophy.538,539 Establishing the diagnosis is
based on a positive antitreponemal antibody test such as the
Venereal Disease Research Laboratory (VDRL) test, Treponema pallidum hemagglutination antibody (TPH), and luorescent treponemal antibody (FTA) tests. he VDRL test of
the CSF is highly speciic for active neurosyphilis but sufers
from a relatively low sensitivity of 27%.540
Charcot spine is the most common lesion and tends to
occur in the thoracolumbar or lumbar spine.82,541 It may be
detected coincidentally or may produce low back pain or root
involvement if destruction and hypertrophic changes are
severe. he pathophysiology of the lesion is a manifestation of
posterior column involvement of the spinal cord and not a
primary lesion of the bone itself. It is related to defective
protective sensation. he treatment should be bracing to limit
excessive movement and to prevent further injury. he role of
fusion is undetermined.
Infection of the spine causes syphilitic granulomas due to
the local reaction of the tissues to the organism and its products. Granulomas are destructive and usually symptomatic,
causing collapse and neurologic deicits. When infection
occurs in the spinal cord, termed syphilitic meningomyelitis,
MRI reveals difuse spinal cord swelling that mimics transverse myelitis, sarcoidosis, tumor, demyelinating disease, or
spinal cord ischemia.542 he involvement of the dorsal column
is characteristic in neurosyphilis, whereas in spinal cord
infarction the anterior cord is afected when the anterior
spinal artery of Adamkiewicz is occluded.543 Syphilis is the
“great imitator” and must be diferentiated from a host of other
disorders, including TB of the spine. It is diicult to distinguish
the clinical features of spinal disease from coincident neuropathy that is frequently present, and biopsy is necessary for the
diagnosis.541
he combination of penicillin and prednisolone is the
treatment of choice for syphilitic myelitis. he use of

prednisolone is to reduce spinal cord edema or ischemia.539
Cetriaxone and doxycycline can be used in patients who are
allergic to penicillin. For neurosyphilis, 2.4 million units of
procaine penicillin daily with probenecid 500 mg four times
a day or IV benzyl penicillin 12 to 24 million units daily can
achieve treponemicidal levels in the CSF. A 10-day course is
adequate for early syphilis, but late-stage disease should be
treated for 21 to 28 days.544
PEARLS
1. For every spine biopsy, send tissue for appropriate cultures and
pathologic study. Uncommon infections, such as TB and fungal
infections, will often be identiied irst by microscopic
evaluation.
2. Delay antibiotic treatment for a suspected spine infection in an
adult until culture results are positive except in cases in which
there are clinically signiicant signs of systemic infection (sepsis)
or undue risk of neurologic deterioration.
3. Antibiotics with a positive charge—such as vancomycin,
aminoglycosides, and clindamycin—penetrate into the nucleus
pulposus better than negatively charged antibiotics, such as
penicillin, oxacillin, and cephalosporins.
4. Surgery for disc space infection with associated osteomyelitis at
spinal cord level is usually best done anteriorly and should
include a fusion.
5. A high index of suspicion for a spinal infection should be
maintained for patients presenting with worsening
nonmechanical back pain (e.g., worse at night, not relieved with
rest) in immunocompromised patients, such as transplant
patients, AIDS, intravenous drug abusers, and frail patients with
signiicant malnutrition.
PITFALLS
1. In adult patients with discitis and associated vertebral
osteomyelitis, laminectomy alone is associated with a high rate
of clinical deterioration.
2. For an established disc space infection at L4–L5, the blood
vessels are usually adherent to the spine, which can make
surgical treatment challenging due to risk of blood vessel injury.
3. The granulation tissue associated with discitis and vertebral
osteomyelitis often resembles an abscess on MRI.
4. Although more than 50% of spine infections are due to
Staphylococcus, many are due to uncommon organisms.
5. Relapse often occurs when the course of antibiotics is
discontinued before 6 weeks and/or the sedimentation rate and
C-reactive protein levels are abnormal.

KEY POINTS
1. Diagnosis: Nonspeciic complaints, such as back pain without
fever or constitutional symptoms, often lead to delayed
diagnosis of spinal infection. A high index of suspicion should
be maintained for patients at risk for spinal infection, including
diabetics, frail and elderly patients with malnutrition, IV drug
abusers, immunocompromised patients, and patients with travel
history to endemic areas. MRI together with biopsy remains the
most reliable method of accurate diagnosis and treatment.
2. Initial treatment: Identiication of the ofending organism,
together with antibiotic sensitivity proiles, provides a means of
successful nonoperative treatment in patients without undue
instability or neurologic compromise. The CRP proiles are useful
to monitor the activity of most infections and can guide
duration of antibiotic therapy, especially pyogenic infections.
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treated by posterior decompression and antifungal therapy;
four recovered and two died. he four patients with epidural
abscess and paraplegia did not improve, and one died. Of ive
children with aspergillosis but without paraplegia, four died.253
here have been several reports of successful treatment with
antifungal agents alone, without surgery.253,532 If surgery is
thought to be indicated, the principles of treatment outlined
for TB should be followed.484,536 Posterior segmental instrumentation and fusion may be necessary in some cases of spinal
instability.484 With surgical treatment, including posterior
instrumentation, the overall recovery rate is 68%.530
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Serial MRI is not recommended because improvements in the
appearance on MRI tend to lag signiicantly behind clinical
improvement.
3. Surgical treatment: Surgical treatment is indicated when there is
clinically signiicant instability (such as worsening deformity),
neurologic deterioration (due to epidural abscess or bony nerve
compression), or severe infection (such as sepsis or persistent
infection after trial of nonoperative treatment). When infection
afects the anterior column, marked with bony destruction and
deformity, circumferential reconstruction with anterior support
and posterior instrumented fusion remains the standard of care.
Single-stage anteroposterior reconstruction is viable when
suicient debridement and stabilization can be achieved.
4. Postoperative management: Appropriate antibiotic therapy is
required after surgical treatment. Selective antibiotics based on
biopsy results should be used according to the speciic disease
entity. For most pyogenic infections, 4 to 6 weeks of antibiotics
are recommended, whereas fungal, granulomatous, and
especially mycobacterial infections require longer periods of
postoperative antibiotic treatment.
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Metabolic bone diseases are a group of disorders that occur as
a result of changes in osteoblast and osteoclast function.
Because the spine represents a signiicant portion of the
skeletal bone mass, contains the largest quantity of metabolically active (cancellous) bone, and loads this bone in compression during upright posture, metabolic bone diseases oten
afect the spine primarily.
Bone fulills its role as a metabolically active homeostatic
organ. As in all bones, the component cells of the spine are
physiologically active and responsive to numerous metabolic
and mechanical stimuli. he bony skeleton actively performs
three main roles: (1) a biochemical role of mineral balance
(through storage and release of Ca2+, Mg2+, HPO42−, and H+);
(2) a structural role, responding to the skeletal demands for
remodeling and repair; and (3) protection of the spinal cord.
Metabolic bone diseases result when bone constituents
(cells and matrices) behave abnormally, when the stimuli to
which bone responds are inappropriately interpreted, or when
systemic processes disturb the bone’s environment, leading to
impairment of either its biochemical or structural tasks.
Accordingly, this chapter begins with an understanding of the
normal bone physiology: the characteristic interplay of cells, ions,
and proteins and the role of bone in maintaining skeletal and
mineral homeostasis. Next, abnormal metabolic bone pathology
and pathophysiology are considered. Finally, for the two most
common metabolic bone diseases of the spine—osteoporosis
and Paget disease—the epidemiology, clinical manifestations,
and prevention and treatment strategies are discussed.

Cellular Biology
Bone Cells
Four families of cells combine to create bone tissue that is
biomechanically functional and structurally sound. hese
include the osteoprogenitor cell from the mesenchymal stem
cell lineage; its derivative, the osteoblast; the incorporated
mature form, the osteocyte; and, inally, the osteoclast.
Together, these cells produce new osseous tissue. his tissue
is maintained through resorption and remodeling. In short,

the cells determine mechanical stability and mineral homeostasis. Healthy bone metabolism results from equilibrating
these competing forces. herefore, some forms of metabolic
bone disease can be viewed as the pathologic imbalance—in
number, power, or degree of diferentiation—of bone-forming
and bone-resorbing cells.1,2
he osteoprogenitor cells are components of the bone
marrow stromal system, approximating the surfaces of bone
(periosteum and endosteum) and the adjacent bone marrow
environment.3 hese potentially mitotic cells, under appropriate stimulation and conditions, give rise to either the boneforming osteoblast or the cartilage-producing chondroblast.
he natural history of these osteoprogenitor cells and the
precise signals for their diferentiation and modulation are not
yet fully elucidated.
Osteoblasts sit on the metabolically active surface of bone
in an adherent row, where they synthesize and release unmineralized bone matrix called osteoid.4–7 hey subsequently
participate in the mineralization of the osteoid by releasing
packets of ions and by synthesizing regulatory and crystalnucleating noncollagenous proteins. hese cells are characterized by high levels of alkaline phosphatase, the ability to
manufacture type I collagen and osteocalcin, and the presence
of numerous receptor sites for parathyroid hormone (PTH),
estrogen, vitamin D, and other growth factors and extracellular matrix proteins. Osteoblasts are also thought to govern
the actions of osteoclasts (described later), thus regulating and
coupling bone formation and bone resorption.
he osteocyte, the terminal cell of the osteogenic cell line, is
derived from osteoblasts.4,5 As the osteoblast synthesizes bone
matrix, it becomes embedded within its mineralized product.
Once embedded, the cell is termed an osteocyte and the space
in which it sits is termed a lacuna. Despite being surrounded
by bone matrix, the osteocyte communicates with other cells
via slender cell processes that it extends for some distance into
canaliculi in the surrounding matrix. he surface area covered
by the canaliculi is greater than the surface area of osteoblasts;
the total volume is comparable to the brain.8 hus, osteocytes
are not completely isolated in their lacunae from other cells
but appear to communicate with one another and with surface
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cells via these cell-to-cell junctions. In this way, osteocytes
maintain the matrix that envelops them, regulate local ionic
concentrations, and govern the degree of mineralization. In
addition, they monitor the local mechanical load and signal
changes in the matrix, translating these forces into biologic
activity. One crucial mechanism through which the osteocytes
regulate bone formation is by the secretion of the glycoprotein
sclerostin.9,10 Sclerostin reduces osteoblast proliferation and
the formation of bone by inhibiting the canonical Wnt/βcatenin signaling pathway.11 Antibodies that bind sclerostin
increase bone mineral density (BMD) and show promise in
treating osteoporosis.12 Romosozumab, an anti-sclerostin
antibody, has shown eicacy in increasing BMD and reducing
risk of vertebral fractures.12,13
Osteoclasts resorb bone.14,15 Unlike the mesenchymally
derived osteoblast lineage, osteoclasts arise from hematopoietic progenitor cells of the monocyte line. hese large
multinucleated cells are found on the resorbing surfaces of
bone, where they bind to a bone-speciic integrin and form an
isolated macrocavity. At this attachment cavity site, an acidic
microenvironment causes the dissolution of the hydroxyapatite
mineral and releases acidic proteases that degrade the organic
collagen matrix. he resultant resorption cavity is called a
Howship lacuna. hus, by remodeling formed bone and delivering calcium into the circulation, the osteoclasts participate in
both the mechanical and biochemical roles of bone tissue. he
coordinated activity of osteoclast resorption and osteoblast
bone formation is most prominent during periods of growth,
fracture repair, and periosteal bone widening.
Neighboring osteoblasts and osteocytes inluence osteoclast
diferentiation as well as osteoclast activity. Osteoclast precursors are stimulated to diferentiate by osteoblast lineage
cells and bone marrow stromal cells that express receptor
activator of nuclear factor-κβ ligand (RANKL), also known as
osteoprotegerin-ligand (OPGL), and macrophage colonystimulating factor (M-CSF). M-CSF primarily induces osteoclast progenitor cell replication, whereas RANKL promotes
diferentiation.11 Osteoclasts are devoid of PTH receptors,
even though they functionally respond to this hormone. On
stimulation by PTH, osteoblasts produce RANKL, leading to
diferentiation and activation of mature osteoclasts. Osteoprotegerin (OPG, also known as osteoclastogenesis inhibitory
factor [OCIF]) is a soluble decoy receptor for RANKL that
blocks this pathway. RANKL, reeptor activator of NF-κβ
(RANK) and OPG are the key regulators for the development
and activation of mature osteoclasts (Fig. 88.1). Agents
that inhibit RANKL via OPG or anti-RANKL antibodies
can be used for the treatment of osteopenic disorders such as
osteoporosis as well as bone loss associated with bone
metastases.16–19
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Hormones
Cytokines
TNF-α, IL-1
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Bone metastases
FIG. 88.1 The relationship between RANKL (also known as OPGL), RANK,
and the decoy receptor OPG in bone formation and bone resorption.
Activated T cells lead to expression of RANKL on osteoblasts by two
pathways: (1) They produce cytokines that lead to RANKL expression and (2)
they directly express and produce RANKL. OPG, the decoy receptor for
RANKL, blocks both of these pathways. RANKL induces osteoclast formation
and activation, thereby increasing bone resorption. Inhibition of RANKL via
OPG may prove useful in the pharmacologic treatment of osteopenic
disorders, including osteoporosis and Paget disease. IL-1, interleukin-1; OPG,
osteoprotegerin; OPGL, osteoprotegerin ligand; RANKL, receptor activator of
nuclear factor-κβ ligand; TNF-α, tumor necrosis factor-α. (From Theill LE,
Boyle WJ, Penninger JM. RANK-L and RANK: T cells, bone loss, and
mammalian evolution. Annu Rev Immunol. 2002;20:795–823.)

Bone Matrix
In addition to the cellular component, two matrices—an
organic matrix and an inorganic matrix—constitute the
remainder of bone tissue (Fig. 88.2). Whereas the inorganic
matrix consists of bone mineral, the organic matrix consists
of collagenous ibers embedded in a ground substance.

FIG. 88.2 Collagen-mineral relationship. The hydroxyapatite forms in the
hole zone between collagen molecules. (From Anatomy II. Orthop. Science.
Park Ridge, IL: American Academy of Orthopaedic Surgeons; 1986.)
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he inorganic matrix represents two-thirds of the dry weight
of bone and primarily consists of calcium phosphate,16
which exists in three forms: (1) crystalline hydroxyapatite
[Ca10(PO4)6(OH)2], the most abundant; (2) octacalcium phosphate [Ca8H2(PO4)6 ⋅ 5H2O)], a rarer form; and (3) brushite
[CaHPO4 ⋅ 2H2O]. he hydroxyapatite forms platelike crystals
40 nm in length and 3 nm in thickness. Occasional contaminants, including carbonate substituted for a phosphate or a
luoride for a hydroxy group (as well as the potential inclusion
of lead or arsenic), disrupt the purity of the crystals. hese
contaminants alter the physical properties of the matrix and
may also afect the biologic characteristics. he mineral crystal
closely associates with the organic matrix, initially deposited
in the hole zones of the collagen ibril. Later, it surrounds itself
with ground substance (proteoglycan), as well as with water
and other ions.
he initial formation of hydroxyapatite is under the control
of osteoblasts, which contain abundant alkaline phosphatase.
his enzyme catalyzes reactions that, among others, release
phosphate from pyrophosphate. he conversion of pyrophosphate has two efects: (1) it increases the local concentration
of phosphate to a level that permits calcium and phosphate to
precipitate; and (2) it destroys pyrophosphate, an inhibitor of
calciication. Vitamin D and adequate calcium are critical for
mineral deposition.

Collagen
Concentrations of calcium and phosphate alone do not dictate
mineral deposition. An organic matrix, consisting of collagenous ibers embedded in ground substance, assists with and
regulates mineralization.20 he organic matrix of bone is primarily composed of proteins, approximately 95% of which is
collagen in adult humans. Collagen, a rigid macromolecule,
employs tropocollagen as its basic structural unit. Tropocollagen, in turn, is composed of three polypeptide chains, each
comprising approximately 1000 amino acids.21 In bone collagen (type I), two of these chains share an identical amino acid
sequence; a third chain (α2) has a similar, but not identical,
sequence. All three chains contain unusually high concentrations of glycine, proline, alanine, hydroxyproline, and
hydroxylysine and are wound into right-handed helices.
Type I collagen synthesis occurs in osteoblasts. It is formed
as a precursor “procollagen” molecule in the cytoplasm and
then extruded from the osteoblast ater cleavage of signal
sequences. Numerous additional modiications are subsequently made to the secreted procollagen molecule. Notably,
extensive nonhelical regions are removed from both its amino
and carboxy terminals, and key proline and lysine residues
are hydroxylated by an iron-containing enzyme. (he iron in
this hydroxylase functions only in the ferrous state; therefore,
ascorbic acid, functioning as a reducing agent, is necessary.)
he hydroxylation of proline and lysine occurs ater these
amino acids are incorporated into the chain; therefore,
free hydroxyproline in the serum signiies lysis of collagen
or its precursors. Accordingly, measurements of urinary

hydroxyapatite excretion provide a qualitative measure of
bone turnover. he hydroxylation of proline and lysine
assists cross-linking, which, in turn, lowers the solubility of
collagen and increases its tensile strength. Collagen is one
of the strongest components of bone; the tensile strength of
bone collagen exceeds the compressive strength of the bone
mineral by 2000 N/cm2. Pyridinoline, deoxypyridinoline,
C-telopeptides, and N-telopeptides are cross-link breakdown
products that all provide better markers of bone resorption
than hydroxyproline.22,23 hey are elevated in high-turnover
osteoporosis and Paget disease, and they decline rapidly with
successful antiresorptive therapy (discussed later). Adequate
nutrition and vitamin C (ascorbic acid) are required for collagen maintenance.
Type I collagen is found not only in the bones of the spine
but also in the intervertebral discs, where it coexists with type
II collagen. hese homologous molecules difer only in the
chains that compose their triple helices. Within the disc, each
type of collagen maintains a separate anatomic domain: type
I collagen is more abundant in the anulus ibrosus, whereas
type II predominates in the nucleus pulposus.24
Collagen derives its mechanical strength from covalent
collagen cross-links between helical and nonhelical domains
of neighboring collagen molecules. Cross-links between collagen molecules are formed by one of two mechanisms: (1)
enzymatic cross-linking, which occurs via lysine hydroxylase
and lysyl oxidase; and (2) nonenzymatic cross-linking, which
occurs via glycation or oxidation. he latter mechanism occurs
when states of hyperglycemia, oxidative stress, or aging induce
spontaneous formation of advanced glycation end products
(AGEs) within collagen ibers. hese AGEs undergo nonenzymatic cross-linking within collagen matrix and undermine
bone quality. his mechanism is believed to contribute to
elevated fracture risk in patients with diabetes and advanced
age. In addition, AGE-related collagen cross-links have been
shown to be a signiicant risk factor for vertebral fracture in
clinical samples25,26 and suppression of bone turnover by
bisphosphonates leads to continued addition of nonenzymatic
cross-links. Long-term bisphosphonate users may have less
plasticity and reduced toughness in certain regions of bone,
which may contribute to the occurrence of atypical femoral
fractures in this population.27

Ground Substance
Proteoglycans form the ground substance of bone. A proteoglycan monomer is composed of two kinds of glycosaminoglycans—
keratin sulfate and chondroitin sulfate—joined to a core protein.
Keratin and chondroitin sulfate form through the polymerization
of disaccharide units, one sugar of which is always a hexosamine
possessing an anionic group. his negatively charged group
binds water, expanding the tissue volume and imparting
resilience to the ground substance. In addition, the presence
of water in the ground substance allows for the difusion of
metabolites in the organic matrix. hus, the proteoglycans in
bone exert regulatory and structural forces. When the bone
mineralizes, the water content is reduced, leading to denser,
more compact tissue. he intervertebral discs also contain
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proteoglycans, which comprise 30% to 60% of the dry weight
of the nucleus pulposus. With age, proteoglycan concentration
(and, consequently, water concentration) declines. However,
even with decreased proteoglycan concentration, osmotic forces
allow the proteoglycans to remain somewhat hydrated.28
Osteocalcin is a bone-speciic protein that, like type I collagen, is synthesized by osteoblasts.29 Osteocalcin comprises
only 2% of the organic matrix by weight. Vitamin D enhances
the synthesis of osteocalcin but is not an absolute requirement
for synthesis. Osteocalcin prefers to bind to calcium within
hydroxyapatite. he precise function of this prevalent osseous
protein is currently being explored, although its levels are
correlated with bone mineral content. Possible roles include
the attraction of osteoclasts to sites of bone resorption,
regulation of the rate of mineral turnover, and determination
of the morphology of the mineral crystal. Osteocalcin also
functions as a bone-derived hormone that exerts systemic
efects. hese actions include stimulation of insulin secretion
by the pancreatic beta cells, promotion of insulin receptor
sensitivity, and stimulation of testosterone production in
the Leydig cells of the testes.30 hrough a feed-forward loop,
insulin also stimulates secretion of osteocalcin by osteoblasts,
which, in turn, increases insulin release. Osteocalcin production is halted by the hormone leptin. hrough this interplay
with osteocalcin, insulin, and leptin, bone remodeling is
linked to energy metabolism and may be involved in the
development of osteoporosis in patients with inlammatory
bowel disease.31
Osteonectin, a 32-kd phosphoprotein secreted by osteoblasts, is the second most prevalent protein in bone. It binds
to both collagen and hydroxyapatite32 as well as to carbohydrate moieties. Putative roles for osteonectin include calcium
phosphate nucleation and stabilization of the newly formed
crystal.
Bone morphogenetic protein (BMP), as the name implies,
induces osteoprogenitor cells to form bone.25,33 A small
protein, BMP accounts for only 0.1% of the total bone protein
mass in cortical bone, and even less in the spine. More than
15 BMPs exist, some of which are related to the transforming
growth factors. Experimentally, BMP implanted in ectopic
sites (in the absence of bone collagen) induces perivascular
mesenchymal cells to become bone-forming osteoprogenitor
cells. he absence of BMPs (or the inhibition of their activity)
may contribute to the pathogenesis of diseases of decreased
bone mass or impaired bone remodeling or repair. he genes
for the expression of BMPs have been cloned,33,34 and the
protein has proven to possess a pharmacologic role in repairing bone and inducing spinal arthrodesis.35 Recombinant
human bone morphogenetic protein-2 has been used clinically as a bone grat substitute in anterior interbody lumbar
fusion, posterolateral lumbar fusion, posterior lumbar interbody fusion, and anterior cervical discectomy and fusion.
However, early industry-sponsored reports may have overestimated the decreased need for revision surgery with recombinant human bone morphogenetic protein-2 use and
underestimated serious adverse events such as osteolysis,
subsidence, grat migration, cyst formation, wound problems,
and others.36

Skeletal Homeostasis
Bone growth occurs during all phases of life.4,5 Functionally,
this growth can be divided into two processes: modeling and
remodeling. he deposition of new bone in regions not irst
cleared by resorption or the resorption of old bone without
deposition of new tissue is termed modeling. Modeling results
in changes to the external shape, mass, or volume of existing
bone. Alternatively, remodeling retains approximately the
external form of bones. During remodeling, bone replaces
itself by balancing synthesis in some places with lysis in others.
his balanced turnover releases ions into the circulation and
prevents accumulation of aged or fatigued bone.
In the remodeling cycle, osteoclasts work as much as
four times faster than osteoblasts. Although the clastic phase
in the typical remodeling unit requires approximately 20 days,
the blastic phase requires 80 days. Ater this period elapses,
the tissue is restored, notably with younger, newly mineralized
bone. he preferential remodeling of older tissue leads to
an overall younger skeleton, one better suited to constant
mechanical demands.
Remodeling, a process that ordinarily prevents structural
collapse by repairing old or damaged regions in bone, can be
responsible for eroding the bones’ mechanical integrity. his
may result in any of several ways. First, the remodeling can
occur too frequently, magnifying what would ordinarily be an
inconsequential net loss. Second, the remodeling can be
poorly focused, inappropriately replacing young, healthy bone
instead of weaker, older tissue. Finally, the remodeling can be
unbalanced if the formation cycle does not fully replace the
bone lost during resorption. Ater the age of 40 years, the
remodeled bone unit rarely fully reconstitutes itself. High
turnover states lead to net bone loss, and the younger matrix
has a lower modulus until the crystals can fully mature.

Mineral Homeostasis
Calcium
Bone exchanges calcium, magnesium, and phosphate and
participates in acid–base balance. Of all of these, calcium
homeostasis is the most important to both the skeletal and
metabolic functions of bone.37–40 Calcium fulills its skeletal
role in the hydroxyapatite mineral crystal, where it provides
mechanical strength. It serves its metabolic function as a free
divalent cation. hese functions include transducing hormonal
signals within the cytoplasm (“second messenger” function),
coupling neural excitation with muscular contraction, and
efecting homeostasis by interacting with both vascular
smooth muscle and platelets.
Body stores of calcium in the typical, 70-kg male total
approximately 1300 g, more than 98% of which resides in the
teeth and bones. he remainder is divided between the cytoplasmic and extracellular luids. he normal serum calcium
concentration centers around 9 mg/dL and is found in three
states: (1) free (ionized and difusible); (2) complexed to
citrate and other anions (i.e., nonionized but difusible); and
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Some calcium remains in the lumen until the distal nephron,
where it can be selectively resorbed by calcium-speciic transport processes. It follows not only the dictates of calciumregulating agents but also the demands of salt and water
balance and acid-base control. For example, when volume
depletion demands increased sodium resorption, proportionally more calcium will be retained proximally, regardless of the
serum levels. Diet can also afect renal calcium handling, with
both high-protein and high-carbohydrate loads increasing
urine calcium excretion. Under normal conditions, the kidneys
resorb 98% of the iltered load, with excretion commensurate
with intake or resorption from bone. One deleterious consequence of the renal response to high calcium is the formation
of stones. Although there is no precise threshold at which
stones will form (because other factors, such as urinary low
rate, inluence the process) the risk of stone formation increases
with hypercalciuria. Most diuretics (with the exception of the
thiazides) induce renal calcium loss. Patients with low calcium
levels should be evaluated for excessive calcium excretion.

Phosphate
he second important ion in bone metabolism is phosphate.42
Like calcium, phosphate serves multiple functions throughout
the body. As a component of adenosine triphosphate, phosphate participates in the interconversion of the energy of
metabolism; as a constituent of nucleotides, phosphate partakes in the transmission and expression of genetic information; and in 2,3-diphosphoglycerate, it regulates the oxygen
ainity of hemoglobin.
Phosphate is found in two forms: H2PO4− and PO43−. he
ratio of this dissociation, like that of any acid, depends on the
pKa of the system, a constant, and the local pH, which can
vary. In the extracellular luid, where the pH is 7.4, the ratio
of H2PO4− to PO43− is about 4 : 1, whereas in the slightly less
alkaline cytosol, the ratio is closer to 2.5 : 1. Unlike calcium,
which is physiologically sensed as the free ion, phosphate
is internally measured as a sum of both forms. Phosphate’s
role outside of bone is also less dependent on concentration;
therefore, alterations in its level cause few immediate efects.
Nevertheless, the quantity of phosphate, normally about 4 mg/
dL, is regulated.
Similarly to calcium, serum phosphorus concentration is
determined by the degree of intestinal phosphate absorption
in the gut, storage of phosphate in bone, and phosphate excretion by the kidney. Regulatory mechanisms for calcium and
phosphate are intertwined, as PTH and vitamin D are key
regulators. However, ibroblast growth factor-23 (FGF-23) is
also critical for phosphate control and is secreted by osteoblasts and osteocytes.43 he body stores of phosphate sum
to 700 g, about half that of calcium. As with calcium, the
majority of phosphate (perhaps 85% of the total) resides in
bone. he typical dietary intake is about 1000 mg/day, of
which about two-thirds is absorbed. he presence of substances in the gut that can bind phosphate, such as aluminum
salts, largely determines the amount of phosphate absorbed.
Under normal circumstances, the amount absorbed increases
linearly with intake. As with calcium, the kidney is responsible
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(3) bound to proteins (i.e., neither ionized nor difusible).
Only the free ion (normally about 45% of the total) possesses
physiologic activity. At normal body pH, albumin and other
anionic proteins bind 50% of the total body calcium. he
proportion of protein-bound calcium increases with alkalinity. Accordingly, as the pH rises, the individual becomes
efectively hypocalcemic, even though the total amount of
calcium, and, importantly, the amount typically reported by
standard laboratory tests, remains within normal range.
Conversely, in states of liver and kidney failure, when albumin
is either not synthesized or lost in the urine, even though the
absolute levels of total serum calcium may be depressed, the
efective physiologic calcium concentration may be near
normal. Calcium-anion complexes account for the remaining
5% of serum calcium. Abnormal levels of these anions may
also cause a physiologic calcium disturbance, one not necessarily obvious from the serum calcium concentration. hus,
unless ionic calcium is directly measured, attention should be
directed at albumin levels and pH state before inferring functional calcium levels from the total serum measurement.
Maintenance of calcium concentration is the responsibility
of three organ systems: the gut, to absorb calcium; the bone,
to store it; and the kidney, to excrete it. Each of these systems
can alter the magnitude of the calcium contribution in
response to a number of regulatory substances.
he gut (duodenum and jejunum, speciically) absorbs
calcium from the diet, ingested primarily from dairy products.
Despite the critical need for calcium absorption, the gut performs this duty with surprising ineiciency: of the recommended daily allowance of 800 mg, only half will ever cross
the luminal border; of that fraction, more than half will be
returned to the lumen with the secretion of intestinal luids.41
hus, less than one-fourth of the daily intake (or only about
150 mg) enters the system.
Active absorption in the duodenum takes place by means
of a protein-dependent transport system32 that is activated
by 1,25-dihydroxyvitamin D [1,25(OH)2D]. In the jejunum,
passive difusion accounts for the remainder of the calcium
absorbed. Clearly, the jejunal phase depends more on concentration gradients and intestinal transit times. In addition,
dietary composition afects absorption: diets high in iber and
oxalate (both found in green vegetables) allow for less calcium
absorption. In times of increased calcium demand—such as
the growth years, or during pregnancy—the duodenal fractional absorption can be augmented by increased carrier
protein synthesis, which is, in turn, stimulated by the active
vitamin D metabolite (discussed later). he eiciency of
calcium absorption decreases with aging and is adversely
afected with bariatric surgery.40
he bone stores calcium. he bone tissue constantly
exchanges calcium with the plasma, even when intake matches
excretion. his daily 400-mg exchange results from the nearly
balanced remodeling activity of osteoclasts and osteoblasts as
well as the movement of ions between intracellular and extracellular compartments at the osteocyte plasma membrane.
he kidneys are the prime organs of calcium excretion. he
glomerular load of calcium is almost 10,000 mg. Most of
it is resorbed proximally, following sodium-driven bulk low.
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for maintaining phosphate balance,45 and it does so by a
similar mechanism: proximal sodium bulk-driven low and
distal control. When phosphate intake is high, the kidney
excretes increasing amounts by spilling the excess phosphate
into the urine. When serum phosphate concentrations are
low, the kidney can avidly conserve phosphate by implementing vitamin D–mediated changes in calcium concentration. In addition to calcium balance, dietary load, volume
status, and acid–base balance also afect renal phosphate
handling

Regulators of Bone and Mineral Metabolism
Parathyroid Hormone
PTH is an 84-amino-acid polypeptide secreted by the chief
cells of the parathyroid glands in response to low serum
calcium.46 Its physiologic role is to restore a normal calcium
concentration by stimulating all three organs of calcium
homeostasis. he kidney and the bone are afected directly,47
whereas the intestine is afected only indirectly, by means of
the synthesis of the active vitamin D metabolite 1,25(OH)2D3.
PTH promotes calcium conservation in the kidney.48 here,
increased serum calcium is achieved through a twofold
mechanism; both steps depend on stimulation of adenylate
cyclase, the enzyme that forms cyclic adenosine monophosphate. First, PTH increases calcium resorption in the distal
nephron. It also promotes the loss of phosphate. his phosphaturic efect prevents the recently resorbed calcium from
being deposited into the bone hydroxyapatite or into ectopic
calcium-phosphate deposits. Moreover, the excretion of phosphate lowers the levels of circulating calcium-anion complexes,
causing more of the serum calcium to remain in the physiologically useful free form.
In the kidney, PTH further promotes elevation of calcium
level by stimulating additional synthesis of 1α-hydroxylase, a
key enzyme in the formation of 1,25(OH)2 vitamin D, which,
in turn, enhances calcium absorption in the digestive system.
In this manner, PTH indirectly afects gut handling of calcium
as well.
In the bone, PTH afects calcium metabolism by increasing
the surface resorption of the mineral by osteoclasts, by promoting ion lux by osteocytes, and by decreasing their bone synthetic
activity through the inhibition of calcium “consumption” by
osteoblasts. PTH increases the number of resorptive surfaces
in bone and, within them, the density of osteoclasts. However,
the efects of intermittent and continuous PTH stimulations
on bone difer. Low-dose, intermittent PTH stimulation exerts
anabolic properties, which is believed to be through direct
efects on osteoblasts and inhibition of sclerostin—a promoter
of bone resorption.43,49 Conversely, continuous PTH stimulation of osteoblasts causes expression of RANKL. Osteoclasts
respond to RANKL by resorbing bone and release of calcium
and phosphate into the systemic circulation. he most commonly
used laboratory test to measure PTH clinically is intact PTH,
which detects levels of both the 84-amino-acid polypeptide
and the C-terminal PTH fragments.28

Vitamin D
Unlike the polypeptide hormone PTH, vitamin D is a steroid.47
As such, it deies rapid proteolytic inactivation and thus functions best as a longer-acting regulator of calcium homeostasis.
he principal efect of this hormone is to increase intestinal
absorption of calcium from the diet, a process that is usually
only 25% eicient. Secondarily, it complements PTH in the
promotion of calcium resorption from the bone, again by
promoting transport across cell membranes (in this case, bone
cells rather than intestinal cells).
Cholecalciferol (inactive vitamin D3) forms in the skin from
the ultraviolet light activation of 7-dehydrocholesterol, an
intermediate of cholesterol synthesis.50 7-Dehydrocholesterol
can degrade and re-form cholecalciferol; therefore, once
formed, cholecalciferol is removed from the local environment
by a transport protein, thus favoring further formation. As little
as 15 minutes of sunlight exposure allows the synthesis of a
fair-skinned individual’s vitamin D3 requirement. he total
need for sunlight increases with melanin concentration. In the
absence of sun exposure, cod liver oil and enriched milk and
cereals can provide usable precursors of the hormone.
In the liver, vitamin D3 undergoes 25-hydroxylation,51
forming the prehormone 25-hydroxyvitamin D [25(OH)D].
Subsequent 1-hydroxylation to the active form, 1,25(OH)2D3,
takes place in the kidney and is promoted by PTH. In the
presence of low PTH or FGF-23, an alternative hydroxylation
occurs at the 24 position, yielding 24,25(OH)2 D3, an inactive
form of the hormone. Unlike PTH, which is functionally regulated at the level of secretion (calcium levels do not cause
minute-to-minute changes in messenger RNA activity but
rather control the release of PTH), vitamin D is regulated at
the level of biosynthesis. he 1-hydroxylation reaction is the
rate-limiting step and is regulated by feedback inhibition as
well as by PTH levels.
Active vitamin D, also known as calcitriol, promotes
increased transport across cell borders. As a steroid maturation hormone, vitamin D works by crossing the cell membrane
and subsequently entering the nucleus. here, it binds to DNA
via the vitamin D receptor to promote DNA translation, thus
increasing the synthesis of the target proteins. Vitamin D
receptor is most highly expressed in the intestinal enterocytes,
osteoblasts, and renal distal tubules, where it mediates expression of calcium-transport proteins.52 In the gut, 1,25(OH)2D3
causes increased calcium and phosphate absorption. In the
bone, 1,25(OH)2D3 complements the action of PTH by
increasing calcium transport across bone cell membranes,
thus assisting with the mobilization of calcium from the bone
and into the circulation. As such, it functions as an agent of
bone resorption. It can indirectly assist with bone formation
as well because the tasks of mineral homeostasis and skeletal
homeostasis are not always at odds with each other. Vitamin
D also functions as a maturation hormone by increasing the
villous membrane of the gut and augmenting PTH recruitment of macrophage stem cells, the bone-resorbing osteoclast
precursors. Accordingly, vitamin D, which promotes the
uptake of dietary calcium, typically also serves as an agent of
bone maintenance. In addition, vitamin D has been associated
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Fibroblast Growth Factor-23 (FGF-23)
he major sources of ibroblast growth factor-23 (FGF-23) in
the body are osteocytes and osteoblasts. his protein is a
potent regulator of serum phosphate and contributes to
vitamin D and PTH homeostasis.54 Ater FGF-23 is released
into the systemic circulation, it acts synergistically with PTH
in promoting renal phosphate excretion.55 his is done by
suppressing expression of the sodium phosphate cotransporter
in the proximal tubule.44 However, unlike PTH, FGF-23
inhibits conversion of 25-(OH)D to the active form, 1,25(OH)2D56 and promotes its conversion to the inactive form.54
he net result is a decrease in serum phosphate. Primary elevation of FGF-23 leads to conditions characterized by hypophosphatemia, decreased 1,25(OH)2D, and rickets/osteomalacia.
hese include autosomal-dominant hypophosphatemic
rickets, tumor-induced osteomalacia, and X-linked hypophosphatemic rickets.57 his interplay between FGF-23, PTH, and
vitamin D in controlling calcium and phosphate handling is
oten described as the bone-parathyroid-kidney axis.

Calcitonin
Calcitonin is a 32-amino-acid polypeptide secreted by the
parafollicular cells in the thyroid in response to increased
serum calcium concentration. Calcitonin lowers serum
calcium levels by its actions in the bone and the kidney. Still,
its precise physiologic role awaits determination.58,59
In the bone, calcitonin rapidly inhibits osteoclastic action
at pharmacologic doses. Direct calcitonin-binding sites are
present on osteoclasts. Calcitonin decreases the number and
activity of osteoclasts. Speciically, it decreases the adherence
of osteoclasts to bone resorptive surfaces and diminishes their
activity once they adhere. Calcitonin also afects osteocytes,
causing decreased calcium ion lux across their cell membranes. In the kidney, calcitonin blocks the reuptake from the
glomerular luid of calcium and phosphate, as well as that of
other ions, notably sodium (which inluences calcium uptake
by the passive mechanisms described earlier). Calcitonin may
also inluence calcium handling in the gut and, at pharmacologic doses, may alter other intestinal processes (such as water
balance).60
High levels of calcitonin may cause transient hypocalcemia without causing any residual skeletal efects. In patients
with medullary carcinoma of the thyroid (a malignancy of
the parafollicular cells), calcitonin levels are several orders
of magnitude higher than in healthy patients. Nevertheless,
such patients demonstrate neither long-term derangements
of calcium metabolism nor loss of skeletal integrity. Furthermore, patients who have had a complete thyroidectomy, and
are thus completely calcitonin deicient, show no persistent
hypercalcemia. Both examples bolster the hypothesis of a
small physiologic role for calcitonin.
Despite a perhaps minor physiologic role, calcitonin
is important medically. First, in patients with medullary

carcinoma of the thyroid, measurement of serum calcitonin
level provides an assessment of tumor burden. Calcitonin levels
can be measured as a screening test in those patients at risk
for medullary carcinoma, namely, relatives of patients with
multiple endocrine neoplasia type II. Finally, calcitonin (most
oten as a salmon-derived analog) is also used as a drug to
inhibit osteoclasts, as in Paget disease and osteoporosis, or to
quell the hypercalcemia accompanying a variety of malignancies. In addition, it has analgesic properties that enhance its
therapeutic use.

Osteoporosis
Osteoporosis is a metabolic bone disease characterized by low
bone mass and microarchitectural deterioration of bone tissue,
leading to increased bone fragility and a consequent increase
in fracture risk. In the United States, osteoporosis afects an
estimated 10 million adults. An additional 43 million are
estimated to have low bone mass, placing them at increased
risk for osteoporosis.61 It is the most prevalent metabolic bone
disease, afecting 10.3% of those over the age of 50.61 he direct
medical costs of osteoporosis are substantial, accounting for
an estimated 17 to 20 billion dollars in 2005, expected to
increase 50% by 2025.62 Among the elderly, especially postmenopausal women, osteoporosis is a major cause of pathologic fractures, speciically fractures of the hip, spine, pelvis,
proximal humerus, and wrist.63 In 2005, osteoporosis
accounted for approximately 2 million fractures, 27% of those
occurring in the vertebrae. he number of fractures is estimated to grow to over 3 million annually by 2025.62
Like all metabolic bone diseases, osteoporosis is not limited
to the spine. While 27% of postmenopausal women will
develop a vertebral compression fracture, an additional 15%
will experience a hip fracture.64 In the elderly, hip fractures,
most caused by osteoporosis, result in death, disability, and
dependency: the in-hospital mortality rate in patients with hip
fractures exceeds 5%65; up to 50% require long-term nursing
home care, and more than half do not regain their prefracture
level of mobility in the irst postoperative year.66,67
Among the vertebral fractures, two-thirds are clinically
silent; however, these patients have lower quality-of-life function.68 Of women with scoliosis older than 65 years of age, 75%
have at least one osteopenic wedge fracture. Although primary
osteoporosis is a common cause of osteopenia in the elderly,
it is only one of many possible causes. Medicare patients with
vertebral compression fractures have a mortality rate approximately twice that of age-matched controls.69
Generally, osteoporosis is classiied as either primary or
secondary. Primary osteoporosis is further subdivided on the
basis of its pathogenesis. Type I, or postmenopausal osteoporosis, is related to the abrupt decline of estrogen levels that
occurs in menopausal women. Type II osteoporosis, known as
senile or age-related osteoporosis, is due to the progressive
decrease of BMD that occurs with aging.
Several risk factors for osteoporosis have been identiied.
Nonmodiiable risk factors include age greater than 50 years,
female sex, family history of fragility fractures, and white or
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with decreased cancer rates, improved muscle function, and a
more normal immune system.53
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Asian ethnicity.70–72 A typical patient is a slim, white, postmenopausal woman of northwestern European descent.50 She
may have a history of premature menopause, cigarette or
excessive alcohol use,37 an eating disorder (e.g., anorexia
nervosa), a sedentary lifestyle, use of anticonvulsants,52 or
lifelong low calcium intake.
Secondary osteoporosis results from any medical condition or medication that contributes to accelerated bone loss.
A secondary cause of osteoporosis is found in about 30%
of postmenopausal women, 40% to 50% of premenopausal
women, and 50% to 55% of men. he most common causes are
glucocorticoid use, hypogonadism, alcohol abuse, and malnutrition.73 Corticosteroid-induced osteoporosis is the most
common cause of drug-related osteoporosis and is associated
with a high fracture rate. Corticosteroid therapy causes bone
loss and fractures because it suppresses bone formation and
inhibits intestinal calcium absorption, which leads to secondary hyperparathyroidism and increased osteoclastic bone
resorption.74 Less common causes include hematologic and
neoplastic diseases, such as multiple myeloma and lymphoma;
inlammatory diseases, such as inlammatory bowel disease
and rheumatoid arthritis; endocrine conditions, including
hyperthyroidism and adrenal insuiciency; human immunodeiciency virus (HIV); renal osteodystrophy; and nutritional
deiciencies resulting from bariatric surgery or celiac disease,
among others.73 Endogenous hyperthyroidism increases
cortical bone loss and may accelerate skeletal deterioration.75
Inlammatory bowel disease (i.e., Crohn disease or ulcerative
colitis) can cause osteoporosis both from the disease itself and
its treatment. Autoimmune disorders and malignancies that
destroy localized regions of bone, resulting in isolated areas of
low BMD, include rheumatoid arthritis, periodontal disease,
myeloma bone disease, and osteolytic bone metastases. hese
are associated with overexpression of RANKL at the site of
pathology. In addition, osteomalacia (vitamin D deiciency)
may mask itself as osteoporosis. he distinction is important
because antiresorptive medications for osteoporosis are not
appropriate choices to treat osteomalacia. Many secondary
causes of osteoporosis are treatable and may necessitate a different management course than primary osteoporosis.

Pathology
Osteoporosis is deined as low bone strength. he two components of bone strength are bone mass and bone quality. Osteoporosis results from decreased overall bone mass with normal
bone mineralization. Cortical and cancellous bone difer in
their microarchitecture but maintain the same molecular
composition. In addition, inadequate mineralization, poorquality collagen, and microfractures all result in diminished
bone quality.76 Bone is remodeled throughout our lives in
response to stress, up to 10% of bone mass may be remodeling
at any one time. Peak bone mass is attained in the mid-30s for
both sexes. Gender, nutrition, race, exercise habits, and overall
health all inluence bone mass. Peak bone mass is higher in men
than in women and higher in African Americans than in
whites.77 Ater the fourth decade, both men and women lose
bone mass from the skeleton (Fig. 88.3). Two phases of this
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FIG. 88.3 Bone mass as a function of age in men (blue) and women
(purple). The images above the graph depict a cross-section of bone as
maturation occurs over time. Mass is accumulated until peak bone mass is
reached and then decreases and becomes more porous in advanced age.
(From American Academy of Orthopaedic Surgeons, Park Ridge, IL: 1986.)

loss have been identiied: slow and accelerated. he slow phase,
related to a bone remodeling imbalance with less bone formation than resorption, leads to trabecular thinning and subsequently destruction of connections between trabeculae. It
results in an annual basal slow-phase rate of bone loss of 0.3%
to 0.5%.78 he accelerated phase that occurs with estrogen
deiciency—a phenomenon found exclusively in women—is
responsible for cortical bone mass loss of 2% to 3% per year.
his loss is in addition to the slow-phase losses, which continue
during the accelerated phase. he accelerated phase begins
ater surgical or natural menopause and lasts for approximately
5 years.78 hereater, bone loss continues at the basal slowphase rate.
Multiple studies have shown the importance of estrogen
deiciency in the causation of the accelerated phase.79,80 Estrogen is thought to play a critical role in maintaining bone mass
in adult women by suppressing cancellous bone remodeling
and maintaining remodeling balance between osteoblastic and
osteoclastic activity. At the molecular level, RANKL expression
by bone marrow stromal cells and lymphocytes increases
during the acute phase of estrogen deiciency.81 In addition,
estrogen stimulates production of OPG in premenopausal
women, which binds RANKL and prevents bone resorption. As
estrogen decreases in menopause, the net result of both of these
mechanisms is enhanced osteoclast activity and bone loss.82
Estrogen is also implicated in calcium metabolism through its
efects on the kidney and intestine.83 Others contend that
estrogen antagonizes PTH activity84 or stimulates calcitonin
release. Decreased calcitonin levels have been found in oophorectomized and postmenopausal patients. Estrogen likely acts
on a multitude of pathways afecting bone metabolism. he
administration of estrogen to women during this period of
rapid bone loss can decrease the loss in all bones, especially
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TABLE 88.1 Type I vs. Type II Osteoporosis
Type II

Female/male ratio

6:1

2:1

Calcium deiciency

No

Yes

Estrogen deiciency

Yes

No

Bone loss

Disproportionate loss
of trabecular bone

Proportionate loss of
both cortical and
trabecular bone

From Riggs BL, Melton LJ 3rd. Evidence for two distinct syndromes of involutional
osteoporosis. Am J Med. 1983;75:899.

those rich in trabecular bone (e.g., the vertebral bodies, the
pelvis and other lat bones, in the ends of long bones).85
Riggs and Melton78 have subclassiied primary osteoporosis
on the basis of patterns of bone loss and fracture (Table 88.1).
Type I osteoporosis primarily afects trabecular bone sites and
is characterized by fractures of the vertebral bodies and wrist.
In patients with type I osteoporosis, the rate of trabecular bone
loss is three times above normal, but the rate of cortical bone
loss is only slightly above normal. In contrast, type II osteoporosis occurs in both men and women aged 75 years and
older and involves areas of predominantly cortical bone.
Clinically, fractures of the hip, pelvis, proximal humerus, and
proximal tibia are seen. he causes of senile osteoporosis are
the aging process itself and chronic calcium deiciency. Senile
osteoporosis may also involve decreased vitamin D and
increased PTH activity or impaired bone formation. Osteoporosis in women between the ages of 66 and 74 years may
represent a combination of these two syndromes.
Metabolic remodeling occurs on the surface of bones and
afects primarily trabecular bone. Due to their shape and
trabecular pattern, vertebral bodies are preferentially resorbed
in times of bone mass loss.86 Osteoporosis is thus characterized by trabeculae of decreased size and number. Work by
Dempster and colleagues87 has demonstrated that osteoporosis
involves a thinning of the cortex and a change in the shape of
the trabecular bone from plates to narrow bars. he trabecular
bone contains areas in which osteoclasts create a loss of connectivity, leading to a signiicant and localized weakening of
the bone.87,88 Vertebral body density declines before a similar
loss is detected in cortical areas.
he body accommodates bone loss by redistribution. As
people grow older, the diameter of the long bones gradually increases in both women and in men. Concurrently, the
medullary diameter also increases, leading to a net thinning
of the cortical bone. A 10% shit of bone mass outward from
the epicenter through an enlargement of the bone diameter
will compensate for a 30% decrease in the bone mass against
applied bending and torque stresses but not against axial
loading. his diferential resorption explains the timing and
patterns of the fracture syndromes seen in osteoporosis.66 he
incidence of vertebral compression fractures rises immediately
ater menopause, whereas the hip (with its higher proportion
of cortical bone) fractures later in life, when cortical bone loss
accumulates over the next 1 to 2 decades. he distal forearm,
like the spine, has high trabecular content; thus, the incidence
of Colles fractures also increases in menopause.

Deiciencies in dietary calcium cause decreased peak bone
mass.89 White women, on average, have less bone than either
white men or African Americans of either sex.90 hus, the risk
of clinically signiicant osteoporosis depends on hereditary
factors, gender, race, and nutrition, which all contribute to
peak bone mass, and aging, which causes progressive bone
loss. Although the formation of good bone in suicient
quantity in young adulthood is clearly important, the aging
process remains the most important cause of involutional
osteoporosis.
Aging leads to bone loss independent of menopause, but the
rapid decline of skeletal mass ater estrogen deiciency implies
that this hormone prevents the dissolution of the skeleton.91
Nonetheless, its precise mechanism is unclear. Some investigators believe that the action is mediated by estrogen receptors
on osteoblasts.92 Others contend that estrogen antagonizes
PTH activity93 or stimulates endogenous calcitonin release.
Decreased calcitonin levels have been found in oophorectomized and postmenopausal patients, and increased calcitonin
levels are noted ater estrogen administration. Regardless of
the mechanism, estrogen deiciency leads to bone loss and
plays a major role in the pathogenesis of type I osteoporosis.
he age-related (“slow-phase”) bone loss is not afected by
estrogen; rather, it likely represents impaired vitamin D
metabolism. As an individual ages, the kidney gradually loses
its ability to hydroxylate vitamin D into its active form,
1,25(OH)2D.94 his active vitamin D is necessary to transport
calcium in the gut; therefore, decreased hydroxylation, oten
coupled with poor dietary intake, leads to lowered serum
calcium levels and, in turn, to elevated secretion of PTH. In
addition to secondary hyperparathyroidism, elderly people
are also more likely to take medications (e.g., diuretics) that
further contribute to calcium losses. Furthermore, there is
some evidence that the mechanism in remodeling that couples
the actions of osteoclasts and osteoblasts functions suboptimally in old age: ater the fourth decade, at a given site of
remodeling, less bone is laid down than is resorbed.90 Accordingly, normal bone turnover in the elderly leads to calcium
depletion as well.

Clinical Course
End-stage osteoporosis culminates in fracture.37,38,95 Still,
for most of its course, osteoporosis is a silently progressive
disease. Patients typically present to the physician late in the
course, following one of three general scenarios. In the irst
of these, the patient presents with an acute painful fracture,
usually of the spine (Fig. 88.4), but possibly of the rib, wrist, or
hip. In the spine, normal activity (even minimal activity) may
exceed the depleted bones’ stress tolerance and result in fracture. he acute fracture can be severely painful, with the pain
remaining over the afected area or radiating across the thorax.
he pain from a vertebral fracture does not radiate down the
legs. Symptoms such as leg pain suggest involvement of the
spinal cord and obligate the physician to search for another or
concomitant process to explain the pain. Osteoporosis, even
if established in such a case, is probably not the only disease
present. he acute pain usually abates when the fracture heals.
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TABLE 88.2
Density

Deinition of Osteoporosis Based on Total Hip Bone Mass

Group

T Score

Normal

≥−1.0 SD

Osteopenia (low bone mass)

Between −1.0 and −2.5 SD

Osteoporosis

≤−2.5 SD

Severe osteoporosis

≤ −2.5 SD and fragility fracture

SD, standard deviation.
Modiied from Kanis JA, Glüer CC. An update on the diagnosis and assessment of
osteoporosis with densitometry. Committee of Scientiic Advisors, International
Osteoporosis Foundation. Osteoporos Int. 2000;11:192–202.

FIG. 88.4 Lateral radiograph of the lumbar spine showing vertebral
compression fractures at L1 and L2 levels (arrowheads).

Nonetheless, the patient rarely returns to prefracture status. At
a minimum, there may be point tenderness over the fracture
site. he patient may note constant abdominal pain, oten
brought about by the constraining forces on the viscera in the
now smaller abdominal cavity. Other patients complain of
generalized backache. he backache may be due to changing
muscular demands brought on by altered spinal curvature.
Furthermore, some patients fear reinjury and strictly limit
their activities. Others develop chronic pain syndromes, dysthymic states, or even overt clinical depression. Osteoporosis,
therefore, oten has a profound efect beyond the acute fracture episode. he incidence of vertebral compression fractures
(highly trabecular bone) rises ater menopause, whereas hip
fractures occur 1 to 2 decades ater menopause from progressive loss of cortical bone. Evidence suggests that these patients
have a 15% increase in 5-year mortality risk.96
Not every patient has an acute episode. In an alternate
scenario, an asymptomatic thoracic wedge or lumbar compression fracture of the spine may be noted on a radiographic
examination performed for an unrelated purpose. hese
compression fractures may present subacutely, with twinge
pain noted on minimal strain or exercise over a period of time,
or the patient may even have no complaints at all. he macroscopic fracture observed on radiography, then, represents
integration over time of a series of small, individually insigniicant microfractures.
In the thoracic spine, both asymptomatic and painful
fractures have a predilection for the anterior aspect of the
bone. Progressive fracture thus leads to progressive shortening
of the anterior height of the vertebral body relative to the
posterior. he resultant shape of the body suggests the name
of this process: wedge fracture. he wedge shape of the body,
when summed over two or more vertebrae, causes dorsal
kyphosis. In the lumbar region, the fractures are usually distributed equally throughout the vertebral body. No wedge is
formed in this situation, and the process is thus termed

compression or collapse fracture. he combined efects of
compression and wedge fractures lead to an unfortunate, but
common, skeletal deformity: lost height coupled with excessive dorsal kyphosis. A vertebral body deformation due to an
osteoporotic fracture can be diicult to determine.
Finally, generalized osteopenia without fracture may
be noted on plain radiographs. his is not a diferent disease
but, rather, an earlier phase of the same process that leads
to fracture and deformity. hese patients sufer from bone
loss but have not yet crossed the critical point of stress
tolerance.

Diagnosis
hough osteoporosis is characterized by low bone mass as well
as poor bone quality, which includes microarchitectural
deterioration, the only readily available test for osteoporosis
focuses on the bone mass. BMD measured via dual-energy
x-ray absorptiometry (DEXA) remains the clinical standard
for diagnosing osteoporosis. he World Health Organization
(WHO) deines osteoporosis by the T score, or number of
standard deviations (SD) below peak bone mass of healthy
adults (Table 88.2). A T score within 1 SD (T score ≥−1) of the
mean is considered normal bone density. A T score between
1 and 2.5 SDs below the mean (T score <−1 but −2.5) is deined
as osteopenia. Osteoporosis is diagnosed with a T score greater
than 2.5 SDs below the mean (T score <–2.5). Concomitant
fragility fracture denotes severe osteoporosis.97
DEXA also provides a Z score, a value for BMD relative to
those of the same age, sex, and ethnicity. he Z score cannot
be used to diagnose osteoporosis but is useful for screening
for secondary causes of osteoporosis. Patients with a Z score
1.5 SDs below the mean for their age, sex, and ethnicity (Z <
–1.5) should be evaluated for secondary causes of osteoporosis.98 In addition, the Z score less than 1.5 is an indicator of
osteoporosis in patients under the age of 40 years old.99 DEXA
is a fast and noninvasive means to determine BMD. It is
produced by penetration of a low-energy and high-energy
x-ray beam aimed at the posteroanterior spine and hip.
Wrist BMD is measured if the spine/hip measurement
cannot be determined, if the patient is obese, or if the patient
has hyperparathyroidism.100 he spine is a useful site for BMD
measurement because it predicts the risk of any fracture as well
as or better than hip BMD in the perimenopausal population
in which hip fracture risk is low. With advancing age, however,
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Laboratory Investigations for Osteoporosis
Generally, laboratory investigations other than bone mass
density measurement are not required for the diagnosis of
osteoporosis. Some routine tests, however, should be performed
to obtain baseline values as part of the initial workup. hese
include complete blood count with diferential, urinalysis, and
blood chemistry proiles with serum calcium and phosphate.
Although vitamin D deiciency is common among the elderly,
with a prevalence of approximately 50%, many patients are
asymptomatic. In addition, serum calcium and phosphate
levels in this group of patients may not necessarily be abnormal.
All older individuals, therefore, should be tested for vitamin D
deiciency by measuring levels of 25(OH)D. If low, adequate
vitamin D supplementation is encouraged. Performance speed
and proximal muscle strength were markedly improved when
25(OH)D levels increased from 4 to 16 ng/mL and continued
to improve as the levels increased to more than 40 ng/mL.108
Notably, blacks consistently have lower levels of 25(OH)
D than whites, and are frequently labeled as having vitamin
D deiciency. However, this population also has signiicantly
lower levels of vitamin D–binding protein due to high prevalence of a common genetic variant. he low level of vitamin
D–binding protein results in levels of bioactive 25(OH)D
that are equivalent to those in whites. Indeed, black patients
with measured 25(OH)D levels below the threshold used to
diagnose vitamin D deiciency do not typically have the associated clinical manifestations. herefore, low vitamin D levels in
this population should be interpreted with caution and future
workups may incorporate vitamin D–binding protein levels
as well.109
Some special laboratory tests are available to measure the
balance between bone resorption and bone formation from
serum and urine samples. hese assays are called biochemical
bone markers. Biochemical bone markers can be classiied into
two groups: bone formation and bone resorption markers
(Table 88.3). Although BMD is a critical measurement used

TABLE 88.3

Biochemical Markers of Bone Turnover

Bone Formation Markers

Bone Resorption Markers

Serum

Serum

Evaluation for Osteoporosis

•

•

Once diagnosed with osteoporosis, a complete medical history
should be obtained with particular attention to the risk
factors for osteoporosis. hese include age of 65 years or older,
a history of vertebral fracture or any fracture during childhood,
a family history of hip fracture, low body weight (body mass
index [BMI] <21 or weight <127 pounds), cigarette smoking,
and use of corticosteroids for more than 3 months.106 Assessment of fall risk in the elderly should also be performed by
evaluating orthostatic hypotension, cognitive impairment,
sedating medications, and loss of vision/hearing. Physical
examination for vertebral injuries should be included as
up to two-thirds of osteoporotic compression fractures are
asymptomatic.107 Examination includes height, excessive
deformity, and tenderness over the spinous process.

•
•
•

Bone-speciic alkaline
phosphatase
Osteocalcin
Carboxyterminal propeptide of
type I collagen
Aminoterminal propeptide of
type I collagen

•
•

Tartrate-resistant acid
phosphatase
NTXs
CTXs

Urine
•
•
•
•

Free and total pyridinolines
Free and total
deoxypyridinolines
NTXs
CTXs

CTX, C-telopeptide of collagen cross-link; NTX, N-telopeptide of collagen cross-link.
Modiied from Camacho P. Biochemical markers of bone turnover. In Favus MJ, ed.
Primer on the Metabolic Bone Diseases and Disorders of Mineral Metabolism, ed 6.
Washington, DC: American Society for Bone and Mineral Research; 2006.
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spine measurements are confounded by osteoarthritis and sot
tissue calciication to a greater degree than the hip.101,102 For this
reason, the hip is the preferred site, especially in women older
than 60 years. Based on the WHO diagnostic threshold, 15%
to 20% of postmenopausal women can be identiied as having
osteoporosis when measurements using DEXA are made at
the spine or hip.95 he US Preventive Services Task Force
recommends that all women aged 65 years should receive a
DEXA scan. hey conclude that there is insuicient evidence
to suggest screening in men,103 but the National Osteoporosis
Foundation recommends DEXA screening in men aged 70
years or those older than 50 years with risk factors.104
he Fracture Risk Assessment Tool (FRAX) provides physicians a means to determine 10-year fracture risk in at-risk
populations. he FRAX model was developed by the WHO by
studying population-based cohorts around the world. his was
created to broaden the evaluation beyond bone density alone.
Factors evaluated by FRAX include age, sex, height and weight,
previous fracture, parent with fractured hip, smoking and
alcohol use, glucocorticoid use, rheumatoid arthritis, secondary osteoporosis, and BMD at the femoral neck. An individual
with a 20% chance of a long bone fracture or a 3% chance of
a hip fracture within 10 years is deemed of suicient risk to
warrant antiosteoporotic drug intervention.
While BMD is an indispensable tool in evaluating for
osteoporosis, the National Bone Health Alliance issued a statement that osteoporosis may be diagnosed clinically based on
the presence of hip fracture; osteopenia-associated vertebral,
proximal humerus, pelvis, or low-trauma distal forearm fracture; or FRAX scores with more than 3% (hip) or 20% (major)
10-year fracture risk.63
he trabecular bone score is a newly developed tool that
estimates trabecular microarchitecture using gray-level texture
measurements of DEXA images. he diagnostic utility of this
tool is under continuing investigation, but reports show that
low lumbar spine trabecular bone score is associated with both
history of fracture and incidence of new fracture. his tool has
shown greatest utility in patients who are close to an intervention threshold based on BMD. Notably, it is unclear at this
time whether trabecular bone score continues to relect fracture risk once osteoporosis treatment is initiated.105
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to evaluate patients for osteoporosis, it represents a static
parameter that provides no information regarding the rate of
bone turnover in a given patient. Biochemical bone markers
are generally noninvasive, widely available, quickly performed,
and relatively inexpensive. Unlike DEXAs, they can be used
repeatedly over short intervals to assess the dynamic process of
bone turnover. In principle, they can be used (along with BMD)
to predict future risk of fracture.

Biochemical Markers of Bone Turnover
During bone formation, osteoblasts produce type I collagen,
which is their major synthetic product. Carboxy-terminal
propeptide and amino-terminal propeptide of type I collagen,
known as PICP and PINP, respectively, are cleaved from the
newly formed collagen molecule and therefore can be used as
the indices to indicate type I collagen biosynthesis. Osteoblasts
also secrete a variety of noncollagenous proteins, two of which
are used clinically as markers of osteoblast activity: bonespeciic alkaline phosphatase and osteocalcin. It is these noncollagenous products that are most useful as markers for bone
formation. Although alkaline phosphatase is derived from
several tissues, the two most common sources are from liver
and bone. Utilization of tissue-speciic monoclonal antibodies
enables diferentiation between liver and bone isoform;
however, the bone isoform has 10% to 20% cross-reactivity
with the liver isoform.110
During osteoclast-mediated bone resorption, the collagen
structure within bone is degraded. his collagen degradation
product is used as an indicator for bone resorption. In general,
collagen molecules in bone matrix are staggered to form collagen ibrils by covalent cross-links.111 hese cross-links consist
of pyridinolines (Pyds) and deoxypyridinolines (Dpds). Pyd
and Dpd cross-links occur at two intermolecular sites in the
collagen molecule: amino-terminal-telopeptide (NTX) and
carboxy-terminal-telopeptide (CTX). As part of this degradation process, cross-linked collagen peptides from both the
NTX and CTX are released and achieve measurable concentrations in both serum and urine. herefore, when osteoclasts
resorb bone, they release a variety of collagen breakdown
products into the circulation that are further metabolized by
the liver and kidney. hese include free Pyds, free Dpds, NTX,
and CTX.
Despite the popularity of urine NTX, there are limitations
to its use as a dynamic measure of bone resorption. As with
other urine biochemical bone markers, NTX must be normalized for creatinine clearance. he urine assay loses reliability
with impaired renal function, and the serum markers are then
preferred. Biochemical bone markers are also subject to technical and biologic variability. Unlike BMD measurements for
osteopenia and osteoporosis, there are currently no accepted
criteria for what constitutes a high turnover rate.
he use of bone biochemical markers to determine therapy
efectiveness is their best established clinical use. Several studies
indicate that, within 4 to 6 weeks, there is signiicant reduction
in biochemical markers of bone resorption ater initiation of
antiresorptive therapy.112–114 Lack of marker reduction may
indicate noncompliance or the need to change the dosage or

the therapeutic agent. Serial BMD tests should be at least 12
(and possibly 24) months apart; therefore, more frequent
measurements of biochemical markers ofer a signiicant
advantage.

Evaluation for Secondary Osteoporosis
When secondary osteoporosis is suspected on the basis of
clinical indings or because the patient is relatively young and
presented with a fragility fracture, speciic tests should be
considered to evaluate contributing causes that may require
additional medical attention. hese include basic laboratory
investigation of a complete blood count with diferential,
erythrocyte sedimentation rate, serum calcium and phosphate
levels, liver function tests, thyroid-stimulating hormone level,
testosterone level in men, and a serum protein electrophoresis
if myeloma is considered (Table 88.4). When abnormalities are
detected, the patient should be referred to a specialist for
further evaluation and speciic treatment (see Table 88.4).

TABLE 88.4

Laboratory Investigations for Secondary Osteoporosis

Medical Diseases

Diagnostic Study

Endocrine
Hyperparathyroidism
Hyperthyroidism
Hypogonadism
Diabetes

Serum calcium, serum phosphate,
parathyroid hormone level
TSH, T3, free T4
LH, FSH, estrogen, testosterone
(men)
Blood glucose

Gastrointestinal Disorders
Crohn disease, ulcerative colitis

CBC, ESR, CRP, serum albumin,
colonoscopy

Liver Disease
Primary biliary cirrhosis, chronic
active hepatitis

Liver function test,
antimitochondrial antibody,
antibody for hepatitis A, B, and C

Bone Marrow Disorders
Multiple myeloma, leukemia,
lymphoma

CBC with diferential, serum
calcium, serum protein
electrophoresis

Collagen Vascular Disease
Osteogenesis imperfecta,
Ehlers-Danlos syndrome, Marfan
syndrome

Genetic testing for collagen
defects

Inlammatory Disease
Rheumatoid arthritis

CBC, ESR, CRP, rheumatoid factor

Other
Renal failure
Osteomalacia

BUN, creatinine
Serum 25-hydroxy-vitamin D,
parathyroid hormone level

BUN, blood urea nitrogen; CBC, complete blood count; CRP, C-reactive protein; ESR,
erythrocyte sedimentation rate; FSH, follicle-stimulating hormone; LH, luteinizing
hormone; TSH, thyroid-stimulating hormone.
Data from Unnanuntana A, Gladnick BP, Lane JM: Osteoporosis and the aging spine:
diagnosis and treatment. In: Yue JJ, Guyer RD, Hochschuler SH, et al., eds. The
Comprehensive Treatment of the Aging Spine: Minimally Invasive and Advanced Techniques.
Philadelphia: Elsevier; 2011.
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Osteoporosis is a silent disease with a multitude of causes and
risk factors. Patients may not present until they experience a
fall and painful fracture; even those patients may not present
with fracture pain, which oten abates without intervention.
First and foremost, treatment aims at prevention of osteoporosis and associated morbidity. Building strong bones begins
in childhood and adolescence. Up to 90% of peak bone mass
occurs at age 18 years in girls and 20 years in boys and may
continue to climb until age 30 years. At this point, peak bone
mass is achieved.115 Adequate peak bone mass is achieved
through proper nutrition, including calcium and vitamin D,
exercise, and avoidance of smoking and alcohol abuse. Inadequate calcium intake during adolescence can account for a
10% reduction in peak bone mass.115 Smoking one pack per
day throughout adult life is associated with a 5% to 10% reduction in bone density,116 and cigarette smoking is also associated
with accelerated metabolism of estrogen.117 It is recommended
that clinicians strongly encourage smoking cessation when
initiating osteoporosis treatment.

Nutrition, Calcium, and Vitamin D
Supplementation
First-line treatment of osteoporosis includes adequate dietary
intake of calories, protein, calcium, and vitamin D. Calcium
and vitamin D supplementation is the cornerstone of all
treatment modalities for osteoporosis. Literature has clearly
shown that adequate calcium and vitamin D intake reduces
the risk of fractures.118 Adequate calcium and vitamin D intake
reduces fracture risk.118 A diet balanced with fruit, vegetables,
and low-fat dairy can provide the majority of calcium needs.
he National Osteoporotic Foundation (NOF) and Institute of
Medicine recommend that men age 50 to 70 years consume
1000 mg per day of calcium and that women age 51 years
and older and men age 71 years and older consume 1200 mg
per day.119–122 To maximize the absorption of calcium across
the small bowels, no more than 500 to 600 mg of elemental
calcium should be taken at any given time.123 A patient’s PTH
level is used to adjust the dose of calcium to the individual
patient. Generally, a PTH greater than 50 pg/mL indicates
inadequate calcium, while a PTH less than 25 pg/mL suggests
oversupplementation of calcium. Among all calcium formulations, calcium citrate is the preferred form because it can be
readily absorbed in patients taking proton pump inhibitors or
H2 blockers, and it does not lead to kidney stone formation.124
he current recommended dosages of vitamin D3 from the
Institute of Medicine are 600 to 800 IU per day,120 whereas the
NOF recommends 800 to 1000 international units (IU) of
vitamin D per day for adults aged 50 years and older.119
However, many experts consider these recommendations to
be too low and suggest that the minimum adult intake should
be 1000 to 2000 IU/day.125 he appropriate amount of vitamin
D intake should be evaluated by monitoring 25(OH)D level
and serum PTH. Experts suggest that 25(OH)D concentration
be maintained at a minimum of 50 nmol or 20 ng/mL.126 he
upper limit of safety is estimated to be 125 nmol/L. Toxicity

is rare even if a dosage of 10,000 IU/day is given for up to 5
months.126,127
Protein is also a signiicant contributor to bone health. A
randomized prospective study that studied hip fractures in 82
elderly women demonstrated that those who took protein
supplementation in addition to calcium and vitamin D supplements had an attenuation of the loss of bone at 1 year compared
with those who received nonprotein supplements.128 However,
high dietary protein and sodium increase urinary calcium
excretion and have also been shown to decrease the calcium
available to the skeleton.129

Exercise
hose diagnosed with osteoporosis are recommended
to engage in exercise 3 to 5 times per week for at least 45
minutes.119 Regular physical activity reduces the risk for
osteoporosis and osteoporotic fractures.130,131 Weight-bearing
exercise has beneicial efects on BMD, including that of
the spine in both premenopausal and postmenopausal
women.130,132-135 In one study, young women (aged 20 to 35
years) were randomized into groups of exercise and calcium
supplementation for 2 years and bone density at various sites
was evaluated. he group randomized to the aerobics and
weight-training program had a 2.5% increase in their spine
density compared with the calcium and stretching program.136
Muscle mass is signiicantly correlated to bone mass,40 suggesting that increased skeletal loading leads to increased bone
mass. As little as 1 hour of exercise two or three times per
week can increase vertebral bone mass in postmenopausal
women, whereas inactivity results in continued bone loss and
increased risk for hip fracture.137
Immobilization results in decreased bone mass through
increased activation at remodeling sites and decreased
osteoblast stimulation.138 Bone loss with complete immobilization can reach 40% in 1 year but can be prevented
with upright positioning and daily postural shiting for 30
minutes.139 Permanent bone loss can be prevented by instituting exercise within the irst months of immobilization.138
herefore, although the gains in bone mass with exercise
may be small, the decline in bone mass and subsequent
increased fracture risk with inactivity can be substantial and
irreversible.
Regular physical activity also improves muscle strength
and balance, thus reducing the risk of falls.140-143 Recommended exercises include resistance training, walking/jogging,
Tai Chi, yoga, and Pilates. hese programs signiicantly
improve balance,144 mitigate the fear of falling, and reduce falls
in the elderly by more than 47%.140
Conservative management of osteoporotic patients should
include an exercise program to minimize the efects of a more
sedentary lifestyle common in the elderly. he prescribing
physician should tailor the exercise regimen to the patient’s
overall itness, most speciically cardiac tolerance. Accordingly, exercises that deliver high impact for a given aerobic
efort, such as walking, are preferable to those that have less
efect, such as swimming. Nevertheless, general musclestrengthening therapy prevents falls.

S E C T I O N
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A comprehensive general rehabilitation program that
stresses spine extension and abdominal-strengthening exercises without lexion, as well as impact-loading activities such
as walking, should be part of the treatment plan for every
osteoporotic patient. Persistent participation in the exercise
program is important because the beneits of exercise are
quickly lost with cessation of the exercise regimen.134

Pharmacologic Treatment
Current pharmacotherapies aim to improve BMD and halt
osteoporosis progression.
he NOF recommends pharmacologic treatment in postmenopausal women and men aged 50 years or older who have
a hip or vertebral fracture, T score of –2.5 with secondary
causes ruled out, or a T score between –1.0 and –2.5 with
10-year hip fracture risk of at least 3% or 10-year risk of
osteoporotic fracture of 20%.119 Current US Food and Drug
Administration (FDA)-approved pharmacotherapies for
osteoporosis include bisphosphonates, estrogen agonists, calcitonin, PTH, and the RANKL inhibitor denosumab. According to the American Association of Clinical Endocrinology,
the bisphosphonates—alendronate, risedronate, and zoledronic acid—and denosumab are irst-line therapies. Secondline agents include ibandronate and raloxifene. Calcitonin is a
last-line agent and teriparatide is reserved for high fracture
risk patients in whom bisphosphonates have failed or anabolic
agents are indicated.145 Before beginning pharmacologic treatment, all patients should take calcium and vitamin D supplements and participate in an exercise regimen.

Estrogen
Hormone replacement therapy, including estrogen, was once
considered irst-line treatment for osteoporosis. Postmenopausal osteoporosis results from loss of estrogen; its replacement has been shown to increase bone mass and reduce the
risk of vertebral and hip fractures by 30% to 40%.146 Hormone
replacement therapy is no longer considered irst-line therapy
for osteoporosis because of its association with breast cancer,
myocardial infarction, stroke, and venous thromboembolism.146 Rather, it is used for management of postmenopausal
symptoms in a tapered fashion.146

Selective Estrogen Receptor Modulators (SERMs)
Selective estrogen receptor modulators (SERMs) were developed for their beneicial efects of estrogen while limiting the
adverse side efects described earlier. Raloxifene (Evista) is
FDA approved for both the prevention of breast cancer,
decreasing the risk by 70%, and for osteoporosis through its
efects on bone estrogen receptors.147 Raloxifene has been
shown to reduce the risk of vertebral fracture but has no signiicant efect on nonvertebral fractures.148 Its beneicial efects
must be weighed with increased risk of venous thromboembolism and exacerbation of postmenopausal symptoms.148,149
In 2013, the FDA approved the use of bazedoxifene combined
with conjugated estrogens for the treatment of osteoporosis

and vasomotor menopausal symptoms. his combination has
increased BMD of the spine and hip signiicantly greater than
raloxifene alone.150 he beneit of SERMs should be weighed
against their potential harmful side efects before initiation of
treatment.

Bisphosphonates
Bisphosphonates are the most commonly used antiresorptive
agents in the treatment of osteoporosis and are available in
both oral and intravenous forms. Several bisphosphonates
have been approved by the FDA for the treatment and
prevention of osteoporosis: alendronate (Fosamax), risedronate (Actonel), ibandronate (Boniva), and zoledronic acid
(Reclast). Bisphosphonates exist as nitrogen-containing and
non-nitrogen-containing forms. Nitrogen-containing bisphosphonates inhibit osteoclast GTPase synthesis via farnesyl
pyrophosphate synthase enzyme, inactivating these cells. Nonnitrogen-containing bisphosphonates form an ATP analog,
preventing DNA synthesis and ultimately osteoclast apoptosis.151 hese drugs difer in their potency, administration,
and dosing schedules. All bisphosphonates bind to bone and
reside within the bone mineral for periods of up to 60 years.
Alendronate and risedronate are given orally, zoledronic acid
intravenously, and ibandronate is available in both oral and
intravenous formulations. Bone turnover rate signiicantly
slows within 6 weeks in those taking oral formulations and
within 3 days with intravenous formulations.
Several clinical trials have shown that oral bisphosphonates
—alendronate (Fosamax), risedronate (Actonel, Atelvia), and
ibandronate (Boniva)—reduce the risk of osteoporotic fractures of the spine by 70% and hip up to 50% over 1 to 3 years
ater previous fracture.152–154 Intravenous zoledronic acid is the
most potent bisphosphonate available, increasing BMD of the
spine by 4.3% to 5.1% and BMD of the hip by 3.1% to 3.5%
compared with placebo. It also reduced the incidence of vertebral fractures by 70%, hip fractures by 41%, and nonvertebral
fractures by 25% over 3 years.152 It reduces cardiac mortality
by more than 20% when given within 3 months of hip fracture
without afecting fracture healing.155
he most common side efects of bisphosphonates include
diiculty swallowing and dyspepsia from mucosal irritation.
All bisphosphonates can afect renal function and are contraindicated in patients with a glomerular iltration rate less than
30 mL/min.119 Acute renal failure requiring dialysis has been
reported with zoledronic acid use; therefore, the FDA recommends serum creatinine testing before administration.156
Long-term use of bisphosphonates beyond 5 years is associated with osteonecrosis of the jaw (ONJ), although this is more
common with high doses used to treat bone cancers.157 ONJ
is characterized by exposed bone in the musculofascial region
that fails to heal ater 8 weeks. Prolonged use of bisphosphonates can lead to adynamic fragile bone, resulting in atypical
fractures of the femur. Atypical subtrochanteric and femoral
shat fractures appear radiographically as a transverse pattern
with beaking of the cortex and occur with minimal trauma.
Any patient presenting with groin pain should be evaluated
with radiographs of both hips and potentially MRI or bone
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Calcitonin
Calcitonin (Fortical, Miacalcin) works by inhibiting osteoclastic bone resorption. Evidence suggests a reduction of vertebral
fractures with modest efect on BMD.159,160 Calcitonin may
ofer an analgesic efect in vertebral fractures, thought to be
mediated by increased beta endorphins.161 A postmarketing
analysis by the FDA revealed increased risk of malignancy,
4.1% versus 2.9% in placebo groups, although a causal relationship has not been identiied.70 It is available as injection or
nasal spray and is indicated only in postmenopausal women
with reduced BMD in whom other agents have failed.

Anabolic Agents
Teriparatide (Forteo), recombinant human parathyroid
hormone (1–34), is the only anabolic agent available for the
treatment of osteoporosis. It is indicated for postmenopausal
women or hypogonadal men who are at high risk for fracture
and intolerant to or failed other treatment options. It is contraindicated in patients with hypercalcemia, renal impairment,
pregnancy, breastfeeding, skeletal malignancy, Paget disease,
or elevated alkaline phosphatase.162 When given continuously,
it results in increased bone turnover and net bone loss;
however, when given intermittently, it leads to an anabolic
phase and increased bone mass. It has been shown to increase
bone mass up to 13% over 2 years163 with reduction of vertebral
and nonvertebral fractures by 65% and 53%, respectively.164
Evidence suggests beneits of teriparatide on fracture healing
through accelerated callus formation and proliferation of
osteoprogenitor cells. Studies have shown promotion of
healing in atypical subtrochanteric fractures associated with
bisphosphonate use165 as well as treatment of ONJ.166 Prolonged exposure to high doses of teriparatide in rodents has
been associated with increased risk of osteosarcoma.167 Patients
should be monitored using serum calcium, PTH levels, and
25(OH) vitamin D levels and treatment discontinued ater
2 years.

Denosumab
Denosumab (Prolia) is approved for the treatment of men and
postmenopausal women with osteoporosis at high risk for
fracture. It is a human monoclonal antibody that acts as a
RANKL inhibitor, dosed every 6 months by subcutaneous
injection. Over 3 years, denosumab reduces the risk of vertebral fractures by 68%, hip fractures by 40%, and nonvertebral
fractures by 20%.168 Denosumab is associated with hypocalcemia, skin rash, and, less commonly, ONJ and atypical femur

fractures. It does not bind to bone and is not measurable
within the body ater 2 months.

Pharmacologic Agents and Spinal Fusion
he efect of bisphosphonates on spinal fusion rates in animal
models has provided inconsistent results. Several studies
have shown no efect on fusion rates in porcine and rabbit
models receiving alendronate postoperatively.169–172 Others
have shown increased size of fusion mass, new bone formation, and improved adherence at the screw-bone interface in
rat models.172,173 Nagahama et al.174 performed a prospective
randomized controlled trial in humans with osteoporosis
undergoing lumbar interbody fusion. hey demonstrated
greater 1-year fusion rates (95%) in those receiving alendronate
compared to control groups receiving vitamin D (65%). hey
also demonstrated decreased rates of cage subsidence, pseudarthrosis, and adjacent-level compression fractures in those
taking alendronate.174 Intermittent administration of teriparatide in both rat and rabbit models signiicantly enhanced
spinal fusion rates and increased the fusion mass.175,176
Clinically, in randomized trials, PTH enhanced distal radius
fracture and pelvic fracture fusion rates over controls. A recent
series of randomized blinded trials of PTH, risedronate, and
controls were tested in 1-level and 2-level spine fusions by
Ohtori and his colleagues.177 PTH decreased fusion failure by
50% and pedicle screw pullout by 50%. Risedronate, a bisphosphonate, was undistinguished from controls. Presently, the
use of calcium and vitamin D supplements, bisphosphonates,
teriparatide, and anabolic agents appears to enhance spinal
fusion rates in the perioperative period.178

Strategies for Treatment of the Osteoporosis Spine Patient
Patients considered for spine surgery with a diagnosis of
osteopenia or osteoporosis should optimize nutrition status
with adequate protein intake, calcium, and vitamin D
supplementation. If a patient is under consideration and has
signiicant osteoporosis, consider presurgical treatment with
an anabolic agent to increase trabecular bone for 3 to 6
months. At surgery, in line with Ohtori data, place on anabolic
PTH until fusion is united, usually for 1 to 2 years. If there
is prior bisphosphonate exposure and low bone turnover
(NTX <20), pretreat with PTH until NTX is over 20 and
then continue for 2 years postoperatively. If the patient has
osteopenia, hold bisphosphonate until fusion takes, then start
bisphosphonate.
Spinal cord injury (SCI) results in unique and signiicant
loss of BMD in its distribution, rate, and mechanism. In
patients with complete SCI, sublesional BMD loss may
approach 1% per week during the initial postinjury period.
his rate is signiicantly higher than disuse osteopenia seen in
nonparalytic conditions, such as bed rest. Proposed mechanisms include loss of sensory and sympathetic osteoanabolic
innervation and catabolic efects of muscle atrophy. he rate
of sublesional fracture in complete SCI patients is 1% for the
irst year and then 4.6% for each additional year.179 Given the
accelerated bone loss in these patients, an aggressive approach

S E C T I O N

scan if suspicion persists. he absolute risk of atypical subtrochanteric or femoral shat fracture ater 5 years of bisphosphonate use is 0.13% during the subsequent year and 0.22% within
2 years.158 he American Association of Clinical Endocrinology recommends a drug holiday ater 4 to 5 years of bisphosphonate therapy in mild osteoporosis.145 While efective, the
use of bisphosphonates requires the prescribing physician to
be vigilant for the potentially severe side efects.
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is recommended, including optimizing calcium and vitamin
D intake, the use of antiosteoclastic medications such as
bisphosphonates, teriparatide, or denosumab, correction of
hypogonadal states, and weight-bearing movements, such as
gait training.

Future Directions
Current pharmacologic agents for the treatment of osteoporosis have unique mechanisms, beneits, and side efects.
hese factors must be considered for each patient given each
individual’s diagnosis and associated risk factors. Current
developmental treatments focus on monoclonal antibodies
targeting speciic metabolites and enzymes involved in bone
homeostasis. Research in rare genetic diseases—sclerosteosis
and Van Buchem disease—has led to the discovery of the
protein sclerostin. his protein inhibits the Wnt signaling
pathway and formation of new bone. Current trials using
rosozumab and blosozumab, monoclonal antibodies against
sclerostin, demonstrate superiority to placebo.12,181 Emerging
pharmacologic agents should aim to reduce resorptive activity
while promoting bone formation in a way that maintains the
structural integrity of the bone and limits side efects of the
drugs.
Strontium ranelate is an agent that has both antiresorptive
and anabolic action. Treatment of postmenopausal osteoporotic women with strontium ranelate has been shown to
decrease fracture risk and increase bone mineral density.182,183
he long-term efects, however, remain unknown. he development of new formulations of teriparatide (noninjectable
forms) or development of alternative PTH analogs that possess
longer half-life, leading to less frequent dosing, are also under
investigation.184,185

Paget Disease of Bone (Osteitis Deformans)
Paget disease of the bone is the second most prevalent metabolic
bone disease. he overall incidence of Paget disease is decreasing, however.186,187 he pelvis is the most frequently afected
site, but the disease in the pelvis is most oten asymptomatic.
When Paget disease is clinically apparent, spinal complaints,
notably pain, are the most common.188 Paget disease primarily
afects older individuals; in the United States, it occurs in
2% to 3% of people older than the age of 60 years.189 Paget
disease afects men and women equally and has a distinctive
geographic distribution. It is found more commonly in the
United Kingdom, North America, Australia, New Zealand,
France, and Germany. It is rarely encountered in Scandinavia,
China, Japan, India, Africa, or the Middle East.103,190

Pathology
Paget disease is a focal disorder of accelerated skeletal remodeling that usually involves a single bone (monostotic) or
several bones (polyostotic) and rarely afects numerous bones.
Initially, there is an increase in the rate of bone resorption at
areas of bone remodeling (Fig. 88.5). Pagetic osteoclasts are

A

B
FIG. 88.5 Histologic appearance of Paget disease. (A) Mosaic pattern. (B)
Polarized view of disorganized collagen. (From Disorders of Bone 20. Orthop.
Science. Park Ridge, IL: American Academy of Orthopaedic Surgeons; 1986.)

abnormal in several ways: they are greater in size and number
and highly multinucleate, with up to 100 nuclei.191,192 In
response to this increased resorptive activity, additional osteoblasts are recruited to remodeling sites, with increased production of qualitatively poor new bone matrix that is deposited
in a disorganized woven pattern. he result is increased bone
formation and a disruption of the normally organized lamellar
collagen architecture.191 Over time, this woven bone is incompletely replaced by more organized bone, as is the case with a
fracture callus.
he etiology of Paget disease remains unknown. Evidence
exists for both viral and hereditary causes. Genetic factors
seem to play a role, as evidenced by the epidemiology of
British migrants being afected more frequently. Familial
clusters of Paget disease have been documented.193,194 A positive family history has been reported in up to 40% of patients.189
A irst-degree relative has 7 times greater risk of developing
Paget disease.194 Genetic studies have identiied several possible loci for Paget disease.195–197 Sequestosome 1 (SQSTM1) is
the best studied and encodes for a scafold protein (p62) in
the nuclear factor κ1 (NF κ1) signaling pathway.198 he
common area of interruption is the region encoding the
binding site for ubiquitin. he loss of the ubiquitin site leads
to dysregulation of the protein, which is thought to lead to
activation of the RANKL pathway and subsequent increased
osteoclast activity.45 here is currently a large clinical trial
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Clinical Course
Most patients with Paget disease are asymptomatic. In fact,
22% of patients diagnosed with Paget disease are asymptomatic. he disease is oten detected when the patient has a
radiograph taken or serum alkaline phosphatase measured for
an unrelated reason. In the majority of patients with Paget
disease, one or several bones are involved. In decreasing order,
the most commonly involved bones include the pelvis, lumbar
spine, femur, thoracic spine, skull, tibia, humerus, and cervical
spine; however, any bone may be afected. he lumbar, thoracic, and cervical vertebrae are afected in 58%, 45%, and 14%
of patients, respectively.204,207
Clinical manifestations, when present, cover a wide spectrum. In order of decreasing frequency, symptomatic individuals may present with pain, bone deformity, deafness, and
pathologic fractures.208 Patients who are symptomatic most
oten present with back pain,209 although other areas, especially
the hip, can be involved. he skull can be implicated in the
disease, and when it is the woven bone, expansion can encroach
on the cranial nerves, most typically the eighth nerve. Both
the acoustic and the vestibular branches can be afected; thus,
the initial presentation of Paget disease might be decreased
hearing or diiculty with gait or balance.210
In the spine, the pain is infrequently due to primary pagetic
involvement alone but rather represents related secondary
changes (Fig. 88.6).211 hese include osteoarthritis of the spinal
facets; encroachment on the spinal cord; or, in the case of
intense pain, pathologic fracture. When the spinal column is
involved, most oten it is the thoracolumbar regions that are
afected, but cervical disease may also contribute.212 Involvement of the spinal cord may be secondary to a mechanical or
vascular complication. Of the mechanical causes, vertebral
collapse, osteophytic overgrowth, or bony volume expansion
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investigating if zolendronate may prevent or delay the onset
of Paget disease in patients with SQSTM1 gene mutations.199
Environmental factors also may play a role in Paget disease.
Initial enthusiasm for a viral etiology was stimulated by the
nuclear and cytoplasmic inclusion bodies, similar to paramyxovirus nucleocapsids, detected in afected osteoclasts by
numerous methods in several studies.200–203 Several syncytial
viruses and canine distemper virus have also been postulated
to play a role in the etiology of Paget disease.200,201 A characteristic feature of these viruses is their ability to persist at low
levels and invade the host immune system.
Despite decades of research, a pure viral cause for Paget
disease has not been proven. No virus has ever been cultured
from pagetic cells. Polymerase chain reaction studies have had
mixed results attempting to isolate measles virus and canine
distemper virus from blood and osteoblasts of patients with
the disease.204,205 Also, unlike the distinctive geographic distribution of paget disease, measles has a similar incidence
worldwide and occurs in young patients, whereas Paget disease
generally occurs in the elderly.206 Furthermore, similar viral
nuclear inclusion bodies have been identiied in other skeletal
disorders; thus, the virus may be a nonetiologic cotraveler in
an osteoclast altered by some other mechanism.
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FIG. 88.6 Spinal involvement in Paget disease. The vertebral body is
squared and enlarged.

in the osteosclerotic phase (discussed later) can all impinge on
neural elements.213 he spinal cord’s vascular supply can
likewise be disrupted by bone compression of aferent arteries,
leading to neural ischemia. In addition, Paget disease causes
a reactive vasodilation near diseased areas. his may lead to
shunting of blood and ischemia of the deprived areas. In the
spine, increased blood low around pagetic lesions may result
in a diversion of blood destined for the cord, causing the socalled arterial steal phenomenon and leading to neurologic
signs. In summary, spinal Paget disease can cause not only
bone pain and arthritis or pathologic fractures but also,
through its efect on nerves, headaches, hearing or vision loss,
cerebellar deicits, and even fecal and urinary incontinence.
A hallmark of Paget disease is skeletal deformity, which
may be manifest as an increase in bone size or an abnormality
in bone shape. Bone is resorbed and replaced rapidly in Paget
disease, and the replacement bone is necessarily less organized
and weaker. In weight-bearing bones, this can cause skeletal
deformities.214 Although this problem is more common in the
femur and tibia, it can occur in the spine, leading to signiicant
kyphotic changes.
Paget disease can also cause high-output cardiac failure.
his rare occurrence is not due to increased blood low within
the pagetic bone but rather to reactive vasodilatation of the
tissue adjacent to the involved bone. his increased vascular
low explains the skin warmth felt over the involved bone and,
as discussed earlier, may cause ischemia in regions where the
blood normally lows.
he most serious clinical complication of Paget disease
heralded by the acute onset of pain or sharp increase in the
intensity of chronic pain is osteosarcoma or other types of
sarcoma. Although the incidence of osteosarcoma is less than
1% of patients with Paget disease, it is 1000 times higher than
in the general population for this age group.215 Moreover, the
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tumors that do form are particularly aggressive. Fortunately,
sarcomatous degeneration is especially infrequent in spinal
Paget disease. An unusual form of tumorous degeneration in
Paget disease is the giant cell tumor. he lesion is frequently
multifocal and has a unique association with individuals
from Avellino, Italy.216 he tumor frequently involves the
spine and leads to paraplegia unless treated. It responds to
dexamethasone therapy, which can be augmented by selective
radiation.
Other clinical manifestations of Paget disease may be
related to the phase of the patient’s disease. During the early
osteolytic phase, for example, the patient may sufer the consequences of bone loss, such as a pathologic fracture, whereas
in the late sclerotic phase, arthritic complaints predominate.
Furthermore, Paget disease may advance geographically
within a bone or may progress from a monostotic disease to
one involving many bones. herefore, a mixed picture may be
observed, with lysis in some areas and sclerosis in others.

Diagnosis
Radiographic Assessment
Paget disease is nearly always diagnosed radiographically.
Although the osteoclastic lesion is readily apparent on histologic section, because the radiologic presentation is classic and
generally unambiguous, there is rarely a need to progress
beyond radiographs. Paget disease occurs in three phases,
each of which has a distinct appearance on radiographs. In the
earliest phase of the disease (lytic phase) when osteoclast
resorption predominates, a well-demarcated, circular region
of decreased bone density may be seen in the afected bone.
his lesion has been termed osteoporosis circumscripta. Later,
in the lytic-blastic phase, when osteoblasts begin to replace
resorbed bone, radiographs demonstrate both osteolytic and
sclerotic changes in the same bone. In the spine, this mixed
picture is seen with expanded, radiodense regions in the
periphery of the vertebral bodies (cortical thickening) and
heightened radiolucency centrally. In the inal phase of the
disease, when osteoblastic bone formation outpaces osteolysis
and primarily sclerotic changes are seen on radiographs, the
afected bones appear dense, enlarged, and oten deformed.
he diferentials for osteoblastic vertebrae include lymphoma,
Paget disease, and osteoblastic metastases. Only Paget disease
increases the size of the vertebrae.

Biochemical Markers
he increase in bone resorption and bone formation is relected
in an increase in biochemical markers of bone turnover.
Bone resorption releases fragments of the collagen matrix,
as evidenced by an elevated urinary excretion of hydroxyproline and hydroxylysine. Although these provide reasonably
accurate measures of bone collagen resorption, more speciic
tests are used routinely. Serum total alkaline phosphatase is a
bone formation marker; its elevation in Paget disease is the
most common index of disease activity. A measure of bonespeciic alkaline phosphatase may be preferred in a subset of

patients with hepatic disease or monostotic involvement, in
which 15% of patients have a normal alkaline phosphatase
level207 but appears to ofer no advantage in the average
patient.217 In all patients, however, changes in total serum
alkaline phosphatase activity are adequate to monitor changes
in overall disease activity. Urinary and serum markers of
bone resorption—including deoxypyridinoline, N-telopeptide,
and C-telopeptide—provide more immediate measures of
response to therapy than bone formation markers.

Biopsy
Although radiographic and biochemical indices are usually
diagnostic, if uncertainty remains, a bone biopsy can deinitively diagnose the disease. However, early Paget disease
cannot always be distinguished with suicient conidence
from a metastatic tumor in the spine (a frequent site of metastasis). In such a case, a biopsy of the lesion (not of the iliac
crest, the typical location of biopsy in metabolic bone disease)
may be performed.

Treatment
Calcium and Vitamin D
Calcium and vitamin D deiciency should be corrected before
the use of any bisphosphonates or treatments for Paget disease.
Hypocalcemia is a signiicant risk, especially with the use of
any of the intravenous bisphosphonates.218

Bisphosphonates
he emergence of newer, more potent bisphosphonates has
resulted in a major change in the treatment of Paget disease
over the past several years. Bisphosphonates, which inhibit
osteoclast-mediated bone resorption and induce osteoclast
apoptosis,219 are the mainstay of drug treatment for Paget
disease. Studies have demonstrated that bisphosphonates are
efective in reducing bone turnover,220–222 decreasing pain,220,222
and promoting healing of osteolytic lesions.223 On the other
hand, studies have yet to demonstrate the long-term eicacy
of bisphosphonates to prevent complications of the disease.
here is debate as to whether to treat only symptomatic
patients or to treat all patients with the goal of normalizing
bone turnover markers. While there is some evidence from a
large randomized clinical trial that there is no diference in
outcomes between the two approaches, other studies have
shown that treating to normalization of bone turnover markers
leads to healing of lytic radiologic lesions, pain relief, and
improved quality of life.220,223–225 Availability of more potent
bisphosphonates in recent years also supports an early intervention approach. In order of decreasing potency, the FDAapproved bisphosphonates for the treatment of Paget disease
are zoledronic acid, risedronate, alendronate, pamidronate,
tiludronate, and etidronate. Zoledronic acid was recently
shown to be more eicacious than risedronate in controlling
pain, decreasing bone turnover markers, and maintenance of
suppression ater treatment.220
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Calcitonin, the irst widely used therapy for Paget disease,
also inhibits osteoclastic bone resorption.226 In addition, calcitonin has analgesic properties that can beneit patients with
signiicant pain. Salmon calcitonin is available in injectable
and nasal-spray forms, but only the injectable form is FDA
approved for the treatment of Paget disease. Compared with
bisphosphonates, calcitonin is less powerful and does not suppress the disease activity for as long ater cessation. Calcitonin
use today is largely limited to those patients who are unable
to tolerate bisphosphonates.227

Surgery
Finally, some patients with Paget disease beneit from surgery.
Although operative intervention cannot cure the basic lesion
of the disease, surgery may relieve symptoms caused by
secondary changes, including fractures, bone deformities,
arthritis, and spinal stenosis. Before surgery, pretreatment
with a potent oral bisphosphonate (or pamidronate infusion
if time is limited) quiets the operative ield, helps prevent
postoperative hypercalcemia, and fosters better healing and
hemostasis.

Summary
Metabolic bone diseases are a group of disorders that occur
as a result of changes in osteoblast and osteoclast function.
he osteoblast and osteoclast play a major role in maintaining
the structure and material properties of bone, controlling the
synthesis of bony matrix, and regulating mineral metabolism
and the mineralization process. hus, an alteration of these
cells’ function results in a variety of clinical disorders. An
understanding of the pathogenesis of such diseases and an
attempt to deine the cause of a patient’s acute problem is the
key for treatment. his requires a thorough medical history,
physical examination, imaging studies, and appropriate
laboratory investigations. In general, appropriate care includes
adequate replacement of calcium, vitamin D, and initiation
of antiosteoporotic agents, including bisphosphonates for
high-turnover state and teriparatide for low-turnover state.
Anabolic agents are the preferred drugs in the setting of
operative spinal fusion for osteoporotic patients. Orthopaedic
surgeons should be aware of these biologic and biochemical
disorders and familiar with their clinical presentation.

romosozumab has signiicant potential to increase BMD and
reduce risk of vertebral and nonvertebral fractures.
3. In the setting of spinal fusion and fracture healing, an anabolic
agent may be advantageous in the early phases to enhance
appropriate biologic healing responses.
4. The treatment of metabolic bone diseases of the spine,
including osteoporosis and Paget disease, requires a
multidisciplinary approach. An understanding of the
pathogenesis of such diseases and an attempt to deine the
cause of a patient’s acute problem is the key for treatment.
PITFALLS
1. Failure to recognize metabolic bone disease preoperatively in
patients may lead to inferior postsurgical outcomes.
2. BMD and bone quality are the major determinants of bone
strength. An alteration in either BMD or bone quality results in
osteoporotic vertebral compression fractures.
3. Prolonged treatment with bisphosphonates may result in
oversuppression of bone turnover, leading to adynamic, fragile
bone.
4. Bisphosphonates should be discontinued following spinal fusion
or acute vertebral fracture in order to reduce the possible
adverse efects to the early biologic processes of fracture
healing.
5. Teriparatide is contraindicated in Paget disease, unexplained
elevations of alkaline phosphatase, history of skeletal irradiation,
and children with open physes.

KEY POINTS
1. Metabolic bone diseases are a group of disorders that occur as a
result of changes in osteoblast and osteoclast function. Among
all disorders of the spine, osteoporosis is the most common
metabolic bone disease afecting the spine.
2. BMD and bone quality are the major predictors for osteoporotic
vertebral compression fractures. An approach combining
assessment of BMD, bone turnover rate, and tissue properties
may allow improved prediction of fracture risk.
3. Osteoporosis has been divided into high-turnover and
low-turnover osteoporosis. Antiresorptive agents, such as
bisphosphonates, have been developed to address the
high-turnover state, while an anabolic agent, PTH, provides
active building of bone mass and treats the low-turnover state.
4. In the setting of spinal fusion and fracture healing, clinicians
should discontinue bisphosphonates at the time of surgery. An
anabolic agent, such as teriparatide, may be advantageous in
the early steps to enhance appropriate biologic healing
responses.
5. The treatment of metabolic bone diseases of the spine,
including osteoporosis and Paget disease, requires a
multidisciplinary approach. An understanding of the
pathogenesis of such diseases and an attempt to deine the
cause of a patient’s acute problem are the keys for treatment.

PEARLS
1. An approach combining assessment of BMD, bone turnover
rate, and tissue properties may allow improved prediction of
fracture risk.
2. Osteoporosis has been divided into high-turnover and
low-turnover osteoporosis. Antiresorptive agents, such as
bisphosphonates, have been developed to address the
high-turnover state, while an anabolic agent, PTH, provides
active building of bone mass and treats the low-turnover state.
Clinical trials suggest that the anti-sclerostin antibody

KEY REFERENCES
1. Ohtori S, Inoue G, Orita S, et al. Comparison of teriparatide and
bisphosphonate treatment to reduce pedicle screw loosening
after lumbar spinal fusion surgery in postmenopausal women
with osteoporosis from a bone quality perspective. Spine.
2013;38(8):487-492.
This prospective study evaluates the eicacy of teriparatide and
risedronate in preventing pedicle screw loosening after lumbar
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posterolateral fusion in female patients with osteoporosis. It
concludes that teriparatide (daily subcutaneous injection of
20 µg) signiicantly reduces the incidence of pedicle screw
loosening compared with risedronate and the control group.
Use of risedronate was not associated with decreased loosening
compared with controls. The authors recommend administration
of teriparatide to improve the quality of lumbar spine bone marrow
and pedicle cortex.
McClung MR, Grauer A, Boonen S, et al. Romosozumab in
postmenopausal women with low bone mineral density. N Engl
J Med. 2014;370(5):412-420.
This randomized controlled trial assesses the safety and eicacy
of romosozumab, a monoclonal antibody that increases bone
formation by binding sclerostin. Results indicate that romosozumab
signiicantly increases bone mineral density in the lumbar spine.
An 11.3% increase in bone mineral density was observed with the
210-mg dose at 12-month follow-up. Adverse events were limited
to mild injection-site reactions. It concludes that romosozumab is
a robust stimulator of bone formation in postmenopausal women
with osteoporosis.
Cosman F, Crittenden DB, Adachi JD, et al. Romosozumab
treatment in postmenopausal women with osteoporosis. N Engl
J Med. 2016;375(16):1532-1543.
This large, randomized controlled trial evaluates the rates of new
vertebral and nonvertebral fractures in patients treated with
romosozumab versus placebo. Patients on romosozumab had
a 73% lower risk of vertebral fractures and a 36% lower risk of
nonvertebral fractures compared with those on placebo.
Kanis JA. FRAX and the assessment of fracture probability in
men and women from the UK. Osteoporos Int. 2008;19:385-397.
This study reports the use of an assessment tool to determine the
absolute risk of a hip fracture or osteoporotic fracture within the
next 10 years on the basis of the patient information, including
BMD, body mass index, a prior history of fracture, a parental history
of hip fracture, use of oral glucocorticoids, rheumatoid arthritis
and other secondary causes of osteoporosis, current smoking, and
alcohol intake.
Vieth R. Why the optimal requirement for Vitamin D3 is probably
much higher than what is oicially recommended for adults. J
Steroid Biochem Mol Biol. 2004;89-90:573-579.
This review article provides a concise summary of the current
evidence from animal studies, epidemiologic studies, and
randomized, controlled clinical trials of fracture prevention using
vitamin D. It concludes that the optimal 25(OH)D concentration
in osteoporotic patients should exceed 70 nmol/L, which requires
an average vitamin D intake of 800 to 1000 IU per day. The author
further suggests that optimal vitamin D levels for other aspects of
human health are probably higher still.
Lyles KW, Colon-Emeric CS, Magaziner JS, et al. Zoledronic acid
and clinical fractures and mortality after hip fracture. N Engl J
Med. 2007;357:1799-1809.
This randomized controlled trial found that the administration
of zoledronic acid after a hip fracture decreased fracture risk and
mortality rate compared with placebo.
Huang RC, Khan SN, Sandhu HS, et al. Alendronate inhibits spine
fusion in a rat model. Spine. 2005;30:2516-2522.
This study investigates the efects of alendronate on posterolateral
lumbar fusion in a rat model. The investigators concluded that
alendronate inhibits spine fusion in rats. The fusion masses in
rats treated with alendronate were radiographically larger and
denser than those in control animals despite lower fusion rates.
Alendronate was also shown to inhibit bone graft resorption and
incorporation. The authors recommend that patients undergoing

spine arthrodesis should not take alendronate until fusion is
achieved.
8. O’Loughlin PF, Cunningham ME, Bukata SV, et al. Parathyroid
hormone (1-34) augments spinal fusion, fusion mass volume,
and fusion mass quality in a rabbit spinal fusion model. Spine.
2009;34:121-130.
The aim of this study was to assess whether intermittent parathyroid
hormone (PTH) would improve spinal fusion outcomes in the Boden
rabbit posterolateral spinal fusion model. The investigators found
that PTH increased posterolateral fusion success in rabbits. Fusion
bone mass and histologic determinants were also improved
with PTH treatment. The authors conclude that PTH has promise
for use as an adjunctive agent to improve spinal fusion in clinical
medicine.
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Osteoporosis is a metabolic bone disease characterized by low
bone mass, microarchitectural deterioration, and skeletal fragility resulting in an increased risk of fracture. Osteoporosis
and low bone mass afects more than 50 million adults in the
United States; with a prevalence of 10.3%, it is the most common
metabolic bone disease in those over 50 years of age.1,2 Among
the elderly, especially postmenopausal women, osteoporosis
is a major cause of pathologic fractures predominantly of
the hip, spine, and wrist. In 2005, osteoporosis accounted for
approximately 2 million fractures and approximately 27%
occurred in the spine. his number is expected to continue to
grow to over 3 million total fractures annually by 2025.2 Fragility fractures are most common in postmenopausal women
with approximately half of all postmenopausal women experiencing an osteoporosis-related fracture. While these fractures
are common, up to two-thirds of osteoporotic vertebral fractures are undiagnosed, despite the fact that these injuries have
been clearly shown to lead to a decrease in the patient’s quality
of life3 and a mortality rate twice that of age-matched controls.
he survival rates following a fracture diagnosis were 53.9%,
30.9%, and 10.5% at 3, 5, and 7 years, respectively.4
he World Health Organization deines osteoporosis as
having bone mineral density (BMD) more than 2.5 standard
deviations below that of the average peak bone mass as measured by dual-energy x-ray absorptiometry.5 Type I osteoporosis results from loss of estrogen and occurs abruptly in
women at the time of menopause. Immediately ater menopause, women may lose up to 2% to 3% of their trabecular
bone mass per year for approximately 5 years, resulting in an
increased risk of vertebral and distal radius fractures. Type II,
or senile osteoporosis, is an age-related process occurring in
both men and women. It afects predominantly cortical bone,
resulting in a 0.3% to 0.5% rate of annual bone loss, and
increased risk of hip and spine fracture.
With an aging population that desires to remain active,
a spine surgeon must be knowledgeable of the strategies
for treating the sequelae of osteoporosis of the spine. his
includes managing painful osteoporotic fractures and the late
sequelae, such as kyphotic deformities. Additionally, spine
surgeons must understand the efect of low BMD on spine

reconstructive procedures. Recognizing osteoporosis prior to
surgical intervention is critical so that osteoporotic patients
undergoing spine surgery can be appropriately treated and
optimized from a medical perspective.

Osteoporotic Vertebral Compression Fractures
Osteoporotic vertebral compression fractures (VCFs) are a
major cause of morbidity in the elderly. hese injuries may
lead to chronic pain from a nonunion, a signiicant deformity
that results in sagittal imbalance and even depression. Fractures are oten painful in the acute setting, but they also may
result in chronic pain from a pseudarthrosis or altered kinematics with progressive deformity leading to sagittal imbalance. A kyphotic deformity from a thoracolumbar compression
fracture shits the center of gravity anteriorly, resulting in an
increased bending moment about the apex. his deformity
creates an environment favorable to additional fractures,
which can lead to a progressive deformity.6 he risk of a new
vertebral fracture within 1 year of a VCF is 5 to 25 times above
baseline risk.4,7 herefore, treatment strategies for osteoporotic
vertebral fractures should not only focus on pain management
but also on overall bone health to prevent subsequent fractures. Additionally, if a signiicant deformity is present, correcting sagittal alignment can lead to improved health-related
quality-of-life (HRQOL) metrics.

Nonsurgical Treatment
Conventional management of osteoporotic VCFs includes
pain management, activity modiication, physical therapy,
and bracing.8 Acute pain management using antiinlammatory medications and narcotics should be limited to the short
term, as these medications increase risk of confusion, falls,
and gastrointestinal complications in the elderly. Physical
therapy and an exercise regimen focused on axial muscle
strengthening may improve deformity and prevent further
injury.9 Early mobilization is preferred to bed rest as immobilization results in disuse osteopenia, muscle atrophy, and
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FIG. 89.1 (A) During kyphoplasty, the fractured vertebral body is percutaneously cannulated with an inlatable
bone tamp. (B) The tamp is inlated, which elevates the vertebral body endplates and restores vertebral body
height. (C) The tamp is withdrawn, leaving a cavity to be illed with bone void iller. (D) Bone void iller is placed
into the vertebral body under low pressure.

deconditioning. Bracing may improve pain and posture but is
expensive, oten not tolerated in the elderly due to poor it and
compliance, and may result in further restriction in severely
debilitated patients.8 Appropriate nonoperative management
involves pain control, prevention of secondary complications,
maintenance of endurance, and optimized medical management of osteoporosis, as discussed in Chapter 88.

Cement Augmentation: Vertebroplasty
and Kyphoplasty
Orthopaedic fracture care emphasizes restoring anatomy, correcting deformity, and preserving function. Cement augmentations in the form of vertebroplasty and kyphoplasty have
been used as minimally invasive procedures to address pain
and deformity in osteoporotic spine fractures. Both involve

percutaneous luoroscopic or computed tomography (CT)guided injection of polymethylmethacrylate (PMMA) into a
fractured vertebral body. Vertebroplasty involves percutaneous
cement injection into a fractured vertebral body without any
attempt at reduction. Kyphoplasty involves the percutaneous
insertion of an inlatable bone tamp into a fractured vertebral
body. Inlation of the tamp elevates the endplate and restores
the vertebral body height while creating a cavity to be illed
with PMMA (Fig. 89.1). Indications for cement augmentation in VCFs include painful osteoporotic VCFs refractory
to nonsurgical management, patients requiring hospitalization for pain or medical complications secondary to VCFs,10
and VCFs with progressive kyphotic deformity.11 Suggested
mechanisms for pain improvement with cement augmentation include fracture immobilization, cortical support by
cement, and thermal deaferentation of the vertebra by
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procedure. Compared to nonoperative care, vertebroplasty
resulted in improved pain outcomes at all time points.
Given the conlicting results in the literature, it is likely that
there is a select group of patients who will beneit from cement
augmentation for acute painful VCFs; however, the ideal
indications are still unclear.

Vertebroplasty Versus Kyphoplasty
Although similar to vertebroplasty, kyphoplasty allows for
improvement in vertebral body height and kyphotic deformity
in addition to cement augmentation. Han et al.30 performed a
meta-analysis of RCTs and nonrandomized trials comparing
vertebroplasty to kyphoplasty. heir results demonstrated
greater improvement in pain with vertebroplasty in the irst 7
days, greater improvement with kyphoplasty at 3 months, and
no diference in long-term pain relief or functional outcomes
between the two techniques.30 Papanastassiou et al.31 performed a systematic review of nonrandomized trials and RCTs
comparing eicacy and safety of vertebroplasty, kyphoplasty,
and nonsurgical management (NSM). Superior pain reduction was seen in vertebroplasty (–4.55/10; P < .01) and
kyphoplasty (–5.07/10 points; P < .01) compared to NSM
(–2.17/10). Subsequent fracture rate was greater in the NSM
group (22%) compared to both vertebroplasty and kyphoplasty
(11%). Comparison of cement augmentation techniques
demonstrated greater kyphosis correction (4.8 vs. 1.7 degrees;
P < .01; Fig. 89.2) and quality-of-life improvement (P = .04)
with a lower rate of cement extravasation (P = .01) in kyphoplasty compared to vertebroplasty. his review suggests
superior outcomes with cement augmentation techniques and
a preference for kyphoplasty in reduction of kyphotic deformity and disability. Omidi-Kashani et al.11 showed improvement in baseline visual analog scale and the Short-Form 36
questionnaire with both vertebroplasty and kyphoplasty but
demonstrated no diference between the two in single-level
osteoporotic VCFs. here was a 3.1-degree improvement in
focal kyphosis associated with kyphoplasty, although the clinical signiicance of this improvement is unknown. More
recently, Gu et al.32 performed a systematic review and metaanalysis of RCTs and nonrandomized studies comparing
vertebroplasty to kyphoplasty. hey demonstrated no diference between the two methods of cement augmentation with
regard to pain and disability outcomes in the short and long
term. Signiicant heterogeneity exists in the literature comparing outcomes of kyphoplasty to vertebroplasty in the treatment
of VCFs, though kyphoplasty may be preferable in the setting
of signiicant kyphotic collapse.

Indications and Contraindications
Cement augmentation has historically been used for many
vertebral disorders, including the treatment of acute painful
VCF, pain due to vertebral metastasis and myeloma, vertebral
hemangiomas, and Kummell disease, which is avascular
necrosis of the vertebrae ater VCF. Recent clinical evidence
supports its use in the management of acute pain associated
with VCFs that have failed to improve with nonsurgical
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PMMA polymerization.12 In 2009, the American Academy of
Orthopaedic Surgeons recommended strongly against the use
of vertebroplasty in osteoporotic VCFs and gave kyphoplasty
a weak recommendation for use in pain relief in osteoporotic
VCFs.13 heir recommendations were based primarily on two
randomized control trials (RCTs) comparing vertebroplasty
and kyphoplasty to sham procedures.14,15 Buchbinder et al.
performed a multicenter double-blinded RCT evaluating
overall pain in patients undergoing vertebroplasty versus a
sham procedure. hey found no diference in pain improvement between vertebroplasty and the sham procedure group
at all intervals during the 6-month follow-up.14 Kallmes et al.15
performed a multicenter RCT assigning patients with osteoporotic compression fractures to either a vertebroplasty or a
simulated procedure. hey found improvements in pain and
pain-related outcomes in patients treated with vertebroplasty
that were similar to improvements in the simulated procedure
group. hese studies, however, had signiicant methodological laws, including inconsistent inclusion criteria, inability
to determine that radiographically identiied fractures were
the source of the patient’s pain, validity of sham procedure in
control groups, and inability to complete enrollment targets
at busy centers, suggesting that those patients in most pain
with acute fractures may have been unwilling to undergo
randomization.16
Since that time, there have been numerous RCTs and metaanalyses published regarding the eicacy of cement augmentation for VCFs.17–29 Wardlaw et al.17 performed a large
multicenter RCT comparing outcomes of kyphoplasty versus
nonsurgical care in patients with one to three acute VCFs.
hey demonstrated signiicant improvement in the Short-Form
36 questionnaire physical component summary at 1 month in
the kyphoplasty group, 7.2 points, compared to the nonsurgical care group, 2 points (P < .0001), with no diference in
frequency of adverse events. his suggested that kyphoplasty
is an efective and safe procedure in the management of acute
VCFs. Anderson et al.26 performed a meta-analysis of six
RCTs evaluating pain, function, and HRQOL outcomes of
vertebroplasty compared to conservative management in
VCFs in both short-term (<12 weeks) and long-term (6–12
months) follow-up. hey demonstrated superior pain relief,
functional recovery, and greater HRQOL in vertebroplasty
compared to conservative management or sham procedure at
both early and late time points.26 More recently, Li et al.27
performed a meta-analysis of 8 RCTs comparing vertebroplasty to conservative management or sham procedure with
regard to pain relief, function, and quality of life. he results
of their analysis demonstrated improved pain relief, especially
with fracture age less than 3 months, greater spine function,
and quality of life at early, middle, and late time points in those
treated with cement augmentation compared to control.
Conversely, Buchbinder et al.28 published a Cochrane Review
evaluating outcomes and complications of vertebroplasty
compared to sham procedure (two trials), conservative or
usual care (six trials), and vertebroplasty versus kyphoplasty
(three trials). he results of their review demonstrated no
diference in pain, disability, or quality of life at any time point
between those treated with vertebroplasty compared to sham

1613

XII

1614

AFFLICTIONS OF THE VERTEBRAE

16°

A

5°

B

FIG. 89.2 A 73-year-old woman with an L1 vertebral compression fracture was treated with kyphoplasty 6
weeks after the injury occurred. The focal kyphosis was corrected from (A) 16 degrees to (B) 5 degrees.

management and patients requiring hospitalization for pain
or medical complications secondary to VCFs.10 In addition to
pain relief, kyphoplasty may also aid in reduction of fractured
vertebrae and improvement of sagittal alignment with kyphotic
deformity.11 Contraindications include subacute or chronic
injuries, neurologic compromise, radicular symptoms, loss of
integrity of the posterior vertebral cortex, and osteomyelitis.
Considerations include bleeding disorders and cardiopulmonary compromise that may preclude safe performance of the
procedure. When considering cement augmentation as treatment for a painful VCF, a clinician must ensure that the
fracture is the source of the patient’s back pain. his requires
careful correlation of the patient’s history and clinical examination with radiographic documentation of an acute VCF.33
Magnetic resonance imaging (MRI) may be useful in detecting
vertebral edema, suggesting an acute fracture as well as ruling
out infection or tumor as potential causes of fracture. Acute
VCFs will show bony edema characterized by increased signal
on T2-weighted MRI and short tau inversion recovery imaging
sequences and decreased signal on T1-weighted MRI. Subacute and chronic fractures will not show increased signal on
T2-weighted and short tau inversion recovery MRI images.

Techniques
Vertebroplasty
Vertebroplasty is performed on an outpatient basis with the use
of mild sedation and local anesthesia. he patient is positioned
prone with the spine extended by chest and pelvic bolsters.
Under luoroscopic or CT guidance, an 11- to 13-gauge needle
is advanced toward the center of the afected vertebral body
using a transpedicular or peripedicular approach. If concern
exists for metastatic or metabolic disease, a biopsy may be
obtained before cement injection. PMMA cement is mixed
with barium for luoroscopic opaciication. Antibiotics may

also be added to the cement mixture if concern exists for
infection, such as when operating on immunocompromised
patients. Once reaching appropriate consistency, 2 to 10 mL of
cement is injected into the vertebral body under live luoroscopy until complete opaciication or evidence of extravasation
occurs. he patient is maintained in the prone position until
the cement has cured. Patients rest supine under observation
for at least 4 hours before discharge.
Kyphoplasty
Kyphoplasty is similar to vertebroplasty, but it also involves
reconstitution of lost vertebral height using 1 or 2 inlatable
bone tamps in addition to cement augmentation. When
inlated, the percutaneous bone tamp elevates the depressed
vertebral body endplate(s), thereby restoring vertebral body
height and pushing remaining trabecular bone to the periphery, creating a cavity within the vertebral body that is then
illed with bone cement. he patient is positioned prone on
a radiolucent table. As with vertebroplasty, percutaneous
needle placement into the afected vertebrae is performed
under luoroscopic or CT guidance using a transpedicular
or peripedicular technique. Once accurate placement within
the vertebrae is conirmed, a working channel is created
within the vertebrae. he balloon tamp is inserted into the
canal and inlated within the vertebrae. he balloon tamp is
expanded using visual (luoroscopy), volume, and pressure
(digital manometer) controls. he inlation continues until
(1) adequate fracture reduction is achieved, (2) the maximal
balloon pressure is reached, or (3) cortical wall contact occurs.
he balloon is then delated and removed. Prepared thickened
cement is injected through the cannula into the expanded void
within the vertebrae under low pressure. he cement volume
should approximate that of the intravertebral cavity. he
patient is maintained in the prone position until the cement
has solidiied.
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here is a low incidence of clinically signiicant complications
reported for vertebral cement augmentation. Most complications result from cement extravasation, embolization, and
adjacent vertebral fractures. Asymptomatic cement extravasation has been observed clinically in up to 72% of patients22
and by postprocedure CT in 88% of patients undergoing
vertebroplasty. he most common site of leakage is the endplate or disc (45%), paravertebral (35%), epidural (20%), and
prevertebral (18%).34 Leakage has been correlated with lowerviscosity cement, greater injected volume, and more severe
fracture.35 One meta-analysis demonstrated no diference in
the rates of cement extravasation and subsequent fracture
between vertebroplasty and kyphoplasty.30 Two systematic
reviews demonstrated reduced rate of cement extravasation31,32
and reduced rate of subsequent fracture in kyphoplasty compared to vertebroplasty.32 he cavity created during kyphoplasty allows for use of low-pressure, high-viscosity PMMA,
resulting in controlled illing and possibly reduced rate of
cement extravasation. Accounts of neurologic dysfunction
from cement extravasation have been reported in the literature. he majority of dysfunction resolves with prompt surgical intervention, although permanent dysfunction has been
reported.36 Asymptomatic venous extravasation of cement
toward the lungs has been reported in 2.9% of patients.37 A
systematic review reported the incidence of cement pulmonary embolism from 2% to 26%, with severity ranging from
asymptomatic embolus to transient hemodynamic instability
and death.38 Bone marrow fat embolus may also occur with
vertebroplasty.
here is concern that the increased stifness of vertebrae
ater cement augmentation may result in increased load across
adjacent vertebrae and increased risk of adjacent-level VCF.
However, the meta-analysis by Anderson at al. demonstrated
roughly a 20% risk of new fracture within 12 months of index
VCF treated with either vertebroplasty or conservative management.26 Zhang et al. reported a similar rate, 21%, of new
VCF ater vertebroplasty and correlated low BMD, low body
mass index, and intradiscal cement leakage as signiicant risk
factors for a subsequent fracture.39 An RCT comparing outcomes and complications of vertebroplasty to kyphoplasty
demonstrated no diference in rate of new fracture between
the treatment groups at 12 and 24 months of follow-up.40

Novel Implants
Tutton et al.41 have recently published initial outcomes of the
Kiva Safety and Efectiveness Trial. he Kiva system involves
deployment of small-coiled implants with a single transpedicular approach allowing for directed and controlled insertion of PMMA into the fractured vertebrae. hey demonstrated
noninferiority of the Kiva system compared to balloon
kyphoplasty for pain reduction and functional outcomes at 12
months in patients with VCFs. his multicenter industrysponsored trial randomized 300 patients with one or two
VCFs to receive Kiva system or balloon kyphoplasty. hey
demonstrated a similar improvement in the mean visual

analog pain scale (70.8 vs. 71.8) and in the Oswestry Disability
Index (38.1 vs. 42.2) in patients undergoing either Kiva or
kyphoplasty, respectively. Additionally, they demonstrated no
diference in adverse device-related events or adjacent-level
fracture rate at 12 months between the two groups (20.9% vs.
22.3%, respectively). Beneits of the Kiva group included use
of approximately 50% less PMMA cement with more direct
injection and signiicant reduction of cement extravasation in
the Kiva group, 16.9%, compared to kyphoplasty, 25.8%.41

Instrumentation of the Osteoporotic Spine
As the population ages, there will be greater demand for spine
procedures in patients with signiicant comorbidities, including osteoporosis. In those aged 50 years or older who required
spine surgery, the reported incidence of osteoporosis was
14.5% and 51.3% for men and women, respectively.42 Osteoporosis of the spine places patients at elevated risk of pathologic
fracture, progressive deformity, and spinal stenosis. Loss of
microarchitectural integrity makes successful instrumentation
of osteoporotic bone a challenge. Selection of spinal instrumentation must take into account the fragility of osteoporotic
bone, the stability of the spine, and the likely failure mechanisms of applied instrumentation.
Early postoperative complications (<3 months) in patients
older than 65 years with poor bone quality include instrumentation failure, pedicle fracture, and VCFs. Late complications
(>3 months) include pseudarthrosis, grat subsidence, proximal junctional kyphosis, and progressive deformity.43 Optimal
screw orientation, multiple points of ixation, combined
anterior and posterior procedures, cement augmentation, and
the use of novel implants are all proposed strategies for reducing the risk of complications.
Regardless of the increased risk due to medical comorbidities and instrumentation failure, evidence suggests considerable beneit for spinal fusion in this patient population.44–47
One retrospective study demonstrated a successful fusion
rate of 93% and no correlation between BMD and fusion
and complication rates in adults undergoing spinal fusion for
deformity correction, suggesting that a high frequency of successful outcomes can be achieved in this population.45 Kim
et al.46 retrospectively reviewed 40 patients with low BMD
who underwent lumbar fusion for degenerative kyphosis.
hey demonstrated good correction of deformity and no
association between low BMD and rate of pseudarthrosis or
adjacent-level vertebral fractures. Rather, they demonstrated
correlation between postoperative spinopelvic parameters and
sagittal decompensation, suggesting that correction of sagittal
balance in this population can result in successful outcome.
Recent analysis of the Spine Patient Outcomes Research Trial
data compared outcomes of patients older than 80 years to
those younger than 80 years who underwent surgical treatment of lumbar stenosis and degenerative spondylolisthesis.47
hose patients older than 80 years had greater baseline
prevalence of medical comorbidities, including osteoporosis.
hose in the octogenarian cohort treated surgically had signiicant improvement in all primary outcome measures compared to those treated nonsurgically without an increase in
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complication or mortality rates compared to younger patients.
Clinical outcomes suggest substantial beneit of spine surgery
in older patients with lower BMD. he preoperative workup
for these patients should include evaluation for the severity of
osteoporosis as well as optimized medical and pharmacologic
management, as described previously.

Posterior Spinal Instrumentation
Posterior instrumentation may be used to stabilize the spine
ater decompression of neural elements in combination with
anterior procedures for increased stability and enhanced
fusion or primarily for deformity correction. Pedicle screws,
sublaminar wires, and hooks may be used in conjunction with
rods or plates to achieve posterior spinal fusion. Failure of
posterior thoracolumbar instrumentation has been shown to
correlate with BMD.48 Instrumentation failure may occur at
physiologic loads in the osteoporotic spine, resulting in failure
of fusion and recurrence of deformity. Modes of failure of all
devices most commonly occur at the implant-bone interface
through implant pullout or cutout. herefore, recognition of
poor purchase and optimization of bone implant ixation at
the time of insertion is of paramount importance for successful outcome.49,50
Strategies for improved purchase and reduced risk of screw
cutout include increased length and diameter of screws,
optimal screw trajectory, cement augmentation, expandable
pedicle screws, and hybrid constructs. Previous studies
focused on improving ixation through increased screw length
and diameter, though these techniques were limited by risk of
anterior cortical breach and pedicle fracture. Newer techniques
advocate optimal screw trajectory, cement augmentation, and
screw design to improve bone purchase.
Optimal screw trajectory can improve ixation at the
bone-implant interface by capturing robust subchondral bone,
resulting in enhanced stability in the osteoporotic spine. In the
sagittal plane, screw threads engaging subchondral bone may
provide superior ixation over thread engagement of cancellous
bone centrally within the vertebrae. Biomechanical analysis
has demonstrated that pedicle screws oriented cephalad 23
degrees to the vertebral endplate resulted in a 100% increase
in pullout strength compared to standard anatomic placement.51 In the axial plane, medialization of the screw vector
and triangulation of bilateral screws have been demonstrated
to increase pullout strength by 121%.52 A bilateral triangulated
pedicle efectively holds all of the bone between the screws
rather than just the bone within the threads of each screw.
Bony anatomy limits triangulation of pedicle screws; lower
lumbar levels allow for more medialization, whereas upper
lumbar and thoracic pedicles allow for less. In the thoracic
spine, maximal insertional torque and implant ixation may be
better achieved through straightforward orientation of pedicle
screws rather than anatomic orientation.53 he technique of
screw “hubbing” has been used in the thoracic spine in an
attempt to provide a load-sharing efect by providing additional
aperture purchase of the dorsal lamina with the screw head.
Biomechanical analysis has demonstrated decreased pullout
strength of thoracic pedicle screws that are “hubbed” with

this technique compared to standard anatomic insertion. In
addition, this technique may predispose to iatrogenic fracture
of the lamina54 and is therefore not recommended.
Subchondral purchase strategies may also be used in
instrumentation of the sacrum. Sacral screws should be
directed toward the promontory for tricortical bone purchase.
Sacral screws inserted in this manner have been shown to have
twice the insertional torque as bicortical screws.55 Divergent
screws placed in the sagittal plane may also increase pullout
strength and by improving load-bearing capacity in the
sacrum.50
Pretapped pedicle screws provide several advantages in the
osteoporotic spine by providing tactile feedback, improved
screw orientation, and maximizing diameter. Tapping insertion torque has been shown to directly predict pullout strength;
therefore, tactile feedback can be used to optimize bone purchase and screw size.49 Using this technique, care should be
taken to not aggressively tap or oversize the screw, which
would result in pedicle fracture. Biomechanical analysis
demonstrates that undertapping pedicle screws by 1 mm
increases maximal insertional torque by 47% compared to
undertapping by 0.5 mm.56 Undertapping improves pullout
strength by compacting preserved cancellous bone between
screw threads.
Pedicle screw augmentation with PMMA bone cement is
used to enhance the strength of the bone-implant interface.57–59
Cement augmentation may lead to higher fusion rates and
decreased loss of deformity correction in patients with osteoporosis undergoing posterior instrumentation. In a retrospective analysis of patients undergoing posterior spinal fusion for
pseudarthrosis ater VCF, those with cement augmentation of
pedicle screws demonstrated higher fusion rate (94.1% vs.
76.1%) and decreased correction loss (3 vs. 7.2 degrees)
compared to nonaugmented screws with at least 2 years’
follow-up.59 Cement augmentation may be combined with
other strategies. Biomechanical analysis demonstrates that
pretapping cement-augmented screws improves ixation
strength by 54% compared to cement augmentation alone.51
Risks of this technique include cement extravasation outside
the vertebra, spinal canal, or neural foramen. his risk may be
reduced by screw design, with fenestrated screws reducing
extravasation.57 Non-PMMA augments, such as calcium
phosphate, may also be used to enhance the implant-bone
interface.60
Expandable pedicle screws have been designed to enhance
bone purchase and spinal ixation. In these screws, the distal
two-thirds of the screw is split lengthwise by two perpendicular slots to form four anterior ins when expanded. An expansion peg is threaded into the inner core of the pedicle screw,
resulting in in expansion. Biomechanical studies demonstrate
superior ixation with expandable pedicle screws compared to
standard screws with a twofold increase in pullout strength.
Cement augmentation of expandable screws resulted in a
250% increase in pullout strength.61,62 Wu et al.63 demonstrated a decreased rate of screw loosening and greater fusion
rates at 24 months postoperatively in osteoporotic patients
undergoing lumbar spine fusion with expandable compared
to conventional pedicle screw ixation. he use of expandable
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Interbody Fusion
Interbody fusion techniques are oten used in this population
for the treatment of degenerative spondylolisthesis, deformity,
and discogenic back pain. Interbody fusion may be performed
through an anterior, lateral, posterior, or transforaminal
approach. It typically involves the use of bone grat with or
without cage support, and is oten used in combination with
pedicle screw or plate ixation. With this technique, the bone
grat or cage is placed under compression and acts as a loadsharing construct with adjacent vertebral endplates. Solid fusion
and successful clinical outcomes may be reliably achieved with
interbody techniques in the osteoporotic spine.67,68
Failure of interbody fusion techniques in osteoporotic bone
most commonly occurs as a result of grat subsidence into
weakened cancellous bone of adjacent vertebrae, adjacent
vertebral fracture, or screw loosening as described previously.

Interbody grat and cage subsidence results from poor structural support by weakened adjacent vertebral endplates, grat
pistoning, and modulus mismatch. Subsidence may result in
recurrent deformity and stenosis. Maintaining the integrity
of adjacent vertebral endplates during preparation for grat
insertion may reduce the risk of grat subsidence. Oh et al.68
demonstrated a correlation between cage subsidence and BMD
in patients undergoing posterior lumbar interbody fusion. All
patients, including those with cage subsidence, demonstrated
improvement in clinical outcomes compared to preoperative
scores, without deterioration in those with subsidence in
the postoperative period. heir data suggests that, although
subsidence may occur, posterior lumbar interbody fusion may
be used to treat lumbar degenerative disease in osteoporotic
patients with good outcome.
Larger-diameter struts and cages should be used preferentially in osteoporotic patients, as smaller implants tend to cut
into and piston against weakened adjacent endplates. Avoiding
stif, high-modulus implants may also reduce the risk of
subsidence.69 Autologous corticocancellous grats with wide
and uniform surfaces may best accomplish this goal. Finally,
low BMD is also a risk factor for adjacent vertebral fracture
ater interbody fusion requiring revision fusion surgery.70,71
Supplementation with previously described techniques to
improve screw ixation are recommended to reduce the risk
of grat subsidence and adjacent vertebrae fracture in this
patient population.

Considerations in the Cervical Spine
Decompression and fusion of the cervical spine is frequently
performed to address pathologic degenerative changes in the
elderly and is performed through an anterior, posterior, or
combined approach. As with posterior instrumentation in the
lumbar and thoracic spine, biomechanical analysis has demonstrated a linear relationship between decreased BMD and
a decreased plate/screw cutout strength in the anterior cervical spine.72 Increasing anterior screw length, diameter, and
bicortical ixation are strategies that may be used to achieve
superior bony purchase and limit excessive implant-vertebral
motion in anterior cervical constructs. Cement augmentation
may also be used to improve pullout strength and fatigue
resistance.73
Grat subsidence into adjacent vertebral endplates may also
occur when used ater anterior discectomy or corpectomy.
his risk is accentuated with multilevel anterior cervical
plating and corpectomy as a result of increased construct
stifness and excessive grat extension load. When using
multilevel anterior instrumentation in osteoporotic bone, the
points of ixation should be maximized and strong consideration given to combined posterior stabilization to augment
strength of the construct.74 As with interbody fusion of the
lumbar spine, care should be taken to maintain the viability
of the adjacent vertebral endplate to reduce the risk of grat
subsidence.
Novel techniques may provide adequate construct stability
in osteoporotic bone while avoiding a combined approach.
Anterior transpedicular screw ixation allows for improved
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pedicle screws is recommended for use in the osteoporotic
spine and may be combined with other strategies for improved
bone purchase.
Increasing the number of ixation points to the spine
improves stability of the construct by distributing deforming
forces and reducing risk of segmental or junctional failure.
he levels of the construct should address the underlying
pathology and maintain sagittal alignment while avoiding
termination at transition zones and at the apex of deformity.
Risk of kyphotic collapse of the instrumented osteoporotic
spine can be limited by ixation at three levels above and
below the apex of kyphosis.50 Hybrid constructs using pedicle
screws with sublaminar wires or hooks may provide additional
stability and reduce the risk of failure in osteoporotic bone.64
Evidence suggests increased risk of proximal junctional
kyphosis with larger deformity correction in patients older
than 60 years65 (Fig. 89.3). Accepting incomplete correction
of sagittal balance in this population may be needed in order
to improve successful fusion rates and reduced complications caused by proximal junctional kyphosis. he extent of
deformity correction needs to be determined based on an
individual patient’s comorbidities and degree of disability.
Extension of the instrumentation construct to the pelvis
may also reduce the risk of instrumentation failure in this
population.66 he advantages of additional points of ixation
must be weighed against the risks and morbidity associated
with the additional-level surgery and potential long-term
consequences of a longer fusion construct.
As described previously, failure of posterior instrumentation in the osteoporotic spine typically occurs through loss of
ixation by screw toggling, loosening, and eventually pulling
out. his may result in a relatively large void around the loose
screw that can preclude reusing the same pedicle for revision
screw ixation. If revision instrumentation is required, all
previously mentioned strategies for enhancing posterior ixation should be considered. In addition, consideration should
be given to including anterior column structural support
and fusion as part of the revision strategy. Anterior column
support will increase load sharing and reduce lexion-bending
moments on the posterior instrumentation (Fig. 89.4).
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FIG. 89.3 A 74-year-old woman with severe spinal
stenosis and degenerative scoliosis (A–B) was treated
with posterior decompression and T10–sacrum
posterior instrumented fusion (C–D). After initially
doing well following surgery, she presented again at
6 months complaining of severe thoracic back pain.
(E) Radiography conirmed a fracture of T10, with
loss of screw purchase and resultant kyphosis.
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FIG. 89.4 (A) A 72-year-old woman sustained an L1
vertebral compression fracture with a minor degree
of superior endplate depression. She was treated in
a brace, but on repeat radiographic evaluation (B–C)
at 6 weeks the fracture had continued to collapse,
resulting in severe kyphotic deformity. The patient
complained of unrelenting pain and dissatisfaction
with her appearance. (D–E) Nine months later, she
underwent anteroposterior reconstruction using a
vertical cage anteriorly and pedicular ixation with
good restoration of sagittal alignment and relief of
pain.
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ixation in patients undergoing multilevel anterior cervical
spine discectomy or corpectomy through an anterior-only
approach.75 his technique involves use of luoroscopic-guided
wires for placement of anterior pedicle screws. Biomechanical
analysis demonstrates smaller reduction in peak pullout force
with anterior transpedicular screw (24%) compared to control
(48%).76

Summary
With an aging population, the spine surgeon must appreciate
the efects of osteoporosis on the spine. Osteoporotic VCFs
may be associated with signiicant morbidity. he spine
surgeon should be knowledgeable regarding the indications
for vertebral augmentation for reduction of pain and improved
sagittal balance. Reconstructive surgery in the osteoporotic
spine may ofer substantial beneit for patients but requires
speciic consideration of approach, implant use and design,
augmentation, and length of construct in order to maximize
the likelihood of fusion and reduce the potential of construct
failure.
PEARLS
1. The spine surgeon may be required to treat direct sequelae of
osteoporosis in the form of painful spinal fractures or resultant
deformity or to consider osteoporosis as it relates to spinal
reconstructive surgery in the older patient.
2. Osteoporotic VCFs and resultant spinal kyphosis are a leading
cause of disability and morbidity in the elderly.
3. Treatment of osteoporotic vertebral fractures with
vertebroplasty or kyphoplasty, although controversial, likely
results in pain relief in a select patient population with acute
fracture.
4. When neurogenic symptoms can be isolated to a particular
level or nerve root, limited decompression in elderly
osteoporotic patients is favored.
5. Surgical strategies that include improving screw purchase in
bone and combining anterior and posterior stabilization should
be considered to reduce the likelihood of instrumentation
failure in the osteoporotic spine.
6. Consider improving pedicle screw ixation in the osteoporotic
spine by increasing screw diameter, achieving bicortical ixation
(at the sacrum), obtaining multiple points of ixation, use of
expandable pedicle screws, hybrid constructs, and augmenting
screw ixation with bone cement.
PITFALLS
1. Consider the patient’s nutritional status and medical
comorbidities before embarking on large spinal reconstructive
surgeries in elderly patients.
2. Patients undergoing vertebroplasty or kyphoplasty for acute
painful VCFs should be carefully selected while weighing the
risks and beneits of these procedures versus conservative
management.
3. Instrumented fusion should extend beyond the apex of any
deformity to reduce risks of implant failure or progressive
deformity adjacent to the fusion construct.
4. Avoid stand-alone interbody implants with modulus mismatch
with bone in the osteoporotic spine.

5. Avoid excessive correction of rigid deformity that would place
extreme forces on instrumentation.
6. Combined anterior/posterior circumferential fusion constructs
should be considered for patients with osteoporotic bone.

KEY POINTS
1. When performing reconstructive spinal surgery in the elderly
patient, the surgeon must consider the fragility of osteoporotic
bone, the stability of the spine, and the potential failure
mechanisms of any applied instrumentation.
2. Selective decompression and fusion should be performed based
on the patient’s symptoms and with consideration of potential
for construct failure.
3. Increasing pedicle screw length and/or diameter can be the
irst-line in improving pedicle screw construct rigidity.
4. A twofold to threefold increase in screw pullout can be
achieved with the use of PMMA injected into the vertebral body
around the screws.
5. Combined anterior/posterior procedures may reduce the risk of
instrumentation failure in patients with osteoporotic bone. This
beneit must be weighed against the morbidity associated with
additional surgery.
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Intradural Tumors
he era of spinal tumor surgery began in London in 1887
when the inluential surgeon Dr. Victor Horsley removed a
thoracic intradural extramedullary tumor from a 42-year-old
British Army General at the urging of the neurologist Dr.
William Gowers.1 he patient presented with a 4-year history
of progressive symptoms that had culminated in urinary
incontinence, spasticity, and paraplegia. Dr. Gowers diagnosed
the lesion as a thoracic compressive lesion on the basis of a
history and clinical examination and proposed surgery. Ater
a thoracic laminectomy and removal of a compressive ibromyxoma, the patient made a remarkable recovery, regained
the ability to walk, returned to work, and lived 20 additional
years without recurrence. As a result, Dr. Horsley became a
proponent of surgery as a viable treatment option for spinal
tumors.
he next advancement in spinal tumor surgery was the irst
successful intramedullary spinal cord tumor removal in 1907
by Dr. Anton von Eiselsberg in Austria. However, the irst
published report of a successful intramedullary tumor removal
is credited to Dr. Charles Elsberg in 1911 at the New York
Neurological Institute.2,3 Soon thereater, in 1916, Elsberg
published his inluential book Diagnosis and Treatment of
Surgical Diseases of the Spinal Cord and Its Membranes. He
later published the irst large series of intradural spinal cord
tumor resections in 1925.4 In his early writings, Elsberg advocated a two-stage surgery for intramedullary tumors: a laminectomy and myelotomy followed 1 week later by removal of
the tumor that had delivered through the myelotomy. However,
as his experience grew, he transitioned into performing singlestage operations for intramedullary tumor removal. For these
signiicant early contributions, he is remembered as an important igure in spinal cord surgery.
Over the ensuing decades, the widespread practice of intraspinal tumor surgery was hindered by diiculty with tumor
localization, infections, neurologic morbidity, and poor outcomes. hroughout the mid-20th century, intradural—especially
intramedullary—tumors were treated with decompressive

laminectomy, biopsy, and palliative radiation.5 In the 1960s, technological advances—such as loupe magniication, widespread
use of myelography, and bipolar cautery—began making good
outcomes ater surgery feasible and there was a renewed interest
in aggressive surgical management.6 Even in the past 30 years,
the evolution of technologies such as the operating microscope,
microsurgical instruments, magnetic resonance imaging (MRI),
ultrasonic cavitation, and electrophysiologic monitoring has
made aggressive surgical resection a low-morbidity mainstay
of spinal tumor treatment.

Epidemiology
he incidence of intradural spinal tumors is reported to be
between 1 and 2 per 100,000 population, and they account
for 5% to 10% of central nervous system tumors.7–9 In adults,
extramedullary tumors predominate, accounting for 60%
to 75% of intradural masses with intramedullary tumors
accounting for the remainder. In children, however, intramedullary tumors are more common, accounting for greater than
35% of intradural masses.8,10 Intradural tumors occur with
equal frequency in both sexes, with the exception of a higher
incidence of meningiomas in women. he most frequent
intradural extramedullary tumors are nerve sheath tumors
and meningiomas, with ilum terminale ependymomas being
a distant third.10,11 Ependymomas and astrocytomas are the
most common intramedullary lesions, followed by hemangioblastomas and cavernous malformations.8,10,12 One institution’s
large experience is summarized in Box 90.1.

Clinical Presentation
Intradural tumors are typically slow-growing, benign lesions
that may be asymptomatic or minimally symptomatic for years
before presentation. he most common presenting symptoms
for intramedullary tumors are sensory deicits, motor weakness, gait ataxia, and pain.10 Pain is oten worse at night and
awakens the patient from sleep, but pain from a tumor may
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BOX 90.1

Incidence of Tumors in Adults

Extramedullary (Two-Thirds of Cases)
Nerve sheath tumor: 40%
Meningioma: 40%
Filum ependymoma: 15%
Miscellaneousa: 5%
Intramedullary (One-Third of Cases)
Ependymoma: 45%
Astrocytomab: 40%
Hemangioblastoma: 5%
Miscellaneousc: 10%
From Schwartz TH, McCormick PC. Spinal cord tumors in adults. In: Winn HR, ed.
Youmans Neurological Surgery. 5th ed. Philadelphia, PA: Saunders; 2004.
a
Includes paraganglioma, drop metastases, and granuloma.
b
Includes oligodendroglioma, ganglioglioma, neurocytoma, and subependymoma.
c
Includes metastatic tumor; inclusion tumor (e.g., lipoma); inlammation (e.g., abscess,
tuberculosis, sarcoid); and vascular condition (e.g., cavernous malformation,
aneurysm).

be diicult to diferentiate from common degenerative back
pain.13 In patients harboring slow-growing tumors, there is
an indolent progression of symptoms from nonspeciic pain
and sensory disturbance to loss of balance, motor weakness,
and other signs of myelopathy.14,15 Patients may present with
symptoms at any point along this continuum; however, since
the advent of the MRI, tumors are being discovered earlier,
resulting in less severe deicits at presentation. Intramedullary
tumors can be associated with a suspended dissociated sensory
loss.7,16 his pattern of sensory disturbance is attributable to
dilatation of the central cord by the tumor or an associated
spinal cord syrinx causing an interruption of the pain and
temperature ibers crossing in the anterior commissure. In
fact, spinal axis imaging with contrast is an important step in
the workup of an unexplained spinal cord syrinx in order to
rule out an underlying spinal cord tumor.
he most common presenting symptoms for extramedullary tumors are as follows: pain, sensory disturbances, motor
deicits, and gait ataxia. Schwannomas are derived from the
nerve root sleeve and are more likely to present as unilateral
radiculopathy; meningiomas, derived from the dura, are more
likely to present with difuse pain or symptoms of cord compression.17,18 Yet, these symptoms are not mutually exclusive
and patients oten present with a mixture of nonspeciic signs
and symptoms.
he presenting signs and symptoms of intradural tumors
are also inluenced by the tumor’s spinal level.19 Both cervical and thoracic tumors can enlarge or compress the cord,
resulting in cord impairment with prominent motor weakness
and myelopathy. Cervical tumors are more likely to present
with occipitocervical pain, arm pain, hand clumsiness, and
sensory disturbances. horacic tumors oten present with
myelopathy and sensory disturbances in the lower body but
can also produce pain that is mistakenly attributed to the
heart and visceral organs. Tumors of the cauda equina typically cause back and leg pain that is classically worse while
lying down and relieved by standing. his is thought to be
due to positional pressure luctuations in the epidural venous
plexus.20

Radiologic Diagnosis
In the treatment of intradural tumors, the advent of MRI
has allowed earlier tumor discovery, superior lesion characterization, precise localization, and improved surgical
planning. MRI has supplanted computed tomography (CT)
and contrast myelography as the imaging modality of choice
in the diagnosis of intradural tumors. In most cases, MRI
is now a stand-alone imaging modality with CT for certain
tumors, and CT myelogram is reserved for use in patients
with contraindications to undergoing an MRI (e.g., those
with implanted ferromagnetic objects).21 Plain radiographs
are rarely important in the setting of intradural tumors but
are useful when looking for abnormal alignment or structural
instability in patients who have undergone a previous tumor
resection.
In the evaluation of spinal tumors, MRI with gadolinium
greatly increases the ability to identify a mass, show its relationship to the spinal cord, identify surrounding vascular
structures, and give clues as to the pathologic diagnosis.
Additionally, it can help diferentiate tumors from less ominous
lesions, such as arachnoid cysts, lipomas, and neurenteric
cysts. On T1-weighted images, intradural tumors are typically
isointense or slightly hypointense to the spinal cord. In
T2-weighted sequences, cerebrospinal luid (CSF) has a high
signal and intramedullary tumors are oten hyperintense.
Spinal cord edema and syrinx associated with tumors are best
identiied with T2 images.22 Ater the intravenous administration of gadolinium (paramagnetic ions), T1-weighted MRI
detects contrast that leaks through the compromised blood–
spinal cord barrier at the tumor interface. he subsequent
delay in T1 relaxation time by the gadolinium within the
tumor is interpreted as enhancement. Most intradural tumors
display some degree of contrast enhancement. In certain cases
in which multiple intradural lesions are discovered, the use of
a positron emission tomography/CT (PET/CT) may be helpful
to determine the degree of metabolic activity within the tumor.
Certain tumors—such as chondrosarcomas, renal cell carcinomas, and lymphomas—may be hypermetabolic on PET/CT
imaging; PET/CT becomes especially useful for patients with
a previous history of treated cancer.23–25
Intramedullary tumors are generally contrast enhancing,
can be either well circumscribed or difuse, may have associated cysts, and can expand the spinal cord. Extramedullary
lesions are usually well rounded, contrast enhancing, and
compress the cord rather than expand it. Cauda equina tumors
and nerve sheath tumors are usually heterogeneously enhancing with areas of cystic degeneration, hemorrhage, or necrosis.
Imaging characteristics of speciic tumors are discussed in the
subsequent sections.

Extramedullary Tumors
Meningiomas
Intraspinal meningiomas are the most common type of intradural extramedullary tumors and occur predominantly in
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FIG. 90.1 (A) Axial computed tomographic image of a tumor showing homogeneous calciication and the
ventral dural attachment. (B) Axial gadolinium-enhanced magnetic resonance image of the same tumor shows
an enhancing ventral cervical meningioma with the spinal cord displaced laterally.

women (75% to 85%). hey typically present in the ith to
seventh decades of life with pain, paresthesias, weakness, and
long tract signs.26,27 Meningiomas are homogeneously enhancing, smooth-bordered masses on MRI and can contain calciications that help diferentiate them from nerve sheath tumors
(Fig. 90.1). With suspected meningiomas, preoperative CT
scans are helpful to determine the presence and extent of
tumor calciication, which can signiicantly afect surgical
strategy. Seventy-ive percent of intraspinal meningiomas
arise in the thoracic spine and are typically dorsolateral to the
cord; however, cervical tumors (20%) do occur and are frequently located in the upper cervical region and ventral to the
cord.20,28 Lumbar meningiomas are the least common. Spinal
meningiomas are thought to arise from arachnoid cap cells in
the dura near the nerve root sleeve laterally but may also grow
from dural ibroblasts or pial cells, explaining their occasional
ventral or dorsal location.29 Meningiomas invariably arise and
derive their blood supply from a broad dural base that is oten
visible as a dural tail on MRI. hese tumors are typically
benign, encapsulated, slow-growing masses, but other growth
patterns are seen, including en plaque, atypical, and invasive
malignant meningiomas.10,30 Treatment for symptomatic
tumors is surgical, with the goal of gross total resection;
however, total removal may not be possible with en plaque or
ventral calciied tumors.28,30 Overall, spinal meningiomas are
amenable to surgical removal and have low recurrence rates
ater complete resection.

Nerve Sheath Tumors
Tumors of the nerve sheath account for up to 30% of spinal
neoplasms and are categorized as either schwannomas or
neuroibromas.31 hey typically arise from the posterior
sensory nerve root near its entrance into the neural foramen.
Although both tumors are thought to be of Schwann cell
origin, their signiicant histologic, epidemiologic, and biologic
diferences warrant discussing them separately.
Schwannomas are common intradural extramedullary
neoplasms that make up 85% of nerve sheath tumors.18 hey
occur equally in men and women, with a peak age of presentation between the fourth and sixth decades. Most appear as

solitary tumors and occur equally throughout the spinal canal.
Although rare, there are patients with multiple schwannomas
but nearly always in the setting of neuroibromatosis 2 (NF2)
and schwannomatosis.32 Radiographically, schwannomas are
well-demarcated masses associated with a nerve root, intensely
enhance, can include cystic areas, and may grow along the root
into the extraspinal space (Fig. 90.2A). Up to 30% of schwannomas grow through the neural foramen, giving the classic
“dumbbell” shape on imaging (Fig. 90.2B).18 At surgery,
schwannomas are smooth, well-demarcated tumors that are
discretely attached to an intact nerve root and can usually be
separated from the root without nerve injury. he goal of
surgery should be complete tumor removal and can usually be
achieved. However, if complete resection is not possible,
aggressive debulking with preservation of the root can relieve
symptoms and the patient can be monitored radiographically
for recurrence.
Neuroibromas are less common than schwannomas,
accounting for approximately 15% of nerve sheath tumors,
and more than half are associated with neuroibromatosis 1
(NF1).18,33 Patients with NF1 can harbor single or multiple
neuroibromas and are more likely to have malignant tumors.34
Neuroibromas typically, but not exclusively, arise from the
sensory root. Consequently, patients most commonly present
with pain. Radiographically, neuroibromas are similar to
schwannomas but are solid, not cystic. Yet they, too, can
extend through the dural root sleeve as a dumbbell tumor (Fig.
90.3). Tumor cells characteristically arise from central nerve
root ibers and expand the root, making dissection of the
tumor from the root unrealistic. Optimal treatment for symptomatic neuroibromas includes total surgical removal of
tumor, oten necessitating the sacriice of the nerve root.31

Ependymomas of the Filum Terminale
Ependymomas of this region are slow-growing tumors that
arise from the ilum terminale near the junction with the
conus. At the terminal ilum, ependymomas are thought to
arise from ependymal rests ectopically deposited during
development. hey typically present in the third to fourth
decades of life with slowly progressive low back pain, sensory
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FIG. 90.2 (A) Sagittal T1-weighted gadolinium-enhanced magnetic resonance imaging (MRI) scan showing
heterogeneously enhancing, well-demarcated, extradural schwannoma. (B) Axial T1-weighted gadoliniumenhanced MRI of the same cervical schwannoma showing dumbbell-shaped tumor extending through the
right neural foramen.
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B

FIG. 90.3 (A) Axial T1-weighted gadolinium-enhanced magnetic resonance image of a malignant
neuroibroma expanding the right neural foramen and extending into the extraspinal space. (B) Axial computed
tomography of the same mass showing the extensive bony erosion caused by the tumor.

deicits, and even sphincter and sexual disturbances.10 Histologically, ilum terminale ependymomas are overwhelmingly
of the benign myxopapillary pathologic subtype, but cellular
and papillary histiotypes do occur.35 On MRI, these tumors
exhibit intense contrast uptake and can be anywhere on a
spectrum from small, well-circumscribed tumors at the inferior tip of the conus to massive septated tumors illing the
spinal canal (Fig. 90.4). An MRI of the neural axis should be
obtained because cauda region ependymomas can disseminate
along the neural axis via CSF or can be the result of intracranial cranial tumor seeding to the spine. herapy is surgical,
with a goal of gross total resection; however, this is oten not
achievable with massive tumors that are adherent to neural

structures. Even ater gross total resection of larger tumors,
the recurrence rate is up to 20% and patients may need multiple surgeries for recurrences.36,37

Less Common Extramedullary Tumors
Paragangliomas
Paragangliomas are benign, well-circumscribed vascular
tumors that typically arise from the ilum terminale or cauda
equina. hey are clinically and radiographically similar
to ilum terminale ependymomas but are thought to arise
from sympathetic nerve cells. Histologically, they resemble
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FIG. 90.5 Axial T2-weighted magnetic resonance image sequence of a
large left L4 synovial cyst expanding from the facet into the spinal canal.
These lesions can mimic spinal tumors.

FIG. 90.4 Sagittal T1-enhanced magnetic resonance image demonstrating
a large ilum terminale ependymoma illing the lower thoracic–upper
lumbar spinal canal and encasing the cauda equina. Note the more inferior
tumor nodule at the L4 level junction representing a drop metastasis.

the parasympathetic tumors of the carotid body and glomus
region. Despite their sympathetic origin, they are nonsecreting tumors. Some of these tumors can be locally aggressive,
with a penchant for recurrence. Optimal treatment is complete surgical excision, and radiotherapy may be indicated for
incompletely removed tumors or recurrences.

Lipomas
Spinal lipomas have many forms, but the most common type
arises in the lumbosacral region in the setting of occult spinal
dysraphism. Most types of lipomas present during childhood,
but intradural tumors can present in adults. hey are considered benign but are oten intimately associated with nerves of
the cauda equina. When indicated to relieve symptomatic
compression, surgery should be conservative because aggressive attempts to clear neural elements of tumor can lead to
neurologic injury.

Arachnoid Cysts
Although not tumors, these structures can appear as a cystic
mass compressing the spinal cord on MRI. hey are composed
of arachnoid membranes that have become loculated with CSF
under pressure. he most common place for symptomatic
arachnoid cysts is in the thoracic region. hey typically present
with pain and signs of myelopathy. Surgical excision relieves
spinal cord compression and is the mainstay of treatment for
symptomatic lesions.38

Synovial Cysts
hese extradural structures are cystic enlargements of the
facet capsule that can enlarge to displace the thecal sac, compress the cord, or impinge nerve roots, causing radiculopathy.
hey are most common in the lumbar region, especially at
L4–L5, but have been reported in the cervical spine.39 hese
cysts are thought to result from excess motion at a vertebral
level, leading to facet capsule hypertrophy and cystic enlargement. hese lesions are illed with synovial luid and can
mimic intradural lesions on plain MRI (Fig. 90.5). Large or
persistently symptomatic lesions can be managed with imageguided percutaneous drainage or more deinitively with surgical removal.40,41

Intramedullary Tumors
Ependymomas
Intramedullary tumors of the spinal cord are rare, accounting
for 15% to 30% of intradural spinal lesions. Ependymomas are
the most common type of intramedullary spinal cord tumor
and usually present in the middle-age years with pain, mild
sensory changes, motor weakness, and signs of myelopathy.42
here is a curious association of intramedullary ependymomas
and NF2. A signiicant portion of NF2 patients harbor intramedullary ependymomas, and genetic studies on tumor cells
have shown NF2 gene mutations in spontaneous intramedullary ependymomas.43–45 Ependymomas of the cord are typically solitary tumors that arise from the ependymal lining of
the central canal, cause a difuse enlargement of the cord over
several levels, and have an associated syrinx in up to 50% of
cases.45 Among the four ependymoma histologic subtypes, all
are considered benign.12,46,47 On MRI, intramedullary ependymomas are sharply demarcated lesions that are isointense on
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FIG. 90.6 (A) Sagittal T1-weighted gadolinium-enhanced magnetic resonance image (MRI) showing a
midcervical enhancing ependymoma with a central cystic component. (B) T2-weighted thoracic MRI of a
diferent spinal cord ependymoma showing a tumor with a large cystic component and a syrinx extending
rostral and caudal to the lesion.

plain T1 sequences and enhance homogeneously with gadolinium (Fig. 90.6A). Classic radiographic features of spinal
cord ependymomas include a distinct tumor–spinal cord
border, an associated syrinx, cysts within or adjacent to the
mass, and hemosiderin deposits or “caps” near the poles of
the tumor on T1- and T2-weighted images (Fig. 90.6B).48 he
treatment of choice is gross total surgical resection. In contrast
to intracranial ependymomas, intramedullary spinal cord
ependymomas have a good prognosis and a low rate of local
recurrence ater complete resection, but cases of malignant
transformation ater resection have been reported.49–51

Astrocytomas
Astrocytomas are the second most common intramedullary
spinal cord tumor in adults, representing 6% to 8% of intradural tumors. In children, they are the most common histologic type of intramedullary tumors, accounting for 60% to
90% of these lesions.8,52 Patients harboring astrocytomas
present most commonly with pain, motor weakness, and gait
ataxia that can either be of long duration or of relatively brief
onset before presentation.10,53 he average symptom duration
before presentation is between 12 and 29 months. Astrocytomas of the spinal cord are iniltrative tumors that are oten
eccentrically located dorsal or lateral to the central canal.
Large tumors can expand and rotate the cord, making identiication of landmarks diicult during surgery.12 On MRI,
astrocytomas have intermediate T1 signal intensity, can

demonstrate heterogeneous or homogeneous T1-weighted
contrast enhancement, oten contain cystic areas, and can
rarely grow exophytically into the extramedullary space. he
tumor boundaries may be better identiied on T2 sequences
(Fig. 90.7). In contrast to ependymomas, spinal astrocytomas
iniltrate functional cord, have ill-deined borders with normal
cord, and are consequently more diicult to remove successfully. Fortunately, intramedullary astrocytomas in adults are
largely low grade (WHO grade I and II) with approximately
25% considered high grade (Kernohan grade III and IV). In
children, in whom pilocytic astrocytomas predominate, highgrade lesions are even less common, occurring at a rate of 10%
to 15%.

Hemangioblastomas
Hemangioblastomas represent 2% to 6% of intramedullary
spinal cord tumors and approximately one-third are associated with von Hippel-Lindau disease (VHL).54,55 Spontaneous
hemangioblastomas are usually solitary, but patients with
VHL can harbor multiple hemangioblastomas, especially in
the posterior fossa.55 Patients who present with hemangioblastoma in the spinal column should be evaluated for lesions
associated with VHL including the presence of other hemangioblastomas in the neural axis, retinal hemangioblastoma,
renal/adrenal lesions, and less commonly endolymphatic sac
tumors. Hemangioblastomas have a 2 : 1 male-to-female predominance and usually become symptomatic in the third to
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of tumor cells located on the cyst wall or a solid homogeneously enhancing mass (Fig. 90.8). hey are predominantly
dorsal or dorsolaterally located and oten grow to and expand
the pial surface of the cord. Up to 89% have an associated
syrinx that always resolves ater tumor removal.45,55 Treatment
of spinal hemangioblastomas is surgical resection. Removal of
these tumors carries the lowest surgical morbidity and best
neurologic outcomes of all the intramedullary tumors.

Less Common Intramedullary Lesions
Lipomas
True intramedullary lipomas are rare lesions composed of
metabolically normal fat cells ectopically deposited within the
cord during embryologic development. Patients typically
present in their 20s to 40s complaining of indolent neurologic
symptoms that can rapidly progress over several months.56
MRI is diagnostic, and the tumor signal follows that of normal
fat. Treatment of symptomatic lesions is internal debulking to
relieve symptoms.57 Complete excision is diicult due to poor
dissection planes, and delayed recurrence is common.
An expansile duraplasty may be helpful during dural
closure to create more room in the spinal canal around the
tumor site and delay compressive symptoms in the event of
tumor recurrence.

Dermoid and Epidermoid Cysts

FIG. 90.7 Sagittal T2-weighted magnetic resonance image showing an
astrocytoma with high signal expanding the spinal cord and conus
medullaris.

A

hese tumors arise from an anomalous deposition of ectodermal
cells during embryonic neural tube closure, but some cases have
been linked to epidural cells implanted into the lumbar canal
during lumbar puncture.58 Patients present in the second to
fourth decades with typical neurologic complaints of intramedullary masses; however, acute presentations secondary to aseptic

B

FIG. 90.8 (A) Sagittal T1-weighted contrast-enhanced image of a cervical hemangioblastoma showing a
well-deined homogeneously enhancing mass. (B) An axial T1-weighted, contrast-enhanced MRI sequence of
the same tumor revealing a large central cyst with a typical small, enhancing peripheral nodule.
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fourth decades of life. Because of their predilection for the
dorsal cord, numerous patients present with posterior column
dysfunction or experience it ater surgery. Histologically, these
tumors consist of a vascular tut surrounded by pale stromal
cells, and there is oten an associated cyst that accounts for
much of the tumor volume. Radiographically, the tumors can
be predominantly cystic masses with a small enhancing nodule
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meningitis or abscess formation have been reported.59,60 Optimal
treatment is complete surgical excision, but the cyst wall is
oten adherent to the spinal cord substance and incomplete
resections are oten performed with low recurrence rates.61,62
Again, expansile duraplasty can be helpful ater resection to
delay symptoms in the event of a recurrence.

Cavernous Angiomas
hese lesions are not tumors but rather are angiographically
occult vascular malformations composed of tightly packed
venous-like channels without intervening neural tissue. hey
represent 1% to 3% of intramedullary spinal cord lesions.
Spinal cord cavernomas can be asymptomatic, present with
slow stepwise decline of neurologic function due to small
hemorrhages, or present as an acute neurologic deterioration
from a larger bleed.61 Most cavernomas are well-deined single
lesions, some have ectopic portions nearly invisible under the
pial surface, and rarely they are multiple. Cavernomas are best
seen on T2-weighted MRI sequences, oten have a mulberrylike appearance, and do not enhance (Fig. 90.9). Patients with
symptomatic lesions should undergo surgical excision to
prevent neurologic morbidity from future bleeds.63

Metastasis
he spinal cord parenchyma is a rare site of metastasis for
systemic cancer and may occur in patients with extensive disseminated disease. he most common tumors that metastasize

FIG. 90.9 Sagittal T2-weighted magnetic resonance image of a cervical
cavernoma with heterogeneous signal characteristics and suggestion of a
surrounding hemosiderin ring (low T2 signal).

to the spinal cord are lung cancer (54%), breast cancer (14%),
and melanoma (9%).64,65 hese patients generally have a grim
prognosis related to their primary disease; however, surgical
excision of cord lesions should be considered in those with
radioresistant tumors and in those with a low systemic burden
of disease who have symptomatic, surgically accessible solitary
lesions.66 Surgical excision of these lesions is also indicated in
cases in which there is rapid neurologic decline in a surgically
accessible location.

Surgical Treatment
Intradural Extramedullary Tumors
Extramedullary tumors are almost exclusively approached
through a posterior midline approach. Anterior tumors may
require a facetectomy for adequate tumor exposure; dumbbell
tumors with signiicant extraspinal extension may necessitate
a lateral extracavitary approach.67 Purely anterior surgical
approaches are fraught with high complication rates and are
necessary only in exceptional cases. To perform a posterior
midline approach, the patient is positioned prone and a laminectomy is performed. he laminectomy usually does not
need to be wide and the facets are spared to preserve the
structural stability of that bony segment. When the bony
exposure is complete, intraoperative ultrasound can be useful
to localize the tumor before dural opening.68 Once the dura is
opened and the tumor is visualized, the tumor is dissected
from the surrounding tissues. Care must be taken not to
damage the cord parenchyma by excessive manipulation or
damage vascular structures compromising cord blood low.
Ater exposure, removal may be performed en bloc, piecemeal,
or with ultrasonic cavitation for internal debulking and,
inally, capsule removal. Ater tumor resection, the spinal cord
should be carefully dissected from arachnoid adhesions to the
dura that oten develop with chronic cord compression and
local inlammation. In general, the goal of surgery is maximal
tumor removal without neurologic injury. However, some
extramedullary tumors force a decision between sacriicing
the parent nerve root for complete tumor removal versus
subtotal resection with root preservation. his decision is
usually based on function of the involved root, tumor pathology, and tumor characteristics.
Meningiomas are abnormal dural outgrowths that push the
spinal cord away from the dural attachment zone. hese
tumors are usually removed by cautery of the capsule, internal
debulking, release of the dural attachment to free the tumor,
and, inally, excision of the dural attachment zone. En plaque,
iniltrating, and calciied tumors may be more challenging to
remove due to cord adherence, heavy calciication, and
involvement of tumor with cord blood supply. hese tumors
may not be amenable to complete resection. Complete tumor
removal requires excision of the dural attachment zone and
application of a dural patch grat. However, when complete
removal is not possible, the surgeon may perform a partial
dural dissection or coagulation of the attachment zone to
maximize tumor cell removal in the setting of a subtotal resection. Recent series suggest that Simpson grade II/III resection
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Intramedullary Tumors
he role of surgery in the treatment of intramedullary spinal
cord tumors has expanded considerably in recent decades.
With the advent of the operative microscope, MRI, ultrasonic
aspiration, and electrophysiologic monitoring, experienced
surgeons can now safely remove or greatly debulk most intramedullary lesions. Neuroprotection is an important consideration during spinal cord tumor surgery, and perioperative
steroids are commonly employed. Recently, intraoperative
hypothermia using intravenous cooling catheter systems has
emerged as a potential neuroprotective adjunct during spinal
tumor surgery. Our 4-year experience with intraoperative
hypothermia has found it to be safe (unpublished data), but
randomized controlled trials will ultimately be necessary to
judge its eicacy. Surgery is nearly always performed through
a posterior midline approach with laminectomy at the tumor
level as well as one level above and one below. Ultrasound can
be useful to conirm the tumor location and conirm that it is

within the limits of the bony exposure.68,74 hen, a midline
dural incision is made. With the aid of an operative microscope, the midline is identiied and a myelotomy is made in
the posterior median sulcus. Of note, the midline is oten
diicult to identify with larger tumors due to an expanded and
oten rotated cord, but the midpoint between dorsal root entry
zones can be used as a rough estimate of the midline in such
cases. he myelotomy is deepened until the tumor is identiied; then, the resection is guided by the presence or absence
of a dissection plane between the tumor and cord parenchyma.
Intraoperative frozen sections can be helpful if suspicion is
high for an unusual diagnosis, such as demyelinating disease
or metastasis; however, frozen sections can be unreliable in
diferentiating between astrocytomas and ependymomas.
Tumor resection is performed to the maximal extent possible
while avoiding neurologic injury.
Ependymomas are centrally located, smooth, red-gray,
well-demarcated lesions that oten have cystic areas at their
superior and inferior limits. When the cord is exposed, small
blood vessels are commonly seen running across the tumor
surface. here is usually a good cleavage plane between tumor
and cord, and they can be removed completely in 70% to
95% of cases.75,76 Smaller tumors can oten be removed in one
piece by gentle capsule dissection and light bipolar coagulation to shrink the mass. Larger tumors must be internally
decompressed and then the capsule carefully dissected from
the cord. he inal removal is oten achieved by gentle retraction of the superior tumor pole and cauterization of the last
arterial feeders. At this point, a common surgical error is
to aggressively resect a layer of slightly discolored but ultimately functional tissue that can surround the tumor at the
parenchyma-tumor interface. Resection should not continue
past obvious tumor into the glial tissue to avoid unnecessary
neurologic injury.
Astrocytomas are generally low-grade iniltrating tumors
that tend to be asymmetrically located in the spinal cord.
Intraoperatively, the tumor appears grossly diferent than cord
parenchyma, but most oten tumor cells iniltrate functional
cord tissue, preventing the development of a safe dissection
plane. his makes complete tumor resection hazardous. Some
authors have argued for aggressive resection of low-grade
astrocytomas, but there is an unclear relationship between
extent of resection and survival. herefore, resection of obvious
tumor without risking neurologic deterioration is recommended.10,51,74,77 Patients harboring high-grade astrocytomas
have poor prognosis regardless of the degree of tumor removal,
and resection of high-grade lesions is typically conservative.
Several long-term survivals have been reported in grade IV
astrocytoma patients with tumors below T1, including two
patients in the senior author’s (B.A.G.) personal series.74,78
Hemangioblastomas are highly vascular, well-demarcated,
oten cystic lesions that can rise to the dorsal surface of the
spinal cord. hese tumors are extremely vascular; thus, the
supericial and deep arterial supply should always be interrupted and the capsule shrunken away from the cord with
bipolar coagulation before the tumor is entered or removed.
Entering the capsule before interrupting the tumor arterial
feeders risks a large hemorrhage. Hemangioblastomas should
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in high-risk settings should be considered to avoid morbidity
from aggressive surgical resection.69–71
Nerve sheath tumor removal is dependent on tumor location and characteristics. Most schwannomas are dorsolateral
and easily accessed, but more anteriorly located or dumbbell
tumors with paraspinal extension may require extended posterolateral exposures.67 Most nerve sheath tumor capsules are
adherent to the arachnoid of the nerve root, and this layer
must be incised to reach the lesion. he capsule is generally
cauterized to shrink and decrease vascular input to the tumor;
then, the tumor–nerve root attachment can be visualized.
Piecemeal tumor removal or internal debulking with an
ultrasonic aspirator should be used with large tumors. Nerve
root sacriice may be required due to tumor inside the root of
large tumors encasing it. However, the incidence of permanent
neurologic deicit from transection of a tumor-enveloped root
is lower than might be expected, usually due to poor preoperative function of the root secondary to the tumor.72,73 Care must
be taken to carefully assess root function and weigh the beneit
of complete tumor removal against loss of function before and
during surgery.
Ependymomas of the ilum terminale are variable in size
and degree of involvement with the cauda equina. Smaller
ependymomas should be resected in toto if possible to avoid
CSF tumor seeding. Larger encapsulated tumors should be
carefully debulked with CSF suction and surgical adjuncts
placed around the tumor to decrease tumor dissemination.
Tumors illing the lumbosacral spinal canal usually lack a
discernable capsule and tend to iniltrate the conus and cauda
equina nerve roots, making complete resection diicult. In
these cases, care should be taken to maximally debulk the
tumor without injuring the enveloped neural structures.
Expansile duraplasty can be useful, especially in these extensive tumors, to enlarge the spinal canal and delay symptom
recurrence if the tumor regrows. If a postoperative CSF leak
is anticipated or encountered, a C1–C2 CSF diversion drain
can be placed with luoroscopic guidance and prevent the
need for lumbar drain placement at the surgical site.
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be completely resected because residual tumors will lead to a
recurrence. Preoperative embolization has been advocated by
some authors but is not commonly performed because most
feeders are surgically accessible.79

Radiation/Chemotherapy/Adjuvant
Treatments
Intradural Extramedullary Tumors
Surgical excision is irst-line therapy for extramedullary
intradural tumors, with radiation and chemotherapy being
rarely indicated for benign pathologies. Adjunctive radiation
therapy and chemotherapy is typically reserved for World
Health Organization grades III and IV extramedullary
tumors. Radiotherapy for spinal atypical meningiomas (WHO
grade II) also should be reserved for tumor progression/
recurrence as gross total resection only seems to provide
adequate tumor control.80 Fractionated radiation is not routinely used for extramedullary low-grade lesions, but some
authors advocate radiation for residual or recurrent large
ilum terminale ependymomas.81 Radiosurgery, however, has
recently been proposed as an alternative to surgery for poor
surgical candidates harboring low-grade lesions.82 he studies
are small, and follow-up is brief. Delayed radiation-induced
spinal cord toxicity is a feared complication of spinal cord
radiotherapy; more follow-up data are necessary to determine
its safety, which is of vital importance when treating benign
pathologies.82,83
Recently, image-guided laser interstitial thermal therapy
has also been proposed to control epidural metastases. Laser
interstitial thermal therapy (LITT) works by introducing a
catheter into the lesion that delivers controlled thermal energy
into the lesion to allow for tumor necrosis prior to adjuvant
stereotactic radiosurgery.84 However, theoretically, LITT may
pose more risks in the spinal cord than the brain; LITT ablates
the tumors in close proximity to the spinal cord and does not
reduce tumor mass efect immediately. Nevertheless, LITT
remains a potential option for metastatic epidural disease and
may be tested for malignant intradural pathologies in the near
future.

Intramedullary Tumors
Gross total resection is the treatment of choice for most
common intramedullary pathologies, with radiation and chemotherapy having limited roles. Chemotherapy regimens are
generally reserved for high-grade lesions and typically mirror
the regimens given for intracranial tumors of the same pathology. New-generation intrathecal pumps can deliver measured
doses of chemotherapy directly to the intrathecal space, and
intrathecal chemotherapy regimens are being explored.
Ependymomas are generally amenable to safe, complete
removal with low recurrence rates. MRI is a noninvasive
method for monitoring for tumor regrowth or seeding of the
subarachnoid space and can obviate the need for early radiation ater surgery. Radiation may be indicated in the setting of

a malignant ependymoma or when a signiicant portion of a
tumor cannot be resected.85,86
Intramedullary astrocytomas are typically low-grade
tumors treated by surgical resection and monitored for recurrence by clinical and radiographic follow-up. In the setting of
subtotal tumor removal, some authors have advocated radiation to the residual tumor, but there is no compelling evidence
that radiotherapy alters the natural history.74,87 Patients with
grade III astrocytomas may be candidates for adjunctive radiation and chemotherapy.88 Malignant astrocytomas of the
spinal cord, however, have a poor prognosis and radical resection results in high morbidity; therefore, conservative tumor
removal for tissue diagnosis followed by radiation therapy is
common practice.74,89 Alternatively, one group has reported
extended survival times for malignant astrocytoma patients
treated with radiocordectomy, and long-term survival for
spinal cord grade IV astrocytomas has been reported ater
surgical cordectomy, including two long-term survivals in the
senior author’s personal series (unpublished).78,90
Stereotactic radiosurgery for intramedullary tumors has
been described in small studies with brief follow-up.91,92 In the
future, this treatment strategy may prove useful in select cases
in which complete surgical excision is not possible or ater
multiple recurrences. However, more studies are necessary to
determine safety and long-term eicacy, especially in light of
the proven success of surgery and the low-grade pathologies
of most intramedullary tumors.

Outcomes
Intradural Extramedullary Tumors
he surgical morbidity and mortality in the removal of
extramedullary tumors is low while the neurologic prognosis
is generally good. Postoperative neurologic function is generally predicted by the preoperative neurologic status, patient
age, and duration of symptoms.20,26,31 In one large series of
intradural extramedullary tumors, there was a 12.3% rate of
postoperative neurologic worsening, but most deicits were
transient and only 2.3% of the patients had a permanent
postoperative loss of function.10 Overall, intradural extramedullary tumors have a recurrence rate of 8.9% to 32% at
5 years, with the strongest predictors of recurrence being
histologic grade and previous surgical resection.93 Meningiomas have a 4% to 8% long-term recurrence rate ater gross
total resection with higher-grade tumors recurring more
frequently. Ater surgery, recovery of neurologic deicits is
common, with 80% to 90% of patients showing improvement
of preoperative neurologic deicits.28 In the absence of NF2,
the recurrence rate for schwannomas is 6% to 12%, but in
patients with neuroibromatosis, it is increased fourfold.93,94
Completely resected neuroibromas recur in approximately
12% of patients.95 Intradural malignant nerve sheath tumors
are rare but must be managed aggressively, as outcomes are
generally poor with a 5-year survival rate of 44%. Tumors
that stain negative for S-100 tend to be more aggressive and
recur more quickly.96 A recent review suggests that extent
of resection in patients with intradural spinal nerve sheath
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Intramedullary Tumors
he neurologic morbidity for intramedullary tumor removal
is signiicantly higher than for extramedullary tumors. Preoperative neurologic status is the number one predictor of
postoperative functional status, but other factors—such as
aggressive tumor pathology and thoracic location—also
portend worse functional outcomes.98,99 Up to 57% of postsurgical patients experience a transient neurologic worsening, but
only 10% to 20% are let with a new permanent deicit.10,51
Dorsal column dysfunction is common ater midline myelotomy.42 Despite the new deicits, however, most patients recover
to baseline functional status within 1 year.10
Ater complete resection, ependymomas have good neurologic outcomes, low recurrence rates, and long survival
times.47,85 Tumors that are not completely resected tend to
have less improvement in function and higher recurrence
rates.10,75,93,100 Survival rates at 5 years are reported to be
between 83% and 95% for postoperative intramedullary
ependymoma patients.51,101
Astrocytomas are more diicult to completely remove
surgically and have a higher recurrence rate. Astrocytoma
patients have shorter survival times than those harboring
ependymomas. Extent of tumor resection seems to modestly
afect local recurrence rates, but this has not been conclusively
demonstrated in the literature.10,12,98 he 5-year survival rate
has been reported to be 63% to 77% for grade I and II tumors
and 27% for grade III and IV tumors.74 Median survival for
high-grade lesions is around 1 year, with grade IV tumors
having a particularly poor prognosis.102–104
Hemangioblastomas are amenable to complete resection,
have low surgical morbidity, and have low recurrence
rates.105–107 he presence or absence of VHL seems to have little
impact on outcomes. Intramedullary hemangioblastoma
patients experience the lowest surgical morbidity and the best
neurologic prognosis of all the common intramedullary spinal
cord tumors.

Summary
Technical advances in diagnostic modalities—such as MRI
and operative adjuncts such as the operating microscope,
bipolar cautery, neurophysiologic monitoring, intraoperative
ultrasound, and ultrasonic cavitation—have ushered in the
modern renaissance of surgical treatment of spinal tumors. In
the near future, advances in the area of intraoperative
neuroprotection—including meticulous intraoperative blood
pressure control, steroids, and modest hypothermia (33°C)—
may prove to lower surgical morbidity. he goal of surgery for

intradural tumors is maximal tumor removal with minimal
neurologic morbidity. Yet, even ater gross total removal, a
cure is not guaranteed and recurrences are common. he
continued evolution of surgical tools, emergence of new biologic therapies, and development of adjunctive technologies
will undoubtedly shape the future of the diagnosis and treatment of intradural spinal cord tumors. However, it remains
the surgeon’s careful preoperative assessment, tailored surgical
strategies for each individual patient, and a well-executed
tumor removal that deine efective spinal tumor surgery.
PEARLS
1. A patient’s postoperative neurologic status is most strongly
predicted by his or her preoperative neurologic status.
2. MRI with and without contrast is the preferred imaging
technique for investigating intradural tumors.
3. When assessing an intradural tumor on imaging, irst determine
if it is intramedullary or extramedullary by noting whether it
displaces the spinal cord or is within and expands it. Then,
create a diferential diagnosis on the basis of imaging
characteristics of the lesion, age of the patient, and clinical
history and physical examination.
4. Patients with multiple neuroibromas or multiple
hemangioblastomas should be investigated for the presence of
NF1 and VHL disease, respectively.
5. Complete removal of a hemangioblastoma will be followed by
resolution of the associated syrinx.
PITFALLS
1. Schwannomas arise from the nerve root, whereas
neuroibromas iniltrate it; therefore, nerve root sacriice is
necessary for complete removal of neuroibromas but rarely for
schwannomas.
2. Intramedullary astrocytoma tumor cells typically iniltrate
functional nervous tissue, creating an indistinct tumor-cord
border. Achieving true gross total resection can result in neural
injury.
3. When removing a cystic hemangioblastoma, always completely
remove the enhancing nodule or the tumor will recur.
4. Care should be taken not to create an unnecessarily wide
laminectomy to prevent postoperative kyphosis.
5. Patients with spinal metastasis often have disseminated primary
cancer and carry a poor overall prognosis.

KEY POINTS
1. Preoperative MRI with contrast is essential for formulating a
diferential diagnosis and an appropriate surgical plan.
2. Intradural extramedullary tumors account for approximately
two-thirds of intradural tumors, are typically benign, and can
usually be completely excised. With nerve sheath tumors,
functional status of the involved nerve root function is
important if root sacriice might be necessary for complete
resection.
3. Intramedullary tumors are less common and usually benign but
carry a greater risk of iatrogenic neurologic morbidity with
surgical excision. Intraoperatively, careful observance of the
tumor-parenchyma border is important for safe removal of
intramedullary tumors.
4. Intradural spinal tumors are nearly always approached via a
standard posterior midline approach. However, intradural
extramedullary tumors with extensive lateral extraspinal growth
may require an extended posterolateral approach.
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tumors remains one of the most important prognostic factors
for patients, while presence of neuroibromatosis and cervical
tumors was associated with higher rates of recurrence.97 Large
ilum terminale ependymomas have a high recurrence rate.
Even ater gross total resection, the recurrence rate is up to
20% and patients may need multiple operations for revision
debulking.37,67

1637

XIII

1638

SPINAL CORD

5. Survival and recurrence rates for intraspinal tumors are heavily
inluenced by tumor grade and extent of resection.
6. Surgical resection is the preferred treatment for intradural
tumors. Radiation and chemotherapy are used in a secondary
role to aid in the treatment of recurrence or residual tumor that
is not amenable to resection.
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Introduction
he spinal cord and subdural space are the regions of the
central nervous system (CNS) least likely to harbor infections.
Since the irst description of a spinal subdural infection in
1927,1 cumulative knowledge of these infections has been
limited to sparse case reports and small series due to their low
prevalence, their variable presentation and outcomes, and
inaccurate diagnostic methods. Despite the rarity of spinal
subdural infections, the reported incidence has been on the
rise due to improved imaging techniques and an increase in
spinal infections linked to immunocompromise and invasive
spine procedures. In 2013, spinal infections hit the mainstream
media ater a string of aspergillosis infections linked to contaminated epidural steroid injections from a common manufacturer afected more than 700 patients and killed 61.2 As
drug resistance among common microbes evolves, rates of
diabetes mellitus (DM) and intravenous (IV) drug use increase,
and the number of invasive spinal procedures performed
continues to increase, it is clear that a greater understanding
of these infections is necessary. his chapter focuses on the
presentation, diagnosis, and treatment of the most common
spinal intradural infections. Emphasis is placed on advances
in imaging for the diagnosis of spinal subdural infections as
well as on lessons learned from the recent epidural steroid
injection–related epidemic.

Bacterial Pathogens
Spinal Subdural Abscess
Background and Demographics
Infections of the spinal subdural space are the rarest localized
infections of the CNS. Since their initial description by Sittig
in 1927,1 there have been only 86 cases of spinal subdural
abscess (SSA) reported in the literature, namely, in case reports
and small case series; thus, their incidence remains unclear.
However, reporting of these infections is on the rise due to a

suspected increase in their incidence and due to improvements in imaging tools that help identify SSAs earlier and
guide their management.3–13
Apart from the rarity of SSAs, understanding of their
natural history and pathophysiology has been hindered by
their variable clinical course. Age of presentation varies from
the fourth week to the eighth decade of life, with roughly 50%
of patients reported presenting in the ith to seventh decades
of life. In adults, SSAs have a predilection for the lumbar spine,
with a slight predominance of females over males; in pediatric
patients, the infections tend to occur in the thoracic spine,
with males outnumbering females 2 : 1.4,5,13 Of the 86 reported
cases of SSA, only two are considered idiopathic and the rest
have been linked to immunocompromise (DM, IV drug use,
alcoholism, cancer, human immunodeiciency virus [HIV]),
anatomic abnormalities (dermal sinuses, cysts, degenerative
disc disease, trauma) or prior intervention (epidural injections, catheters, surgical implants).3–13

Pathophysiology
Advances in the understanding of the anatomy of the subdural
space have helped explain the relative paucity of SSAs compared to epidural or intramedullary spinal infections.11,14,15
Contrary to the classic view of the subdural space existing as
a potential space between the dura and the arachnoid, several
cytoarchitectural studies have shown that the dura and arachnoid are bridged by specialized ibroblasts called dural border
cells that eliminate this potential space, making formation of
an abscess less likely. his dural border layer, however, is
thought to be structurally weaker than the dura or arachnoid,
occasionally allowing a hematoma or infection to dissect
through the border cells and form a pathologic subdural
extramedullary collection.11 In addition, the subdural space is
relatively avascular compared to the epidural space and spinal
cord, which reduces the risk of seeding from a distant infection.14,15 he signiicantly lower incidence of SSAs compared
to cranial subdural abscesses has been explained by (1) centripetal blood low in the spine compared to centrifugal in the
cranium; (2) the lack of air sinuses in the spine that may
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directly spread infection to the subdural space of the cranium;
and (3) the lack of an open epidural space in the cranium,
unlike in the spine, where the epidural space ilters out pathogens before they reach the dura.4,11,14,15
he pathogenesis of SSAs has been historically classiied
into four main categories. he irst, and considered most
common, is seeding of bacteria from a distant primary
infection.16–18 Many diferent primary infection sources have
been described, such as urinary tract infections, endocarditis,
upper respiratory tract infections, and septic abortions.
However, Bartels et al. found skin ulcers and cellulitis to be
the most common primary site.4 he second category, which
is growing in frequency as the number of invasive spine procedures increases, is iatrogenic. his includes lumbar punctures, epidural injections, and incidental durotomies during
spine surgery.4,7,17 Unlike the recent US outbreak of fungal
intradural infections ater injection of contaminated methylprednisone during epidural steroid injections, only three
bacterial subdural infections have been attributed to epidural
injections: two from epidural steroid injections and one from
epidural anesthesia.2,4 he third category involves direct extension of infection into the subdural space. his extension is
mostly considered to be due to dermal sinus tracts or destruction of dura by local infection or trauma.5,7,11,19–22 A recent
report by Usoltseva et al.12 describes direct seeding of an SSA
from a decubitus ulcer in a 55-year-old paraplegic male with
an acutely worsened motor examination. Cultures from the
SSA and ulcer both grew Bacteroides fragilis and Enterobacter
cloacae, but blood cultures were negative. In the pediatric
population, over half of SSAs have been attributed to spinal
dysraphism or other congenital anomalies.11,19,22,23 he fourth
and least common category is idiopathic subdural infections,
for which no primary source can be identiied.18,24–26
Whereas the anatomic location of an SSA along the spine
largely determines the neurologic deicits that will be present,
other important pathologic features include the presence of a
capsule and the rate of growth of the abscess. Review of prior
literature on spinal subdural infections reveals the oten
interchangeable use of the words “abscess,” which describes
the accumulation of purulent material in a ibrous capsule,
and “empyema,” which is the accumulation of this material in
a preexisting space. Despite the pathologic distinction between
abscesses and empyemas, studies do not indicate a signiicant
diference in the treatment or prognosis of these disease entities. he age of an SSA also afects the clinical picture. Chronic
SSAs have less speciic features than acute SSAs. Clinical features of chronic SSAs are less focal and of slower onset, and
laboratory markers are usually normal. Chronic SSAs are also
more diicult to identify by imaging than acute SSAs and have
been frequently confused with tumors3–13 (Box 91.1).

Clinical Presentation
he diagnosis and treatment of SSAs has historically been
made diicult by their diverse clinical presentation. he classic
triad of symptoms was initially described by Fraser et al. in
1973 and includes fever, neck/back pain, and symptoms of
cord or cauda equina compression.14 Bartels et al. in 1992

BOX 91.1

Spinal Subdural Empyema Organisms

Staphylococcus aureus
Staphylococcus species
Streptococcus species
Escherichia coli
Pseudomonas aeruginosa
Streptococcus pneumoniae
Peptococcus magnus

suggested three stages to the temporal progression of SSAs.4
Stage 1 includes fever with possible neck/back pain. Stage 2
shows symptoms of compression resulting in motor, sensory,
or bowel/bladder deicits. Stage 3 shows complete motor and
sensory loss below the lesion. In practice, however, it is unclear
how many SSA patients it this clinical picture. In their study,
Bartels et al. found 87% of SSA patients with fever, 84% had
neck/back pain, and 82% had neurologic deicits.4 Other
reports suggest a more variable presentation, however. Levy
at al. found only 18 of 47 patients in their study to it the classic
triad.27–31 Sandler et al.11 found in their review of the pediatric literature that 50% present with fever, 34% with urinary
dysfunction, 56% with motor weakness, and only 21% with
neck/back pain. A total of 37% of the pediatric patients also
presented with symptoms of meningismus. he lack of spine
tenderness was previously considered a distinguishing feature
of SSAs from spinal epidural abscesses but has since been
commonly reported in patients with SSAs. Levy et al. found 14
of 47 patients with spine tenderness31 and the pediatric review
by Sandler et al. found 10% of patients with tenderness.11
he onset of SSA symptoms in cases linked to epidural
injections also appears to be variable. he two patients with
SSAs ater epidural steroid injections presented 5 days and 11
weeks ater the injections. he patient with SSA following
epidural anesthesia for delivery presented 1 week ater the
treatment.2,4,7

Laboratory Evaluation
Obtaining labs and cultures is an important component of the
workup for SSAs, but results are usually nonspeciic and of
little therapeutic value.4 Blood leukocyte count, erythrocyte
sedimentation rate, and C-reactive protein are usually mildly
elevated but may also be normal. Lumbar puncture is generally not recommended since the clinical utility is low and there
is risk of spreading infection from the subdural space into
deeper meningeal layers or of causing cord herniation if an
obstruction of cerebrospinal luid (CSF) low is present. Even
when a CSF sample is obtained, results are usually more suggestive of a parameningeal process rather than meningitis due
to frequent encapsulation of the pathogens, generally showing
moderately increased pleocytosis and protein content, normal
to low glucose, and negative cultures. Blood cultures are
generally recommended for all spine infection patients.
Whereas the concordance between spinal epidural abscesses
and blood cultures is near 100%, the concordance between
SSAs and blood cultures is unknown but presumed to be
signiicantly lower due to the sparse vasculature of the spinal
subdural space.11,16,18,32
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Whereas indings on computed tomography (CT) are generally nonspeciic,33–35 magnetic resonance imaging (MRI) has
remained the most important imaging modality for diagnosis
of SSAs.36,37 Generally, a subdural collection or mass that is
hypointense on T1 and hyperintense on T2 with a thin,
variable-thickness, contrast-enhancing rim points toward an
SSA. he abscesses are usually crescentic in shape and the
overlying dura may be thickened and subarachnoid space
narrowed or obliterated in severe cases. Diferentiating SSAs
and epidural abscesses remains diicult in certain cases.
Compared to epidural abscesses, SSAs tend to have preserved
epidural fat on the MRI. In addition, whereas SSAs are conined to the spinal canal, epidural abscesses may extend further
laterally and into the neural foramina. Distinguishing subdural
and epidural spine infections is further complicated by their
occasional co-occurrence.4,11,16
Recent advances in MRI have improved preoperative
characterization of SSAs.36,37 Fat suppression techniques that
remove efects from epidural fat and bone marrow allow for
better deinition of SSAs. Difusion-weighted imaging has
emerged as an important sequence for showing the extent and
multiplicity of spinal abscesses. his aids not only in diagnosis
but also in planning surgical treatments for these abscesses.
Restricted difusion for the diagnosis of SSAs becomes especially crucial in cases in which gadolinium contrast cannot be
administered37 (Fig. 91.1).

Treatment and Prognosis
Nearly all prior reports of SSAs advocated for immediate
surgical decompression followed by 4 to 6 weeks of antibiotics tailored to the cultures. Conservative measures have
been advocated in cases in which patients may not tolerate
surgery or in which infectious organism is known, but the
unpredictable progression of these infections makes delaying surgery very risky.3–13 When surgery is performed, the
exposure should encompass the entire extent of the abscess
and copious irrigation needs to be used.37 he use of drains
following surgery is inconsistent and has not been shown to
be of beneit. Since obtaining a deinitive organism to treat is
usually a major indication of the surgery, antibiotics should
be withheld until intraoperative cultures have been collected.
When empiric antibiotics are given, coverage of gram-positive
cocci is of highest priority both in adult and pediatric populations. It has been argued that antibiotics prior to surgery
may reduce inlammation at the time of the surgery, but this
has not been adopted into practice. he administration of
dexamethasone prophylactically to prevent thrombophlebitis
has been previously advocated but also lacks support in the
literature.14,16,24,27,37
he sparse incidence and variable nature of these infections
makes outcomes diicult to predict. Generally, however, early
diagnosis with preserved neurologic function is correlated
with better postoperative outcomes. In a review of 45 patients
by Bartels and colleagues,4 82% of patients who underwent
surgery had a complete recovery or improvement in symptoms

and 18% died. In a group of 5 conservatively treated patients
they analyzed, only one survivor was found. Likely as a result
of improved diagnosis and treatment of these infections,
deaths from SSAs are rarely reported in the modern literature
and, when reported, are usually the result of multiple comorbidities.4 he three previously reported cases of SSAs associated with epidural injections all had complete or near-complete
recovery of their symptoms ater surgical decompression and
antibiotic treatment.2,4,7
As expected, pediatric SSA patients have lower mortality
and greater recovery of neurologic function compared to their
adult counterparts.11,19,22,23 In a review of 72 pediatric cases
with SSAs for which decompression was performed, Sandler
et al.11 found complete recovery in 52% of patients and residual
disability in 37%. No deaths were reported in their review.
Functional outcomes were highly correlated with underlying
pathology. In 51 children with dysraphic or abnormal spines,
only 16 (31%) showed a complete recovery. In addition, children infected with Mycobacterium tuberculosis or Echinococcosis granulosus had better functional outcomes generally
(59% complete recovery) than children who cultured other
organisms.

Intramedullary Spinal Cord Abscesses
Background and Demographics
Intramedullary spinal cord abscesses (ISCAs) are suppurative
infections similar to pyogenic brain abscesses but with much
lower incidence. he incidence of ISCAs reported in the literature is on par with SSAs; similarly, knowledge of this entity is
restricted to case reports and small retrospective reviews.38–42
Since the initial description of an ISCA in 1830 by Hart, there
have been fewer than 150 reported cases. In 1944, Arzt
reviewed all cases of the preantibiotic era.27 hen, in 1977,
Menezes et al.41 and DiTullio et al.40 independently published
the irst reviews of these infections in the postantibiotic era.
Although these and more recent reports suggest that the
incidence and severity of ISCAs dropped ater the advent of
antibiotics, there continue to be cases reported, mostly in
association with immunocompromise, IV drug use, DM,
invasive spine procedures, and trauma.41 Very few ISCAs have
been considered idiopathic.43,44
Compared to the subdural abscesses described earlier,
ISCAs have a diferent demographic. First, ISCAs tend to
occur in younger patients. Although there is a broad age range
(1 month to 72 years), it has been reported that roughly 25%
of all cases involve patients younger than 10 years.45–50 In a
recent review of 45 pediatric cases, the mean age of presentation was 27 months.50 Among adult patients, cases tend to
present in the fourth decade of life.38–42 Second, ISCAs tend
to occur in males over females, both in the pediatric (78%)51
and adult populations (60%–70%).38 hird, compared to
subdural abscesses, ISCAs have less of a predilection for the
lumbar spine. Byrne et al. found that, of reported ISCAs, 36%
involve the cervical cord, 29% the thoracic cord, and 36% are
in the conus.52 hese abscesses may be multiple in 26% of
the cases.44
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FIG. 91.1 Spinal subdural empyema secondary to Escherichia coli. An 86-year-old woman with a history of
intractable lower back pain was treated with epidural corticosteroid injections. She presented 2 months after
her last epidural injection with increasing lower back pain, fever, paraparesis, and altered mental status. She
underwent T12–L1 decompressive laminectomy and intradural exploration. Intraoperative cultures grew E. coli.
Signiicant improvement in lower extremity strength was achieved after surgery. Magnetic resonance imaging
showed an intradural infection extending from T11 to L4, which was isointense on T1-weighted image (A),
isointense to hyperintense on T2 weighting with associated edema of the spinal cord (C), and homogeneously
enhancing with gadolinium (B, D).
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ISCAs are suppurative infections similar to brain abscesses
with purulent myelitis surrounding a region of central necrosis. hey are thought to begin in the central gray matter with
peripheral extension into the white matter. ISCAs initially
develop as microscopic nodules with an abundance of polymorphonuclear cells with enzymes that induce liquefactive
necrosis in surrounding tissue. hese necrotic areas are walled
of by a capsule produced by ibroblasts. hese abscesses are
usually in proximity to blood vessels, and organisms can
usually be identiied both in the abscess and the vessel. Small
punctate areas of hemorrhage are usually observed in the
vicinity of these infections, and surrounding veins may
become thrombosed. he surrounding meninges are oten
inlamed and iniltrated with polymorphonuclear cells and
lymphocytes.53,54 Chronic abscesses typically have three welldeined layers. he center primarily contains collagen ibers
and polymorphonuclear cells. he middle layer consists of
ibroblasts, capillaries, histiocytes, and plasma cells; the outer
layer is a connective tissue capsule. he abscesses grow caudad
and cephalad separating the iber tracts and may extend from
medulla to the conus medullaris, but signiicant compression
is not caused until later in the disease.38–42
In adults, ISCAs are historically thought to occur through
the spread of pathogens through one of three mechanisms:
direct extension, hematogenous seeding, or via lymphatics.
Direct extension leading to the formation of ISCAs has
been described with epidural abscesses, discitis, dermal sinus
tracts, spine trauma, meningitis, and with invasive spine
procedures.54–59 Several reports have also described the formation of ISCAs in association with preexisting masses.60,61 he
tumors most frequently associated with ISCAs have been
ependymomas and epidermoid tumors; however, recent
papers describe the co-occurrence of acute ISCAs with astrocytomas, typically resulting in disastrous consequences despite
aggressive management.60
he hematogenous route remains a common mechanism
of pathogen spread leading to the formation of ISCAs, even in
the postantibiotic era.38–42 he arterial network of the spinal
cord contains many collaterals with various feeders, while the
venous system of the spine is a low-pressure system that communicates with the venous systems of the chest and abdomen.
hus, with changes in intraabdominal pressure, retrograde
low of blood may seed pathogens from the chest and abdomen
in the spine. his sluggish low of blood combined with the
watershed zone of the thoracic cord have been used to explain
the increased incidence of ISCAs in thoracic cord relative to
other types of spine infection. he most common sites of
origin for metastatic ISCA are the lung, heart, and urinary
tract, but many diferent sources have been reported.38–42,62–64
Applebee et al.43 described a 47-year-old woman who developed complete paralysis at the T3 level 1 week ater a dental
cleaning. An ISCA was discovered upon imaging and oral
lora were cultured intraoperatively.
Despite the rich vasculature of the spine and the lowpressure venous low, the spinal cord is very resistant to
infections compared to other organ systems. Although the

reason for this is not understood, early work by Hoche65
helped shed light on the mechanism of abscess formation in
the CNS. In his experiments, when bacterial pathogens were
injected into the arterial supplies of the brain or spinal cord,
abscesses did not develop. However, abscesses did form when
he injected either septic emboli or aseptic emboli later followed by bacteria. hese data suggest that for an ISCA to
occur not only does a microbial pathogen have to be present
but there has to be structural pathology that allows the organism to seed. his is likely why, in adults, nearly all cases of
ISCAs are associated with preexisting pathology (trauma,
discitis, tumor, and so on).38–59 he study also suggests a
mechanism by which subclinical bacterial infections can lead
to ISCAs that are later classiied as cryptogenic.
he spread of bacterial pathogens to the spinal cord by
the lymphatic system has been suggested but is less clearly
understood than the other routes. Experiments by Galkin in
the 1930s66 demonstrated that lymphatic channels that drain
the chest, abdomen, and retroperitoneum have connections
with the Virchow-Robin spaces of the spinal cord. hus,
infections may potentially spread directly into the cord via
the lymphatics. Although several case reports have suggested
lymphatics as a possible route for ISCA formation, this has
never been demonstrated deinitively in the laboratory or
clinical setting.38–40
Ultimately, the majority of cases in adults are cryptogenic,
possibly a result of transient bacteremia from mucosal surfaces
or clinically unrecognized extraspinal infections. Most reviews
from the antibiotic era categorize 50% to 64% of ISCA cases
as cryptogenic.38–42 Chan and Gold39 compared 25 of their
patients treated during the antibiotic era (1977–1997) to 42
ISCA patients from the preantibiotic era (1830–1944) that
were reviewed by Arzt.27 hey found a trend toward increases
in cryptogenic cases in the postantibiotic group. hey attributed this to the efectiveness of antibiotics in treating primary
infections since in the preantibiotic group, 45% of abscesses
were attributed to hematogenous spread from an extraspinal
source but in the postantibiotic group, only 8% of abscesses
were associated with hematogenous spread.
he pathogens responsible for ISCAs relect the mechanism
of abscess formation and source of primary infection. A
causative organism was identiied in 64% of cases reviewed by
Chan and Gold39 and 60% of cases reviewed by Bartels et al.67
Whereas cultures of ISCAs caused by hematogenous spread
typically relect cultures of the primary infection site, cases of
cryptogenic ISCA are usually associated with Listeria monocytogenes, viridans streptococci, Haemophilus species, Actinomyces, or oral lora. he high association of L. monocytogenes
with ISCAs is attributed to its tropism for the CNS.39,67–69
Postsurgical cases, however, are most frequently associated
with Staphylococcus epidermidis, S. aureus, Enterobacteriaceae,
and Pseudomonas aeruginosa.38-42
Contrary to adults, in the pediatric population only about
a quarter of ISCAs are cryptogenic. Instead, they are typically
caused by spinal cord developmental abnormalities that allow
direct extension of the organisms into the cord.45–50 In a recent
review of pediatric cases of ISCA, 53% were associated with
anatomic defects, such as dermal sinuses, myelomeningoceles,
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BOX 91.2

Intramedullary Spinal Cord Abscess Organisms

Staphylococcus epidermidis
Staphylococcus aureus
Streptococcus spp.
Actinomyces meyeri
Proteus mirabilis
Listeria monocytogenes
Haemophilus species
Escherichia coli

bony lumbar malformations, and sacral decubitus ulcers.
Dermal sinuses are epithelialized tracts formed as a result of
imperfect separation of cutaneous and neural ectoderm early
in fetal life and are considered the leading cause of ISCAs in
the postantibiotic era. Only 1% of dermal sinus tracts are
located in the cervical area, 10% are in the thoracic area, 41%
in the lumbar area, and 35% in the lumbosacral area.49 Dermal
sinuses account for about half of the ISCAs reported in children but only account for about a quarter of ISCAs in adults.44
Bacterial lora associated with dermal sinus tracts include S.
epidermidis, S. aureus, Enterobacteriaceae, B. fragilis, and
Proteus mirabilis45–50 (Box 91.2).

Clinical Presentation
he classic presentation of ISCAs includes fevers, back pain,
and compromise of neurologic function at and below the level
of spine afected. In practice, however, there is great variability.
Studies of ISCAs from the postantibiotic era report that, at the
time of diagnosis, 83% to 94% of patients have some degree
of motor weakness, 60% to 78% have sensory loss, and 51% to
56% have loss of sphincter control. he percentage of spinal
patients that are febrile at the time of diagnosis is 25% to 50%,
and 36% to 60% report pain in the afected area at some point
prior to diagnosis.38–42 Presentation of ISCAs ater invasive
procedures is also variable. Four cases of ISCA ater lumbar
puncture have been reported, each presenting with lower
extremity weakness, with time to presentation of symptoms
varying from 12 hours to 27 days.51 Less frequently, ISCAs
have been reported to present with hydrocephalus, brain stem
indings, and Horner syndrome.39,70,71
he neurologic deterioration caused by an ISCA is related
to its mass efect and rate of expansion. ISCAs were categorized
by Foley72 into three clinical groups with signiicant prognostic
indications based on the severity and chronicity of symptoms.
Acute abscesses typically present with more severe neurologic
compromise and are more likely associated with fever and
leukocytosis. he subacute group has symptoms for up to 6
weeks and the chronic group beyond 6 weeks. he presentation of ISCAs in these latter two groups more closely mirrors
the presentation of an intramedullary tumor and patients are
usually afebrile.

Laboratory Evaluation
Laboratory studies are usually of little diagnostic value in the
diagnosis of ISCAs, though cultures may be important for tailoring treatment, especially in conservatively managed cases.

Leukocytosis and elevations in erythrocyte sedimentation rate
and C-reactive protein are more likely in acute ISCAs but
may also be present in the subacute and chronic groups. CSF
analyses are usually normal; if abnormal, they usually show
elevated white blood cell (WBC) counts and mildly elevated
protein, consistent with a likely parameningeal process.38–42
Reports of ISCAs in pediatric patients suggest that abnormal
CSF studies are more common than in adults in as many
as 78% of cases with positive cultures obtained in 64% of
patients51; however, these studies have been of little diagnostic
signiicance in the recent published literature.

Imaging
Together with clinical presentation, imaging usually provides
the most valuable information for the diagnosis of ISCAs.
While ISCAs are rare and oten diicult to distinguish radiographically from tumors, infarcts, resolving hematomas, or
demyelinating disease, a degree of suspicion for these lesions
needs to be maintained given the acuity of treatment required
with ISCAs. Plain radiographs will not detect ISCAs but oten
show associated conditions, such as osteomyelitis, trauma, or
dysraphism.73–77 Myelography was the early method of choice
for diagnosis of ISCAs prior to the advent of the MRI. he
contrast of a myelogram shows symmetrical thickening of the
spinal cord with partial or complete obstruction of CSF low
in the region of the abscess. CT scans of the spine are an
integral component in the evaluation of any decline in motor
function but are usually nonremarkable in the case of ISCAs.
Plain CT may reveal widening of the spinal cord and when
used with intravenous contrast can show an intramedullary
process. Postmyelographic CT scans are more likely to show
the cord widening and blocked CSF low characteristic of
ISCAs; however, the use of this modality has become obsolete
together with conventional myelography.40,41
Since its widespread use, MRI has remained the gold
standard in the diagnosis of ISCAs. Typical MRI features
of these abscesses include widening of the spinal cord,
hypointensity on T1-weighted images, hyperintensity on T2
images, and peripheral enhancement ater administration of
gadolinium. However, it has become clear that MRI features
vary depending on stage of the ISCA and oten relect changes
observed in the evolution of cerebral abscesses. Early stages
have greater hyperintensity on T2-weighted images but less
contrast enhancement on T1 images compared to later stages.
he well-deined ring enhancement classically described with
abscesses has been reported to occur around 7 days ater
initial presentation. Ater capsule formation, however, this is
also variable. he T2 signal becomes less intense with time
and usually resolves over several weeks ater treatment of the
lesion.73–77
Several recent studies have shown the value of difusionweighted imaging (DWI) in diagnosing ISCAs and initiating
prompt treatment. he purulent luid of abscesses impairs the
difusion of water molecules, which is observed as a hyperintense signal on DWI with reduced apparent difusion coeicient values compared to surrounding tissues.74–76 Hood et al.44
described the case of a 57-year-old physician transferred from

Chapter 91 Spinal Intradural Infections

Treatment and Prognosis
he two factors that most closely correlate with good outcomes
in the management of ISCAs are clinical presentation and
administration of antibiotics. Menezes et al.41 showed in their
review of 55 cases from 1830 to 1977 that chronicity is a
particularly important component of the clinical presentation.
In their review, mortality was 90% in patients presenting
acutely, 66% in subacute patients, and 53% for those with
chronic symptoms. Seventeen patients reported in their study
were treated in the antibiotic era and had only 23% mortality.
Chan and Gold,39 in their comprehensive review of ISCAs
from the pre- and postantibiotic eras, suggested 90% mortality
without use of antibiotics (1830–1944) and only 8% mortality
with antibiotics (ater 1944). Deaths from ISCAs in the modern
era are rare and generally occur due to the presence of multiple
CNS abscesses or other related comorbidities. Even in the
modern era, however, around 70% of adult patients retain
some degree of neurologic disability. Antibiotic therapy
usually starts empiric but is then tailored to cultures, if available. here are no guidelines for duration of antibiotic therapy;
however, most studies use a 4- to 6-week course. he recurrence rate of ISCAs is reported to be around 25%.38–42
he standard of therapy for ISCAs is urgent surgical
decompression and administration of antibiotics.38,39 Very few
reports of conservatively managed ISCAs exist in the modern
era since any change in motor examination associated with
imaging indings generally warrants decompression. Because
ISCAs extend rostrally and caudally, displacing iber tracts, the
goal of surgery is not only to preserve viable tissue in the area
of the abscess but also to prevent its spread through the cord.
Most authors advocate that surgery should include laminectomies at least at the levels involved, intradural exploration,
midline myelotomy, and washout of the abscess cavity.78,79
Focused surgical exposure and drainage, however, have been
advocated in cases with focal imaging indings and presentation.44 Permanent CSF shunting has been used for hydrocephalus caused by ISCAs.39
Since around half of ISCAs in children are associated with
dermal sinus tracts (DSTs), experts advocate for thorough
screening and complete resection of DSTs prophylactically.38,45–51 When an abscess is associated with the DST, the
current recommendation is for limited laminectomy and
myelotomy.38 In their extensive review of pediatric ISCA cases,
da Silva et al. report 20% mortality, residual neurologic deicits
in 60%, and full recovery in 60% of patients.51

Mycobacterial Pathogens
Spinal Intradural Tuberculosis
Background
Tuberculosis (TB) is an infectious disease caused by M. tuberculosis, an acid-fast bacillus that typically infects alveolar
macrophages, leading to focal granulomatous lesions of the
lungs. While Robert Koch irst identiied its causative agent in
1882, TB continued to be a plight to society until the 1945
discovery of streptomycin’s anti-TB efects.80 TB remains a
leading infectious disease killer, especially among the immunodeicient. Although TB is predominantly described in the
lungs, organisms can disseminate hematogenously and reactivation of latent infections can arise in nearly any tissue.
he irst mention of spinal TB was in 1779, when Percivall
Pott described treatment of a patient with paraplegia by surgically draining a spinal abscess.81 Neurologic involvement
of this infectious mycobacterium can present in four ways:
Pott disease (tuberculous spondylitis), nonosseous spinal
tuberculoma, tuberculous arachnoiditis, and tuberculous
meningitis.82 Because Pott disease presents as a vertebral
infection and tuberculous meningitis primarily presents as
intracranial dysfunctions, these will not be discussed in this
chapter.
Since the development of anti-TB drugs, the worldwide
incidence has declined in both developing and developed
countries; the incidence has declined, on average, 1.5% per
year since 2000, according to the World Health Organization.83 Regardless of this success, TB still remains a leading
cause of death worldwide alongside HIV. In 2014, there were
1.5 million TB-related deaths and 1.2 million HIV deaths.83
Tuberculosis is transmitted from person to person via respiratory droplets. hus, the populations at risk include those who
live in crowded conditions, the malnourished, and the
immunocompromised. hose especially at risk are the HIV
infected and patients who undergo solid organ transplants
(SOT).84 In 2015, 1 in 3 HIV deaths worldwide was due to TB.
Furthermore, SOT patients are 20 to 74 times more likely to
be infected with TB.83
In 2013, there were 5.4 million new cases of TB, 800,000 of
which were extrapulmonary in nature. In the United States,
among 253,299 new cases, 18.7% were extrapulmonary and
5.4% were speciically meningeal.85 No statistics were available
for intradural spinal cases, which is consistent with the rare
nature of these indings. here are currently no standardized
guidelines for the treatment of spinal intradural TB.
Two numbers have been reported for the incidence of CNS
TB involvement. One claim is that 10% of patients with TB
experience some sort of CNS involvement, though this statistic
may not truly represent the number of cases of brain and
spinal cord infection.86,87 A more likely analysis puts the prevalence of CNS TB at 0.5% to 2%, most of which occurs as
intracranial lesions.84,88,89 Among these cases, infections of the
spine are very rare. When TB does involve the spine, the
incidence of associated pathologies is as follows: 64% Pott
disease, 20% arachnoiditis, 8% intramedullary tuberculomas,
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an outside hospital several days ater developing hemiparesis
and dysesthesias. He had been afebrile, CSF studies were negative, and MRI with contrast from the outside hospital (without
DWI) showed an enhancing lesion but could not distinguish
intramedullary tumor from ISCA. Urgent DWI posttransfer
showed restricted difusion consistent with abscess and the
patient was emergently decompressed on the basis of this
inding with subsequent good neurologic recovery. It is noteworthy that ISCAs have been diagnosed that possessed no
indings on DWI, likely relecting the dependence of these
indings on age of the lesion and stage of encapsulation.74–76
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and 8% are other presentations, including extramedullary
tuberculomas and abscesses.90
Spinal arachnoiditis frequently precipitates from intracranial TB meningitis. he incidence is slightly higher in
females than males, with a ratio of 1.3 : 1; the median age of
infection is between 27 and 28 years of age.85 Spinal intramedullary tuberculomas are much rarer than their intracranial
counterpart, at a ratio of 1 : 42. Spinal intramedullary tuberculomas are more common in males than in females (3.25 : 1),
while extramedullary tuberculomas present at equal frequencies. he median age for the development of spinal tuberculomas is in the 20s and 30s.88 Furthermore, MacDonnell et al. in
their review found that 39 of 43 cases presented in developing
nations, with only 4 cases coming from the United States and
Italy.91

Pathophysiology
Occurrences of TB in the intradural space are secondary infections, usually originating from primary sites in the pulmonary
system. M. tuberculosis is a species of aerobic acid-fast bacillus,
most commonly transmitted via respiratory droplets and for
which humans are the only natural reservoirs. Infections at
secondary sites are the result of bacteremia, in this case, involving the formation of meningeal TB granulomas.85 Granuloma
formation arises from a delayed type IV hypersensitivity reaction,
in which recruitment of lymphocytes by infected macrophages
results in encapsulation and caseous necrosis by giant cells.
Tuberculous foci can remain latent for an extended period
of time, potentially leading to subacute presentation; it has
been hypothesized that strains have evolved resistance to
macrophage-mediated elimination, which has allowed them
to induce this method of dormancy.81,92 When immunity wanes,
the granuloma can discharge the bacilli into the intradural space,
leading to tuberculous meningitis, tuberculomas, arachnoiditis,
and tuberculous abscesses.93–95 For this reason, HIV-infected
patients are at higher risk for intradural expression of TB.
he manifestation of TB in the CNS has been shown to
critically depend on tumor necrosis factor-α (TNF-α) from
microglial cells. he role of this cytokine seems to be important for granuloma formation and increasing permeability of
the blood-brain barrier, critical for the development of infections in the spinal cord. he role of TNF-α is not entirely
understood, though low levels of the cytokine are linked to TB
overgrowth and high levels are linked to an overreactive
immune response.96
he development of spinal TB is derived from three routes
of dissemination. First, the intradural infections can represent
the irst manifestation within the CNS via direct dissemination from the primary site.97 While direct hematogenous dissemination to the spinal cord is rare, intradural tuberculomas,
along with intracranial tuberculomas, are oten seen in conjunction with miliary TB. he second route is downward
extension of exudate from intracranial infection; descent from
intracranial tuberculous meningitis is the most common cause
of intradural arachnoiditis.97,98 Last, the most rare route
involves the infection of intradural space via adjacent vertebral
disease.99

TB meningitis is the most commonly recorded intradural
TB infection but is seen in the brain much more oten than
the spine. Overall, the incidence of spinal cord involvement
compared to brain involvement is represented by an overall
ratio of 1 : 42, which relects the weights of spinal cord to brain
(1 : 47).84,88,91 Spinal arachnoiditis is frequently the direct result
of intracranial TB meningitis, but can also arise from meningeal TB lesions or spread from adjacent vertebrae, as previously indicated. A literature review from 1966 to 2003 indicated
78 cases of spinal arachnoiditis from the inferior extension of
TB meningitis.86 horacic cord involvement is most frequently
cited; the thoracic region contains 45% of spinal volume,
which is believed to be responsible for these rates.85,86,93 Arachnoiditis results in collagen deposition from proliferating
ibroblasts, causing subsequent matting of nerve roots as pia
and arachnoid are adhered. A more severe case has been
described as adhesive arachnoiditis when this results in the
encapsulation of atrophied nerve roots.85,95,96,99
Tuberculomas appear in the intradural spinal cord as either
intramedullary or extramedullary. Intramedullary tuberculomas directly involve infection of the spinal cord, while extramedullary tuberculomas involve the subdural space.84,86–88
Intradural tuberculomas, tuberculous abscesses, and arachnoiditis can all lead to the encasement of emerging nerve roots
by exudate. his compression of the spinal cord and its roots
can also coincide with edema, inlammation, and potentially
even spinal cord infarction due to thrombosis of spinal
vessels.87
Finally, paradoxical reactions leading to extrapulmonary
TB infections are not uncommon in literature reviews. A paradoxical reaction is the escalation or reappearance of granulomas in response to a seemingly efective anti-TB treatment
regimen.85,96 In a 2013 study, 76 HIV-negative patients with
extrapulmonary TB were studied and 19 (25%) demonstrated
paradoxical reactions.96 he pathogenesis of this has been
hypothetically linked to regulatory T cells, whose levels are
shown to increase in patients with active TB. hese regulatory
lymphocytes modulate tolerance and prevent autoimmunity
through inhibition of interleukin 10 (IL-10) and interferon γ
(IFN-γ) production. Although the mechanism of action is
unknown, dysfunction of regulatory T cells has been linked to
the promotion of paradoxical reactions.96

Clinical Presentation
he clinical symptoms of intradural tuberculomas most commonly present as subacute or acute spinal cord compression
syndromes.90 herefore, the presentation mimics spinal cord
neoplasms. he most frequently afected age group are young
adults in their 20s and 30s. Development in pediatric patients
has been presented, though the incidence of this is rare.88
In a review of patients with spinal intradural tuberculomas,
94% were implicated with myelopathy that progressed over
several months.91 Symptoms vary depending on location, from
upper cervical spine to the cauda equina. Lower limb weakness and progressive paresthesia are among the most prevalent
manifestations; headaches, fever, rigidity, altered sensation
and seizures have also been recorded.84,86–88,100,101 he second
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inlammation and edema within the subdural space is evident,
while a collagen capsule is not. On T1- and T2-weighted
images, lesions appear isointense and are homogeneously
enhanced. he second stage takes the form of a caseating
granuloma with a solid center; as the capsule enriches with
collagen, a reduction or outright disappearance of edema is
oten seen. T1-weighted images will remain isointense. Lesions
will also show isointense to hypointense signal intensity on
T2-weighted images and ring enhancement with hypointense
centers at this stage. he third and most developed stage is a
caseating granuloma with a liquid necrotic center. At this
point, T2-weighted images demonstrate diverse indings, from
a hypointense target to a hyperintense rim. Spinal cord edema
can also be demonstrated by surrounding hyperintensity of
T2-weighted images.84–86
In 2014, Chittem et al. demonstrated the “precipitation
sign” as a new MRI diagnostic sign for spinal intramedullary
tuberculomas.106 his term refers to a mass of precipitated
tubercular pus. Initial MRI images in their study showed an
intradural mass at the conus equina that demonstrated
hypointensity at T1-weighted images and hypointensity to
isointensity at T2-weighted images, which did not enhance
with contrast. heir hypothesis of precipitation of tubercular
pus along the spinal canal via gravity was conirmed intraoperatively. hus, a precipitation sign paired with hyperintensity
on T2-weighted images can be indicative of intramedullary
tuberculomas.106
Spinal arachnoiditis should also be imaged using MRI,
though images can demonstrate variable indings.85 Depending on staging and location, images can show clumping of
roots, subarachnoid space destruction, and loss of spinal cord
outline. Irregular cord surface and CSF loculation are also
frequently seen. Absence of spinal cord border can be the
result of increased protein in the CSF.84–86,96 Variation in signal
intensity can also be explained by edema, myelitis, or ischemia.
Postcontrast studies can be used for clariication. Arachnoiditis can be conirmed by smooth and linear enhancements of
the spinal cord or its emerging nerve roots. Last, meningeal
enhancement is the most prevalent MRI inding for arachnoiditis, occurring among 80% of conirmed patients.85,86

Imaging Studies

Treatment and Prognosis

Upon recognition of the aforementioned clinical presentations
and evidence of TB, imaging of the patients should begin with
chest radiographs. Recognition of active or prior pulmonary
TB in the patient is crucial for understanding the risk of spinal
intradural TB infection. Ater physical examination for sensorimotor deicits, spinal radiographs can be performed in the
appropriate locations. Plain radiographs are generally useless
for tuberculomas, but a negative result can remove suspicion
of Pott disease.91,97,104,105 Axial CT scans can show growth in
the spinal column, but the most informative and thorough
radiographic method is the MRI.84–86,88,89,96
Intradural tuberculomas are undetectable by myelography.
hrough investigation by MRI, intradural tuberculomas are
detectable at three stages of development.85,88,90 Initial development begins as a noncaseating granuloma. At this level,

Due to the rarity of intradural spinal tuberculosis, standardized treatments are controversial. Medical treatment rather
than surgical intervention is considered curative and, thus, the
frontline approach.82,84,87,88,91,96 However, in one-third of
patients demonstrating spinal cord compression syndrome,
systemic TB is not diagnosed and surgical intervention is
warranted for treatment and diagnosis.88
As soon as a TB diagnosis is made, anti-TB therapies
should be initiated and continued for at least 9 months.85,96 At
least four anti-TB drugs should be used, such as isoniazid,
rifampin, pyrazinamide, streptomycin, and ethambutol; four
of these drugs constitute the initial intensive phase that should
last 2 months.96 A continuation phase should be used for the
duration of the treatment; this phase administers a two-drug
regimen.85,88,96

S E C T I O N

most common indication is bowel and bladder dysfunction,
with a prevalence of 67% among those afected.91 Finally, 33%
experienced back pain, representing the third most common
manifestation of the spinal tuberculomas.86–88,91,97,102 Many of
these symptoms are due to spinal cord cavitation and edema
caused by the tuberculoma. Many deicits can arise from
spinal cord compression syndromes. Intradural tuberculoma
patients, especially those positive for tuberculous meningitis,
may present with abscesses in the brain; due to this location, cerebral ischemia and hydrocephalus can be serious
developments.96
Arachnoiditis presents in a similar fashion, though with
variable rates. Both develop most commonly in the thoracic
spine but with various frequencies. Intramedullary tuberculomas are more prevalent in males, with the ratio of male to
female at 3.25 : 1; extramedullary tuberculomas have equal
frequencies. Arachnoiditis is more common in females, with
a ratio of 1.3 : 1.85 he median age of spinal arachnoiditis is
similar to that of tuberculomas, with a median age between
27 and 28 years of age.85 he clinical presentation of spinal
arachnoiditis is repeatedly described in reviews as monoradicular and polyradicular pain syndromes that correspond
with progressive deicits in the sensorimotor system.93 here
are many recurring and relevant symptoms, many of which
overlap with the development of intradural spinal tuberculomas: subacute paraparesis with relex deicits, paresthesias,
radiculopathies, hypotonia of the lower limbs, and bladder
dysfunction. Among patients with arachnoiditis of the spine,
paraparesis is the most frequent clinical presentation, occurring 58.8% of the time.85,93,103 Spinal arachnoiditis has also
been reported to be asymptomatic, though this is rare and
dependent on location.
Tuberculous exudate presenting around lumbosacral nerve
roots leading to cauda equina syndrome has also been
described. Unlike classic cauda equina—characterized by
asymmetrical paraplegia, loss of perineal sensation, and
bladder dysfunction—a common motor deicit among patients
with tuberculous lesions on the cauda equina is the absence
of ankle relexes, though extensor plantar relexes remain
intact.85
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Corticosteroids are also routinely used in treatment protocols, though the mechanism of action is not fully understood.85,81,96 However, in tuberculous meningitis patients with
spinal cord involvement, high-dose corticosteroid use has
demonstrated efectiveness in treatment. he steroids have
been shown to reduce death as well as reduce lasting neurologic deicits in patients with eliminated infections.85 Nonetheless, these are not universally used.
A study using nonrandomized patients demonstrated that
the use of intrathecal hyaluronidase can be valuable in the
treatment of tuberculous spinal arachnoiditis; hyaluronidase
enzymatically degrades hyaluronic acid and other mucopolysaccharides in connective tissue.85 his treatment, however, is
still under investigation and not frequently used.
Surgical approaches are not considered to be the frontline
treatment but are commonly used due to the mysterious
nature of these infections. here are two indications for surgical intervention.84 he irst is simply an uncertain diagnosis;
this is common with spinal cord compression in the absence
of evidence of TB. he second is a failed response to medical
treatment. his can include three forms of its own. First, the
patient may experience a poor response to the medical management of the infection. Next, if neurologic assessments show
progressive deterioration in mental status, surgery is indicated.
Finally, lesion enlargement on imaging following medical
treatment indicates the need for surgical removal.84,85,96
he most common surgery involves the excision of an
intradural tuberculoma. Typically, the tuberculomas are
encapsulated and, thus, well circumscribed; surgical removal
can be performed efectively without compromising the neurologic system. he most common surgical approach for
spinal arachnoiditis involves decompressive laminectomy.85,96
Overall, the prognosis for patients presenting with isolated
forms of intradural spinal TB is good. MacDonnell et al. found
that 65% of these patients demonstrated neurologic improvements.91 Furthermore, there is no signiicant diference in
outcomes between those treated medically and those treated
surgically.91 However, because intradural TB occurs more
oten in the immunocompromised or those with concurrent
tuberculous infections in other organs, the prognosis is generally unpredictable.

Fungal Pathogens
Spinal Intradural Fungal Infections
Background
Fungal infections of the CNS are very rare and historically
have been limited to immunocompromised patients. However,
recent outbreaks associated with epidural anesthesia injections
have brought much attention to the disease.2,107–110 In 2005, ive
cases of fungal meningitis resulted in Sri Lanka ater medical
equipment contaminated by damp conditions from the recent
tsunami was used for spinal anesthesia during cesarean sections. Aspergillus fumigatus was identiied in all ive cases.
hree of the cases ultimately resulted in death.107 hen, in
2012, a fungal outbreak associated with preservative-free

methylprednisolone acetate for spinal epidural anesthesia was
noted in Tennessee and soon spread to 20 other states. Several
vials linked to the infections were tied to a single compounding pharmacy; soon ater initiation of the investigation, government agencies had recovered Exserohilum rostratum from
unopened vials of the same lot. One year later, over 749 cases
of infection had been reported, leading to death in 61 patients
(8%). Although paraspinal and epidural abscesses were the
most common fungal infections associated with this outbreak,
intradural infection was reported in 17% to 26% of cases and
these were the patients who most frequently succumbed to
death.108,109 hrough a quick concerted response from the
government, hospitals, and laboratories, this outbreak was
identiied and addressed quickly. Since then, several reports
have been published that elaborate on the CNS indings
associated with the outbreak, increasing our understanding
of spinal intradural fungal infections.2,108–110
Fungi are ubiquitous organisms that are generally of low
virulence and can be divided into two groups. True pathogens,
which cause infections in patients with normal immune systems,
include Coccidioides immitis, Cryptococcus neoformans, Blastomyces dermatitidis, and Histoplasma capsulatum. he other
group, opportunistic pathogens, cause infections in immunocompromised hosts and include Candida albicans, A. fumigatus, Nocardia asteroides, and Mucor (Zygomycetes class).111,112
Typical causes of immunosuppression in these patients
include HIV/acquired immunodeiciency syndrome (AIDS),
immunosuppression ater transplants, chronic steroid use,
chemotherapy, DM, IV drug use, and congenital diseases of
cellular immunity.112–114

Pathophysiology
Although the pathogenic mechanism of CNS fungal infections
is not clear, it is evident that these organisms have evolved
features that make the infections elusive and diicult to treat.
Some of these properties include the presence of a capsule in
some species, ability to grow at 37°C, and dimorphism, which
allows the fungus to change between mycelial and unicellular
morphologies when invading host tissues.111,112 Spread to the
spinal cord is usually by direct extension or via systematic
spread. Direct extension is usually caused by osteomyelitis,
discitis, epidural abscess, trauma, or iatrogenic causes. Most cases
involving systematic spread originate from the lungs.108,109,111,112
Spinal intradural fungal infections may be extramedullary
and/or intramedullary. Extramedullary infections typically
involve arachnoiditis with chronic ibrosis and granulomatous
processes containing giant cells.108–111 A speciic pathology
unique to intradural extramedullary fungal infections of the
spine is septic thromboemboli to the arterial supply of the
spine, resulting in strokes. hese strokes may also be caused
by direct extension from acute purulent arachnoiditis. A
common inding on microscopy is occlusion of arteries by
ibrinoid thromboemboli containing fungal elements.115 he
associated spinal cord infarct also typically shows evidence of
fungal invasion. Intramedullary fungal infections of the spine,
on the other hand, manifest as granulomas of the spinal cord.
Similar to other fungal infections of the CNS, these lesions are
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Subdural Fungal Infection Organisms

necrotic, noncaseating, and highly cellular with Langerhans
multinucleated giant cells.116,117
he organisms most frequently associated with intradural fungal infections of the spine have been the Aspergillus
species, both for immunocompetent and immunodeicient
patients.111,116 Incidence of Exserohilum has greatly increased
recently as a result of the recent spinal epidural injection–
associated outbreak. Another common iatrogenic cause of
these infections is the Candida species.2,108–110 Candida gains
access to blood vessels by means of intravenous lines, urinary
catheters, surgical implants, or during surgeries (mostly
abdominal) and then may spread to the spinal cord111,116
(Box 91.3).

Presentation
he classic presentation of spinal intradural fungal infections
is a focal neurologic deicit secondary to spinal cord compression, infarction, or both. Localized neck or back pain oten
precedes the deicit and the rapidity of symptom onset is
variable, ranging from a few days to over a year. Other conditions typically high on the diferential include neurosarcoidosis, meningeal carcinomatosis, or bacterial infection.118
Systemic manifestations associated with intradural fungal
infections of the spine include malaise, anorexia, and weight
loss. Most focal intradural fungal infections are localized to
the thoracic cord followed by the cervical cord. Disseminated
infections of the entire spine have also been reported.108,112,116
he epidural analgesia–associated epidemic of 2012 further
shows us the diversity of the presentation of spinal intradural
fungal infections.2,108–110 Although reported infections occurred
due to a similar iatrogenic mechanism and had a common
source, the natural course and imaging indings were very
diverse. In a report published a year ater the outbreak, Smith
et al. reported that, of 13,534 potentially exposed persons,
there were 749 reported cases of fungal CNS infection.110 he
median age of patients was 64 years (range, 15–97 years) and
the median incubation period was 47 days (range, 0–249
days). In these patients, 43% had spinal or paraspinal infections only, 31% had meningitis only, 20% had meningitis with
spinal infection, 5% had peripheral joint infections, and 1%
presented with stroke (likely from meningitis).109 During this
outbreak, factors associated with a signiicantly increased risk
of developing an intradural fungal infection in patients who
received the drug from contaminated lots included multiple
epidural injections, female sex, translaminar (vs. transforaminal) epidural approach, and methylprednisolone lot age above
50 days.2
Interestingly, these iatrogenic fungal infections were
initially associated with meningitis, but ater about 6 weeks,

the meningitis became less prevalent and spinal and paraspinal abscesses became the primary manifestation of the
contaminated epidural steroid injections.108 For patients with
spinal or paraspinal infection, back pain was the predominant
symptom (70%) followed by headache (35%). Neurologic
deicits were rare presenting symptoms and included numbness (6%) and incontinence (2%). he back pain was oten
described as typical chronic back pain but more severe and
unrelenting at the injection site. For patients who presented
with fungal meningitis, headache (73%), neck pain (32%),
light sensitivity (32%), nausea (44%), and vomiting (22%)
were the most common presenting symptoms. Fever was
noted in 17% of patients presenting with solely meningitis
and in only 4% of patients presenting with spinal or paraspinal
infection.109

Laboratory Evaluation
Serum WBC count, erythrocyte sedimentation rate, and
C-reactive protein are rarely elevated in cases of spinal intradural fungal infections. Analysis of CSF is the most important
component of the laboratory evaluation. he CSF proile is
suggestive of a parameningeal inlammatory process rather
than meningitis. Mild to moderate leukocytosis is usually
associated with increased protein. Glucose levels are typically
normal and cultures most oten negative.112,116 In their analysis
of all 749 cases of fungal infections caused by the 2012 epidural
injection–associated outbreak (64% of whom had spinal or
paraspinal infection), Smith et al. reported that median CSF
WBC count was 83 (interquartile range, 12–850), protein was
84 (interquartile range, 47–141), and glucose was 53 (interquartile range, 12–850).110 Fungal CSF cultures are usually
positive in 10% to 30% of reported patients.109–110
For patients presenting with progressive focal neurologic
symptoms who are immunocompromised, have implanted
medical devices, or previous interventional procedures and
have equivocal initial CSF results, a degree of suspicion must
be maintained for fungal infection of the spine and further
analysis of the CSF is warranted. Such tests include CSF cytology, polymerase chain reaction (PCR), analysis and antigen
testing. Cytology is typically negative but can provide a quick
result. Experienced pathologists with knowledge of the clinical picture should be consulted. Antigen detection tests used
for detecting certain fungal infections (e.g., Cryptococcus,
Aspergillus) have shown success recently but they are still
being reined and their utility remains unknown. CSF PCR
analysis has become an important tool in diagnosis of fungal
genetic sequences.112,116 During the epidural injection–
associated outbreak, PCR analysis of CSF samples detected E.
rostratum in roughly half the patients eventually diagnosed
with a fungal infection of the spine.108,109

Imaging
Many patients with spinal cord pathology are usually irst
evaluated by radiograph or CT. In most published reports,
these radiographs are typically normal. hey may reveal
evidence of osteomyelitis/discitis, however, which are oten
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FIG. 91.2 Spinal intradural fungal infection secondary to Aspergillus fumigatus. A 31-year-old woman had a
history of intractable lower back pain after minor trauma. She was treated with epidural injections and
intradiscal thermal electrocoagulation without relief. She then underwent an L5–S1 discectomy without relief.
She eventually had epiduroscopy. One month postepiduroscopy, she developed increasing lower back pain,
tenderness to palpation, bowel/bladder dysfunction, and paraparesis. She required a T12 decompressive
laminectomy and intradural exploration; intraoperative cultures grew A. fumigatus. Her paraparesis improved,
but she was left with neuropathic pain and neurogenic bowel and bladder. Magnetic resonance imaging
showed an intradural infection centered at T11 and epidural abscess from T11 to S1 with associated
T2-weighted hyperintensity of the spinal cord. The lesion is isointense on T1 weighting (A), isointense to
hyperintense on T2 weighting (C), and homogeneously enhancing (B) with loculated collections surrounding
the spinal cord (D).
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Treatment and Prognosis
Treatment strategies and outcomes for fungal infections of the
CNS depend on both host and pathogen factors. A medication’s ability to cross the blood-brain barrier and activity in
the CNS are also important factors to consider. In most early
reports of intradural fungal infection of the spine, patients
were treated with 3 to 9 months of amphotericin B, with
5-luorocytosine or rifampicin oten used as adjuvant therapies.109,116,119 In the case of CNS aspergillosis, the Infectious
Diseases Society of America recommends 6 to 8 weeks of
treatment with voriconazole in immunocompetent patients
and potentially indeinite treatment in patients with chronic
immunosuppression.117

In patients in whom there is suspicion of an infections process
of the spine, as was the case with the epidural anesthesia–
associated outbreak of 2012, positive cultures should not be
mistaken for contamination. Early antibiotic therapy and
aggressive surgical debridement may reduce disease burden
and improve patient outcomes. During the 2012 outbreak,
nearly all patients were treated with voriconazole and most
patients (53%–75%) also received amphotericin B.2,109
here are generally two reasons for decompressing the
spine in a patient with suspected intradural fungal infection.
he irst is to provide decompression in the case of a spaceoccupying mass causing neurologic deicits. he second reason
is to obtain samples for diagnosis, which is usually obtained
by means of direct tissue culture or histopathology. In cases
that involve granulomas (intramedullary or extramedullary),
the surgery may involve resection of a discrete lesion.118–121
During the 2012 outbreak, the most common intraoperative
indings identiied in patients who had MRI evidence of
arachnoiditis were foci of purulent material and clumping of
nerve roots encased in inlammatory tissue.109
Once intramedullary extension occurs, appropriate pharmacologic and surgical therapies are oten unable to control
the ensuing spread of infection, oten resulting in death. Prior
to the 2012 outbreak, 14 cases of intradural fungal infection
had been described, resulting in 10 deaths. All 4 survivors, 3
of whom made complete recoveries, were treated with aggressive decompression and antifungal medications. Only three of
the 10 mortalities had been treated with surgery and antibiotics.2,112,119 During the 2012 outbreak, roughly 10% of patients
died from the disease. Half of those patients who died had
evidence of intradural extension of the infection, although
only 17% to 26% of all patients involved in the outbreak had
intradural spread. he lower mortality rates from intradural
fungal infections associated with the outbreak have been
attributed to the quick public health response and thorough
screening of all patients exposed to the infected methylprednisolone lots.110
PEARLS AND PITFALLS
1. Intradural infections remain rare entities; thus, high clinical
suspicion is essential to early diagnosis.
2. Aggressive surgical therapy combined with an antibiotic
regimen is the most efective treatment for bacterial infections.
3. Medical therapy with judicious use of surgical intervention
(diagnosis and decompression) is the most efective approach
for management of spinal intradural infections.
4. One must look for the primary site of infection, especially in
mycobacterial and fungal infections. Bacterial infections are often
cryptogenic, but fungal and mycobacterial infections are often
secondary infections that begin in the lungs. For mycobacterial
infections, the genitourinary tract must also be investigated.
5. Good recovery is possible with all pathogens, although fungal
infections remain the most diicult to cure.

KEY POINTS
Spinal Subdural Empyema
1. Pathogenesis: Hematogenous, iatrogenic, direct extension, and
cryptogenic (most common).
2. For more than 50% of cases, the organism is S. aureus.
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considered a common source of intradural fungal infections,
but this is usually of little prognostic value. In the pre-MRI
era, myelography was frequently used, which occasionally
identiied varying degrees of contrast block in the spinal canal,
especially in cases in which the fungal infection was a result
of intramedullary granulomatous disease. his was useful for
localizing the level of lesion in the spinal cord but was not
particularly speciic for identifying infectious pathologies.109,116
Since its advent, MRI has been the method of choice for
evaluating spine infections and recent advances continue to
increase its utility. Because of the rarity of spinal intradural
fungal infections, little was known about their MRI characteristics until recently, but the epidural anesthesia–associated
outbreak gave us a better understanding of their MRI features.
In certain patients, initial MRI results were negative but then
were found to have intradural phlegmon or abscesses on
repeat imaging. In their characterization of MRI indings
associated with the outbreak, Kainer et al. identiied MRI
abnormalities in 30% of exposed patients when an MRI of the
head was obtained and in 46% of patients in whom an MRI
of the spine was obtained.2 MRI abnormalities of the spine
included arachnoiditis, neuritis, epidural abscess, psoas or
paraspinal muscle abscess, or subarachnoid hemorrhage. Fatsuppressed postcontrast MRIs are considered particularly
sensitive and efective at distinguishing these infections from
other sources of enhancement.108
Malani et al.108 provided even further characterization of
MRI indings associated with the epidural anesthesia–
associated outbreak by analyzing imaging indings in 172
patients from a pain clinic who had been exposed to the
contaminated lots but had not yet presented with symptoms.
All patients received an MRI with and without contrast within
1 year of exposure to the drug. he MRIs were abnormal in
35 (21%) of the patients. Findings included spinal or paraspinal abscess or phlegmon, arachnoiditis, osteomyelitis, or discitis. Of those 36 patients with spine MRI indings, 35 met
Centers for Disease Control and Prevention criteria for probably or conirmed fungal spine or paraspinal infection and
underwent therapy. All those patients received antibiotic
therapy and 24 received surgical debridement. Interestingly,
17 of the 24 patients, including ive who denied symptoms
prior to surgery, had laboratory evidence of fungal infection
of the spine at the time of surgery (Fig. 91.2).
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3. Classic triad: Fever, pain, and spinal cord/cauda equina
compression
4. Primary treatment is surgical drainage followed by long-term
antibiotic therapy.
5. Conservative therapy results in 80% mortality and 20% recovery.
Surgical therapy results in 17.9% mortality and 82.1% recovery.

Intramedullary Spinal Cord Abscess
1. Pathogenesis: Hematogenous (arterial/anterograde low or
venous/retrograde low), direct inoculation (neuroectodermal
defects), and cryptogenic (most common)
2. For hematogenous spread, septic embolus or aseptic embolus is
needed, followed by bacteremia; bacteremia alone is insuicient.
3. Organisms: Staphylococcus species followed by Streptococcus
species
4. Presentation: Acute (<2 weeks), subacute (2 to 6 weeks), or
chronic (>6 weeks)
5. Primary treatment is surgical drainage followed by long-term
antibiotic therapy.
6. Prognosis depends on chronicity: Acute presentation = worse
outcome; chronic presentation = better outcome.

Mycobacterial Pathogens
1. Four categories: Subdural tuberculomas, intramedullary
tuberculomas, arachnoiditis, and meningitis
2. Rare occurrence but increased incidence since 1985 due to HIV/
AIDS
3. Demographics: Developing countries = younger patients,
developed countries = older and HIV/AIDS patients
4. Pathogenesis: Secondary site of infection, with primary being
respiratory or genitourinary
5. Presentation: Most common is spinal cord dysfunction. Only
one-third will have constitutional symptoms or pain.
6. Medical management is primary treatment modality with
anti-TB regimen for 1 year. Surgery is frequently necessary for
diagnosis or for spinal decompression.
7. Prognosis: Generally good neurologic recovery

Fungal Pathogens
1. Two primary manifestations: Extramedullary disease
(arachnoiditis) and intramedullary disease (granulomas)
2. Pathogens: True (immunocompetent patients) and opportunistic
(immunocompromised patients)
3. Presentation: Pain and spinal cord dysfunction
4. Pathogenesis: Cryptogenic. If hematogenous, then the primary
site is pulmonary.
5. Treatment: Long-term antifungals with surgery necessary for
diagnosis and decompression
6. Prognosis remains poor.
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Vascular Malformations of the Spinal Cord
John E. O’Toole
Paul C. McCormick

Vascular lesions of the spinal cord are a rare cause of neurologic dysfunction, representing less than 5% of all intraspinal
pathology.1 his heterogeneous class of entities encompasses
a wide range of etiologic, anatomic, pathophysiologic, and
clinical features. hey occur throughout the spine and may
afect any age group, although the vast majority present
between the third and ith decades of life.1 Symptoms and
signs result from ischemia, venous congestion, hemorrhage,
or mechanical compression of the spinal cord and roots. Most
spinal vascular lesions are characterized by an abnormal
arteriovenous shunt, which may be located within the dura,
on the spinal cord surface, within the substance of the spinal
cord or, rarely, extradurally.2–5 he shunt may take the form of
a simple direct arteriovenous istula (AVF) or a more complex
nidus of dysmorphic arteries and veins without an intervening
capillary bed. Whereas the latter lesions are typically congenital, the more common istulous lesions are oten acquired.6
he evaluation and management of spinal vascular lesions
have evolved considerably over recent decades as a result of
accumulating clinical experience and the role of selective
spinal angiography and embolization therapies. A fundamental understanding of the anatomy and pathophysiology of
these lesions coupled with reinements in endovascular and
operative techniques has permitted successful deinitive
therapy with minimal morbidity in most patients harboring
vascular shunts of the spinal cord.

Classiication
Various nomenclature and classiication systems have been
employed in the description of spinal vascular lesions.4,7–9 As
a irst approximation, these lesions can be broadly divided
by the presence or absence of an arteriovenous shunt. he
vascular lesions without a shunt are cavernous malformations,
a lesion of capillary structure.10 Spinal cord arteriovenous
shunts are separated into four types on the basis of the location and angioarchitecture of the abnormal arteriovenous
connection (Box 92.1). Types I and IV represent direct AVFs
that occur within the dural root sleeve (type I) or on the
spinal cord surface (type IV). Type II arteriovenous malformations (AVMs) are true congenital malformations, similar to

their intracranial pial counterparts. Type III AVMs are also
congenital but demonstrate extensive contiguous involvement
of intramedullary, intradural-extramedullary, and extraduralparaspinal tissues.

Spinal Arteriovenous Fistula/Malformation
Type I
Type I AVFs, the most commonly occurring type of spinal
vascular malformation, have also been termed long dorsal
AVMs; single-coiled vessel AVMs; angioma venosum racemosum; dural AVF; micro-AVF; and, more recently, intradural
dorsal AVF.4,7,8,11–17 A more sophisticated understanding of the
anatomy and pathophysiology of these istulas has developed
since the seminal description by Wyburn-Mason,17 who
characterized these as purely venous lesions. he advent of
selective spinal angiography in the 1960s reclassiied them as
slow-low AVFs. Early surgical treatment was directed at stripping the long dorsal vein of the spinal cord surface. It was
assumed that tiny feeding vessels, too small to be seen angiographically, supplied this dilated vein throughout its length.
his treatment approach did stabilize or improve symptoms
in some patients, but postoperative neurologic deterioration
was seen in many others. Kendall and Logue,13 in 1977, correctly recognized these lesions as simple AVFs between a
radicular or radiculomedullary artery and a medullary vein,
with the istulous connection located in the dural root sleeve
(Fig. 92.1). he entire intradural portion of the malformation,
therefore, represents the enlarged spinal cord venous system
that has been pathologically engorged from retrograde low
from the istula into the spinal cord veins (Fig. 92.2). hese
malformations are likely oten acquired and arise predominantly at thoracic and thoracolumbar levels. As mentioned
earlier, these shunts and their venous drainage are almost
universally dorsally located, with ventral communications
being exceedingly rare.18

Type II
hese malformations are known as glomus, nidus, or simply
intramedullary type AVMs.4,7 hey are angiographically and
1659

XIII

1660

SPINAL CORD

BOX 92.1

Classiication of Spinal Vascular Malformations

Lesions With Arteriovenous Shunts
Type I (dural root sleeve AVF)
Type II (glomus AVM)
Type III (juvenile AVM)
Type IV (intradural AVF)
Lesions Without Arteriovenous Shunt
Cavernous malformations
Hemangioblastoma (?)
AVF, arteriovenous istula; AVM, arteriovenous malformation.

operatively well-deined lesions consisting of a distinct conglomeration of dysmorphic arteries and veins in direct communication without an intervening capillary bed (Figs. 92.3
and 92.4).19,20 he location of the nidus may be completely or
partially intramedullary and only rarely is conined to the
epipial tissue of the cord. hese latter lesions are sometimes
referred to as perimedullary type II AVMs and most commonly occur dorsally at the cervicomedullary junction (Fig.
92.5).
Typical type II AVMs may arise anywhere within the spinal
cord but predominantly are found at the cervical and lumbar
enlargements or the conus medullaris. Type II AVMs of the
cervical spinal cord frequently have multiple feeding vessels
of anterior spinal, posterior spinal, and radiculomedullary
arteries, whereas type II AVMs of the thoracic spinal cord or
conus are oten supplied via a single enlarged branch of the
anterior spinal artery. Latent anastomotic channels invariably
exist, however, which may emerge ater proximal ligation or
endovascular occlusion of the primary feeding vessel (Fig.
92.6).

Type III
Also known as juvenile or metameric AVMs, type III malformations are fortunately rare. hese lesions do not possess a
discrete nidus but rather consist of difuse arteriovenous
shunts with variable degrees of involvement of the spinal cord,
vertebral, and paraspinal tissues (Fig. 92.7). Other metameric
anomalies of associated organs and the skin are commonly
associated with these lesions.

Type IV

FIG. 92.1 Anteroposterior view of right L1 selective angiography
demonstrates the typical istula (arrow) of a type I AVF and the characteristic
intradural medullary draining vein that extends on the dorsal surface of the
spinal cord over many rostral segments.

Type IV malformations are completely intradural istulas,
variably referred to as perimedullary AVF, macro-AVF, or
intradural ventral AVF.4,7,8,12,21,22 Most occur in the thoracolumbar region as a istula between the anterior spinal artery
(ASA) and anterior spinal vein on the ventral spinal cord
surface. Gueguen and colleagues23 as well as Anson and Spetzler12 subdivided these arteriovenous shunts according to the
complexity and size of the lesion. A type IV-A malformation
is a small, simple direct istula with a single ASA feeder. Type
IV-B lesions are medium-sized istulas and have additional
smaller feeding vessels arising from either the ASA or posterior spinal artery. Type IV-C istulas are giant sized and
demonstrate several enlarged ASA and posterior spinal artery
feeding branches with dilated venous outlow. he subtypes
may represent progressive changes resulting from venous
congestion, thrombosis, collateral vessel recruitment, or
ischemia. he sporadic nature of these malformations suggests
an acquired rather than congenital nature, but their rarity
makes their etiology diicult to determine.

Pathophysiology and Symptomatology
FIG. 92.2 Intraoperative image of a type I arteriovenous istula shows an
enlarged coiled vein on the dorsal spinal surface. (From Youmans JR.
Neurological Surgery. 3rd ed. Philadelphia: WB Saunders; 1990.)

he pathophysiology of vascular malformations relects localized derangements in spinal cord blood low that are related
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FIG. 92.3 (A) Selective spinal angiography reveals type II arteriovenous malformation of the cervical spinal
cord supplied by a branch of the anterior spinal artery (arrow). (B) Sagittal magnetic resonance imaging
demonstrates intramedullary location of the lesion (arrow). (From Youmans JR. Neurological Surgery. 3rd ed.
Philadelphia: WB Saunders; 1990.)

FIG. 92.4 Intraoperative image of a type II arteriovenous malformation
shows a dorsally supericial arterialized vein overlying the intramedullary
nidus that expands the circumference of the spinal cord. (From Youmans JR.
Neurological Surgery. 3rd ed. Philadelphia: WB Saunders; 1990.)

primarily to the speciic type of malformation. Similarly, the
presenting symptoms and signs of spinal vascular malformations depend on whether the pertinent pathophysiologic
process is venous congestion, hemorrhage, ischemia, or localized mass efect. Each type of lesion is discussed separately in
this section, but, in general, relatively slow-low lesions have
typically chronic progressive courses indicative of high venous
pressures, whereas high-low lesions oten have more abrupt
presentations related to hemorrhage or ischemia.

Type I
Type I AVFs produce progressive spinal cord ischemia from
venous hypertension.7,11,15,16,24–28 Despite slow low through

the shunt, intradural venous pressures become markedly
elevated and may approach systemic mean arterial pressure.
Because spinal cord perfusion pressure is equal to mean
systemic arterial pressure minus venous pressure, progressive
spinal cord ischemia may ensue. he elevation of intraspinal
venous pressures during activity or exercise accounts for the
reversible ischemic symptoms oten seen in these patients.
Venous hypertension may be further exacerbated by structural
changes, such as reductions in venous diameter and compliance secondary to intimal thickening and hyalinization
seen with chronic exposure to high intravenous pressures
(Fig. 92.8). Episodic acute neurologic deterioration in these
patients may occur as a result of venous thrombosis. In rare
cases, patients may present with subarachnoid hemorrhage
mimicking that of intracranial aneurysm rupture.29,30
It follows, then, that type I AVFs produce symptoms
usually in middle and advanced adult years with a mean age
at symptom onset around 50 years. Men are four to ive times
more commonly afected than women. he majority occur
in the thoracic or thoracolumbar region. Symptoms typically
arise insidiously with back and leg pain and mild sensorimotor dysfunction. In early stages, symptoms may mimic those
of neurogenic claudication secondary to spinal stenosis. Neurologic examination, however, oten reveals mixed upper and
lower motor neuron disease and patchy sensory loss, clearly
diferentiating the clinical picture from degenerative lumbar
stenosis. he natural history of type I AVFs produces an inexorable progression of symptoms occasionally punctuated by
episodes of acute worsening, as in the classic Foix-Alajouanine

1662

SPINAL CORD

A

B

FIG. 92.5 Intraoperative photographs (A) before and (B) after surgical resection of a dorsal cervicomedullary
junction type II AVM with associated venous aneurysm (arrow). (From Youmans JR. Neurological Surgery. 3rd ed.
Philadelphia: WB Saunders; 1990.)

syndrome. If untreated, these lesions lead to signiicant disability and wheelchair dependence in most patients within 6
months to 3 years ater symptom onset.15
Numerous investigators have demonstrated that preoperative neurologic status is the most important predictor of
posttreatment outcomes.28,31–33 Median time from symptom
onset to diagnosis in modern series ranges from 15 to 23
months.32–36 If type I AVFs are treated early in their course,
symptoms are oten reversible. However, in more chronic
cases, progressive ischemia ultimately leads to irreversible
neuronal loss and infarction. herefore, deinitive treatment
should be administered as early in the disease as possible
because function is unlikely to improve in the presence of
severe incapacity.

Type II
As in types III and IV, type II AVMs are high-low lesions in
which the AVM nidus acts as a low-resistance sump siphoning
blood away from the surrounding normal spinal cord producing ischemia. In addition to such “vascular steal” mechanisms,
the high pressure and low characteristics through these dysmorphic vessels render them susceptible to hemorrhage, in
most cases on the venous side of the malformation, oten from
a venous aneurysm. Finally, enlarged tortuous feeding vessels
or draining veins may cause localized mass efect with compression of the spinal cord or spinal roots, resulting in
myelopathy or radiculopathy, respectively.
Type II AVMs present in childhood or adult years. An acute
presentation from subarachnoid hemorrhage or intramedullary hemorrhage is most common.16 As mentioned earlier, the
presence of venous aneurysms seems to increase the risk of a
hemorrhagic event. he acute onset of severe neck or back
pain (“coup de poignard”37) approximates the level of the

malformation and is typically the irst symptom of AVM
hemorrhage. he occurrence and progression of neurologic
deicit are variable and dependent on the location and severity
of the hemorrhage. For example, typical headache and nuchal
rigidity may be the only symptoms of a spinal subarachnoid
hemorrhage and usually lead to the standard evaluation for an
intracranial ruptured aneurysm.38 On the other hand, objective deicits are typically seen with intramedullary hemorrhage. hese deicits evolve over minutes to hours; some
degree of recovery is usually seen ater incomplete lesions.

Types III and IV
Similar to type II AVMs, these high-low lesions produce
symptoms due to vascular steal/ischemia, hemorrhage, and
mass efect. Type III AVMs have been associated with genetic
syndromes such as Klippel-Trenaunay-Weber.39 Type IV
lesions have an equal incidence in males and females. Symptoms may arise at any age, although most patients present in
childhood and early to middle adult years. Associations with
hereditary hemorrhagic telangiectasia (Rendu-Osler-Weber
disease) and Kartagener syndrome have been noted in younger
patients.7,8,40,41

Radiology
Selective spinal angiography remains the gold standard for the
deinitive diagnosis and characterization of spinal vascular
malformations. his imaging study identiies the locations and
low characteristics of vascular shunts as well as the sites of
critical radiculomedullary arteries (e.g., artery of Adamkiewicz).13,20-22,42-46 Its inherently invasive nature, however, has led
to the development and use of alternative modalities as
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FIG. 92.6 (A) Sagittal T2-weighted magnetic resonance image (MRI) demonstrates numerous serpiginous low
voids over the dorsal surface of the lower thoracic spinal cord in a patient who had undergone prior
embolization of a type II arteriovenous malformation (AVM) in this region. (B) Sagittal and (C) axial T1-weighted
MRI with gadolinium show enhancing nidus of vessels in the substance of the cord at the level of the T10–T11
disc space. (D) Selective angiographic injection of the left T10 artery reveals the AVM nidus (arrow) and the
associated shunting into the medullary venous system rostrad and caudad.
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FIG. 92.7 (A) Spinal angiogram shows the intramedullary and extramedullary nature of a type III AVM (arrows).
(B) Intraoperative image of another type III AVM demonstrates the dorsal, dorsolateral, and ventral location of
the lesion permeating the intramedullary and extramedullary compartments and preventing safe resection. The
cord is rotated by grasping the dentate ligament (arrow). (From Youmans JR. Neurological Surgery. 3rd ed.
Philadelphia: WB Saunders; 1990.)

FIG. 92.8 Histologic cross-section of a vessel from a spinal cord vascular
malformation demonstrates hyalinization and endarteritis obliterans with a
minimal lumen. (From Youmans JR. Neurological Surgery. 3rd ed. Philadelphia:
WB Saunders; 1990.)

screening procedures. hese currently include magnetic resonance imaging (MRI), magnetic resonance angiography
(MRA), computed tomographic (CT) angiography (CTA),
and CT myelography. Myelography has a long history in the
diagnosis of spinal AVMs, particularly for type I AVFs, in
which the characteristic serpentine illing defect on the dorsal
spinal cord surface is oten apparent (Fig. 92.9). hese enlarged
vessels are commonly identiied on screening magnetic resonance scans (Fig. 92.10). If the illing defect extends toward a
neural foramen, the level and side of the istula may be suggested. he dilated venous illing defect should be diferentiated from the venous dilatation seen rostral to high-grade
extradural stenotic blocks.

FIG. 92.9 Anteroposterior thoracic myelography reveals a typical long
serpentine illing defect characteristic of type I arteriovenous istula. (From
Youmans JR. Neurological Surgery. 3rd ed. Philadelphia: WB Saunders; 1990.)

MRI and MRA are useful for the initial screening of AVFs
and are critical in the evaluation of intramedullary malformations, particularly with regard to operative planning and
understanding the relationship of the malformation to the
normal spinal cord. As with CT myelography, both MRA and
CTA may permit more targeted selective angiography.47,48
hree-dimensional angiography is also emerging as a
potential aid in angiographic delineation of the structural
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anatomy of spinal vascular malformations and their relationship to the surrounding spine and normal vessels.49

Treatment
Successful treatment of spinal vascular malformations
requires the total obliteration or excision of the abnormal
shunt. 11,12,14,15,21,26,38,44–46,50–52 Procedures that only partially
reduce the shunt or address only proximal feeders may provide
temporary beneit but all too oten lead to delayed recurrences.

Surgical Therapy: General Considerations
he surgical approach to spinal cord vascular malformations
depends on the level and anatomic position of the lesion. Nevertheless, the majority are dorsal or dorsolateral and therefore
can be approached via a standard posterior laminectomy of
appropriate number of levels. In general, routine perioperative
antibiotics and corticosteroids are administered at the time of
surgery. Neurophysiologic monitoring, including somatosensory evoked potential and motor evoked potential, are also
routinely used. Whereas authors such as Malis53 have described
the use of the sitting or oblique positions for the posterior
removal of malformations, we prefer the prone position for all
such laminectomies. Although the sitting position decreases
venous pressure and respiratory excursions, it also precludes
the efective use of an assistant during the operation. With the
patient in the prone position, the surgeon and assistant work
together across the operating table.

he laminectomy is centered over the extent of the lesion,
as identiied on preoperative imaging. he bony exposure
should be moderately wide and the dura opened with preservation of the arachnoid until the lesion can be visualized. he
operating microscope is used from the time of dural opening.
Malformations with an extramedullary component are immediately apparent, with the exception of small type IV istulas
on the ventral surface of the cord. hose lesions with a primarily intramedullary location (e.g., type II or cavernous malformations) are oten identiied by a bulging or discoloration of
the spinal cord. he techniques for the removal of these latter
lesions are similar to those used with intramedullary spinal
cord tumors and are described in greater detail later.
For complex cases, intraoperative conirmation of shunt
elimination may be obtained. he standard method employed
is intraoperative angiography.54,55 his, however, has its limitations with regard to both patient positioning and image resolution. For types I and IV istulas, some authors have described
the use of intraoperative micro-Doppler ultrasound or infrared
imaging of spinal vascular blood low to demonstrate successful obliteration of the shunt.56–58
Ater satisfactory occlusion or removal of the vascular
shunt, hemostasis is meticulously achieved and a primary
dural closure is performed. Should the latter not be possible,
a dural substitute, either as onlay or sutured grat, may serve
to reduce the risk of cerebrospinal luid leak and postoperative
scarring from the paraspinal musculature.

Endovascular Therapy: General Considerations
he role of endovascular techniques in the treatment of
spinal vascular malformations continues to evolve. Advances
in catheter technology, image resolution, and embolization
materials have allowed increasing success and safety in the
elimination of certain vascular lesions. he wide variety of
embolic materials used in the endovascular treatment of
spinal vascular malformations includes N-butyl cyanoacrylate, Onyx, polyvinyl alcohol, coils, cellulose acetate polymer,
and trisacryl gelatin microspheres.33,59–62
he more widespread use of liquid adhesive embolic agents
such as N-butyl cyanoacrylate and ethylene vinyl alcohol
copolymer (Onyx Micro herapeutics Inc) has generally been
associated with more durable results and less recanalization as
compared with particulate embolic materials (e.g., polyvinyl
alcohol). Both neurophysiologic monitoring and pharmacologic provocative testing have emerged as important adjuncts
in the endovascular treatment of spinal vascular malformations. Somatosensory evoked potentials and motor evoked
potentials and testing with intraarterial injections of agents
such as amobarbital (Amytal) and lidocaine have been shown
to allow safer embolization of spinal AVMs.62–64
Whether endovascular techniques occupy a primary or
adjunctive role depends not only on the type of vascular lesions
but also on institutional experience. Whereas embolization
may clearly be the procedure of choice for extradural istulas
and type III vascular malformations,2 surgery remains the gold
standard for type II lesions. For types I and IV lesions, some
authors advocate initial treatment attempts with embolization,
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FIG. 92.10 T2-weighted sagittal magnetic resonance image of the spine
demonstrates multiple signal voids on ventral and dorsal aspects of the
spinal cord.
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FIG. 92.11 (A) Intraoperative image of a type I arteriovenous istula shows a T5 feeder arterializing dorsal
spinal veins. Note the lateral dural entry point of the draining vein (arrowhead). (B) After coagulation of the vein
at the dural entry point, the spinal venous system is noticeably less engorged.

reserving surgery for failures, but others prefer surgery as
irst-line treatment.

associated with a delay in deinitive treatment that can be seen
with endovascular treatment failures.

Type I

Type II

Treatment of type I dural AVFs has been simpliied over the
years. Operative stripping of the long dorsal vein of the spinal
cord surface was recognized as a tedious and unnecessary
procedure that was responsible for neurologic morbidity due
to removal of normal spinal cord venous drainage. Currently,
these lesions are treated by simpler and more reined surgical
technique or by endovascular occlusion.
Operatively, type I shunts may be treated by excision of
the dural istula or interruption of the intradural draining
vein (Fig. 92.11).11,24,25 his can easily be accomplished via a
two-level hemilaminectomy and partial medial facetectomy,
exposing the dural root sleeve and foramen. A paramedian
longitudinal dural incision allows exposure of the intradural
nerve root and initial segment of the associated draining vein
of the shunt. Simple interruption of the draining vein is the
generally preferred technique, particularly in circumstances in
which the radicular artery that supplies the istula also supplies
a spinal cord medullary artery. his, fortunately, occurs in less
than 10% of cases. In cases of more complex or recurrent type
I AVFs, istula excision deinitively prevents reestablishment
of retrograde intradural venous drainage through collateral
longitudinal extradural venous channels at adjacent radicular
levels. Several millimeters of the feeding radicular artery and
intradural draining vein may be cauterized, divided, and contiguously excised along with a small window of dura on the
root sleeve. his dural defect can be primarily repaired with
sutures. he wound is then closed in layers in a typical fashion.
Outcomes following the treatment of type I AVFs are generally good, with most reports demonstrating neurologic improvement or stabilization in 70% to 99% of patients.31,32,36,65–68
Interestingly, motor and gait disturbances seem to improve to
a greater degree than sensory or sacral deicits.31,65 Surgery
produces a 98% istula obliteration rate, and endovascular
embolization produces a 25% to 66% obliteration rate.32,35,36,66,68–70
In general, then, for most type I lesions, we recommend surgery
as a primary therapy to avoid the progressive myelopathy

As mentioned earlier, type II lesions are classic AVMs and, as
such, are oten approached in an interdisciplinary manner
using both endovascular and operative techniques. Endovascular occlusion of primary feeding vessels may reduce the
overall shunt and assist removal at open surgery.
he type II malformations that form a simple nidus in a
perimedullary location are the easiest to understand and treat.
Circumferential interruption of their feeding arteries at the
exact margin of the glomus is the surgical technique of choice.
Interruption of the venous side of an AVM irst can lead to
hazardous elevations in pressure in the remaining venous
drainage system, producing either excessive bleeding around
the AVM or rupture of associated venous aneurysms.
Malformations that are largely intramedullary are similarly
treated incorporating techniques used for intramedullary
spinal cord tumors. he locus of the lesion is visualized, and
a myelotomy is made over the dorsal surface of the malformation identifying both rostral and caudal poles of the malformation. Typically, irrigating bipolar cautery is used during the
obliteration of the malformation. Only the largest vessels are
clipped; from a practical point of view, this means clipping few
or no arteries because the application of metallic clips to
intramedullary lesions oten proves diicult or dangerous. As
expected, the AVM is approached from the arterial side irst,
serially coagulating and dividing arterial contributions to the
AVM as it is gently peeled away from the cord substance on
its venous pedicle, which is ligated just prior to inal removal.
As mentioned earlier, early interruption of the venous drainage should be avoided. Aneurysmal venous dilatations are
prone to rupture even with minor surgical manipulation.
Bipolar cautery can be used to shrink these venous aneurysms,
but care must be taken not to violate the thin vessel wall. In
some cases, the venous aneurysm may be gently teased out of
the cord (Fig. 92.12).
In any case, the removal of the malformation and associated
aneurysms leaves a surgical defect similar to that seen with
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FIG. 92.13 Intraoperative images demonstrate interruption of (A) bilateral
(clips) or (B) single (arrowheads) arterial feeders to type III arteriovenous
malformations without radical excision of the extensive malformations.
(From Youmans JR. Neurological Surgery. 3rd ed. Philadelphia: WB Saunders;
1990.)

excision of intramedullary tumors. It is indeed remarkable how
thin the remaining spinal cord substance can appear and yet
still produce functional neurologic outcomes postoperatively.

aggressive posterior or posterolateral bone removal including facetectomy, as well as spinal cord rotation with suture
retraction of the dentate ligament. Alternatively, anterior or
anterolateral approaches to such ventral lesions may be used,
with special attention paid to the need for spinal reconstruction and the attendant risk of cerebrospinal luid istulas.71,72
Intraoperative intravenous administration of near-infrared
indocyanine can be useful in assessing the completeness of
the resection of diicult spinal cord vascular malformations.73
For more complex, higher-low lesions (types IV-B and
IV-C), endovascular obliteration of the shunt may be
the preferred primary treatment or at least a preoperative
adjunct.22,40,74

Type III

Cavernous Malformations

hese lesions are the most diicult to treat. hey penetrate the
spinal cord, and histologic examination indicates violation of
presumably functional cord tissue interspersed with vascular
channels of the malformation. hese AVMs do not have welldeined margins and comprehensively involve the intramedullary, intradural-extramedullary, and extradural compartments
over many spinal segments. Although these are generally
unresectable lesions, partial treatment through endovascular
embolization, surgical decompression, and limited arterial
ligation may produce some clinical beneit (Fig. 92.13).4
Such improvements are usually not durable, however, and
the signiicant risk associated with aggressive treatment of
type III AVMs must be carefully weighed before initiating any
invasive therapies.

Cavernous malformations are benign congenital vascular
lesions that occur in every organ system, including the brain
and spinal cord. Pathologically, cavernous malformations
consist of endothelial-lined capillary-like chambers and sinusoids without intervening neural tissue. hey are slow-low
lesions without a direct arteriovenous istula. Hemosiderinstained neural tissue is oten present at the peripheral margin
of these malformations, indicative of prior hemorrhage or
vascular leakage.
he etiology of cavernous malformations is unclear. Most
are sporadic and solitary, but up to 10% to 15% of patients
have more than one lesion, either in the spinal cord or brain.75
A similar percentage of patients have a family history of cavernous malformations supporting a genetic risk factor.

Type IV

Pathophysiology and Symptomatology

Treatment of type IV AVFs depends particularly on the size
and complexity of the lesion.21,22 For small type IV-A shunts,
surgical ligation of the istula is deinitive. Adequate exposure of these ventral intradural shunts oten requires more

Based on the prevalence of cavernous malformation, it is
likely that the vast majority of these lesions are incidental
and asymptomatic throughout life. herefore, the discovery
of an incidental spinal cord cavernous malformation does

A
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FIG. 92.12 (A) Intraoperative image demonstrates a large type II
arteriovenous malformation (AVM). The arrow indicates a partially
thrombosed venous aneurysm within the substance of the cord. (B) Total
extirpation of the AVM and venous aneurysm was achieved via midline
myelotomy. (From Youmans JR. Neurological Surgery. 3rd ed. Philadelphia: WB
Saunders; 1990.)
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FIG. 92.14 T2-weighted (A) sagittal and (B) axial magnetic resonance imaging shows heterogeneous mass
consisting of intralesional hemorrhagic/blood products surrounded by a well-deined low-signal hemosiderin
margin.

not require consideration of treatment or periodic imaging
surveillance. Symptomatic cavernous malformations generally present with acute hemorrhage and neurologic deicit.
he deicits are generally mild to moderate in severity and
oten demonstrate signiicant improvement over the following
weeks to months. he occurrence of an acute hemorrhage
increases the risk of further hemorrhagic events.76

Radiology
Because cavernous malformations are slow-low capillary
lesions without arteriovenous shunting, angiography is usually
unrevealing. Fortunately, due to the oten enlarged bloodilled interstices of cavernous malformations, MRI is usually
both characteristic and diagnostic for these lesions. T1- and
T2-weighted MRI are particularly useful. On T1-weighted
images, these lobulated masses tend to be isointense and
hyperintense with an edge of hypointensity, which represents
the reactive gliotic capsule. On T2-weighted images, the lesions
are also heterogeneous, with a predominant hyperintensity
surrounded by a hypointense rim ater hemorrhage (Fig.
92.14). he heterogeneity is one of the characteristics of these
lesions, which gives them the classic “popcorn” or “mulberry”
appearance.77

Treatment
he treatment for symptomatic cavernous malformations is
surgery. Neither radiosurgery nor embolization has been
shown to be efective. As previously noted, surgery is usually
not performed for asymptomatic lesions. he decision to
recommend surgery for symptomatic lesions depends on an
individualized patient evaluation that considers the severity of
the symptoms as well as the risk of future hemorrhage and the
risk of surgical intervention. For small, dorsally located lesions

that reach the surface of the spinal cord, the risk of surgery is
quite low. On the other hand, large and/or ventral lesions
present a greater surgical risk.
he surgical technique for cavernous malformation resection depends on the relationship of the lesion to the spinal
cord. For pial-based lesions, a circumscribing pial incision
allows detachment and delivery of the cavernous malformation from the supericial substance of the spinal cord. Deeper
intramedullary lesions are exposed by a midline myelotomy.
Although unencapsulated, these malformations are generally
well circumscribed and present a clear dissection plane.10
Uncommonly, a more difuse lesion permeates the spinal cord
tissue and precludes surgical removal. Epidural cavernous
malformations are exceedingly rare entities, but treatment
follows that of other well-demarcated extradural pathologic
processes.78

Summary
Vascular malformations of the spinal cord are rarely encountered, even in tertiary care centers with specialized microsurgical and endovascular staf. Nevertheless, these lesions
produce a high rate of incapacity in a relatively young group
of patients.
he primary aim in the treatment of spinal cord vascular
malformations is obliteration or excision of the abnormal
arteriovenous shunt. his is routinely achieved with the
current techniques available in microsurgery and endovascular therapy for most malformations of types I, II, and IV. As
with the excision of most cavernous malformations, successful
treatment can be accomplished with preservation of neurologic function. Type III AVMs remain a clinical challenge
awaiting novel approaches for treatment. he role of new
therapeutic modalities, such as stereotactic radiosurgery (e.g.,
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PEARLS
1. Successful treatment of spinal vascular malformations requires
total obliteration or excision of the abnormal shunt.
2. Type I AVFs may be treated by excision of the dural istula or, more
typically, by simple interruption of the intradural draining vein.
3. Surgical resection of type II AVMs should proceed in the same
manner as removal of intramedullary spinal cord tumors, with
identiication of rostral and caudal poles of the glomus and
circumferential interruption of the feeding arteries along the
margin.
4. Alternative surgical approaches to standard posterior
laminectomy, including anterior corpectomy and reconstruction,
may be considered in the treatment of ventral lesions such as
type IV-A istulas.
5. More complex lesions often require interdisciplinary approaches
using both endovascular and surgical techniques to achieve
satisfactory radiographic and clinical results.
PITFALLS
1. In the embolization or surgical interruption of malformations,
care must be taken not to sacriice feeding radicular arteries
that also supply spinal cord medullary arteries.
2. In the surgical resection of type II AVMs, arterial feeders should be
eliminated irst because early interruption of the venous drainage
may produce excessive bleeding or venous aneurysm rupture.
3. With the exception of select cases, both surgical and
endovascular treatments for type III AVMs infrequently provide
long-lasting beneit and should therefore be cautiously applied,
if at all, to these diicult entities.

KEY POINTS
1. Vascular malformations of the spinal cord are divided into four
types. Types I and IV represent direct AVFs that occur within the
dural root sleeve (type I) or on the spinal cord surface (type IV).
Type II AVMs are intramedullary lesions similar to their
intracranial counterparts. Type III AVMs have extensive
involvement of intramedullary, intradural-extramedullary, and
extradural-paraspinal tissues.
2. Preoperative neurologic status is the most important predictor
of posttreatment outcomes, particularly for type I AVFs. Early
diagnosis and treatment are critical to favorable outcomes in
spinal vascular malformation patients.
3. Spinal vascular malformations should be entertained in the
diferential diagnosis of progressive myelopathy of uncertain
etiology. Therefore, advanced diagnostic imaging, including
spinal MRA or CTA to screen for such lesions, must be
considered in the radiographic evaluation of such patients.
Selective spinal angiography may then be used in a targeted
manner to better assess suspicious regions of interest.
4. Endovascular embolization has a 33% to 75% failure rate in the
obliteration of type I AVFs. Therefore, surgery should largely be
considered as the primary treatment modality. In any practice

setting in which embolization represents irst-line treatment for
these lesions, early and deliberate follow-up angiography is
required to detect possible recurrence.
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CyberKnife), in the management of these lesions has only
begun to be explored.79
Outcomes in the care of patients with spinal vascular
malformations have become quite satisfactory in most cases.
Still, a poor preoperative neurologic condition predicts a poor
outcome. herefore, it is critical to recognize these lesions
early in their clinical course and institute proper therapy by a
surgical and endovascular team versed in the treatment of
spinal, intramedullary, and vascular diseases.
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Normal Vascular Anatomy of the Spine
An accurate and thorough understanding of the normal vascular anatomy of the spine and spinal cord is vital for the safe
and appropriate performance of spinal angiography and
endovascular intervention. Learning these skills is challenging
because diagnostic spinal angiography is less commonly performed than cerebral angiography and is being gradually
replaced by magnetic resonance angiography (MRA). In this
section, we provide the reader with a concise overview of the
vascular anatomy of the spinal cord and paraspinal structures
as a basis for understanding spinal vascular diseases, their
clinical classiications, and the approaches to treating them.

Arterial Supply
he arterial supply to the spine has a segmental distribution
to the derivatives of each embryologic somite, including the
paraspinal sot tissues, bone, and dura. In contrast, due to
variability in the spinal cord arterial supply, the overall supply
to each metamere is highly variable. he metameric arterial
supply arises from a variety of parent vessels, including the
vertebral arteries, aorta, iliac arteries, and others.
he spinal blood supply can be divided into a macrocirculation, which includes the vasculature of paraspinal structures
up to the cord surface, and a microcirculation, which involves
perforators to the cord beyond the anterior and posterior
spinal arteries (ASA and PSA).1,2

Macrocirculation (Paraspinal Structures and Spinal Cord
Surface)
Analogous to the cerebral blood supply, the pattern of blood
supply to the spinal cord is based on the pattern of its embryologic development, which occurs from the outside in at each
segmental level. he segmental levels are irst manifest as
primitive precursors termed somites. In the irst few weeks
ater conception, the embryo is divided into 42 to 44 somites
along the rostral-caudal direction. Of these, 31 somites persist
through development, corresponding to the 31 pairs of spinal

nerves (8 cervical, 12 thoracic, 5 lumbar, 5 sacral, 1 coccygeal).
he derivatives of each somite and corresponding portions of
the neural crest and neural tube are collectively referred to as
a metamere.
he segmental arteries are numbered according to the
nerve that they accompany in the neural foramen. hrough
their branches, they supply all the ipsilateral derivatives of
their corresponding metamere: skin, muscle, bone, spinal
nerve, dura, and spinal cord (Fig. 93.1). In the embryonic stage
of development, each segmental artery has a branch supplying
the cord. By the end of fetal development, most branches have
regressed, and only a few contribute signiicantly to spinal
cord perfusion. Of the initial 62 metameric arteries (31 pairs),
4 to 8 will end up supplying the ASA (diameter, 0.2 to 0.5 mm),
and 10 to 20 will supply the PSA (diameter, 0.1 to 0.4 mm).
Most of the segmental arteries end up supplying the related
nerves, dura, vertebral body, and paraspinous muscles. he
process of regression of the spinal cord blood supply is more
pronounced caudad. he dominant artery supplying the spinal
cord is named the artery of Adamkiewicz (AKA).
he simpliied algorithm for the vascular supply at each
segmental level is: major arterial trunk (vertebral artery, aorta)
→ spinal/segmental artery → radiculomedullary artery
(ventral radicular artery) and radiculopial artery (ventral or
dorsal artery) → pial network, paired posterior or single
anterior spinal arteries.
Radicular arteries originate from the following major arterial trunks1:
Cervical: Vertebral arteries, ascending cervical branch of the
thyrocervical trunk, deep cervical branch of the costocervical trunk, occipital and ascending pharyngeal branches of
the external carotid artery
horacic: Branches of the costocervical trunk, internal thoracic
artery of the subclavian artery, intercostal branches of the
aorta
Lumbosacral-coccygeal: Lumbar branches of the aorta, median
sacral artery of the aorta, lateral sacral branches of the
internal iliac arteries, iliolumbar branches of the common
iliac arteries
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FIG. 93.1 A segmental artery and its branches, which supply all the
ipsilateral derivatives of its corresponding metamere: muscle, skin, bone,
spinal nerve, and spinal cord. 1, Segmental artery; 2, somatic branches for
vertebral body supply; 3, intercostal artery or muscular branch; 4,
dorsospinal trunk; 5, paravertebral longitudinal anastomosis; 6,
radiculomedullary artery; 7, dorsal somatic branch; 8, spinal nerve; 9, dural
sheath; 10, radicular branches to the dorsal nerve root; 11, radicular
branches to the ventral nerve root; 12, anterior spinal artery; 13, radiculopial
artery; 14, posterior spinal arteries. (From Mathis JM, Shaibani A, Wakhloo AK.
Spine anatomy. In: Mathis JM, ed. Image-Guided Spine Interventions. New
York: Springer-Verlag, 2004.)

FIG. 93.2 Selective intercostal artery injection (single arrow) shows a
longitudinal pretransverse anastomosis (open arrow) between the arteries of
adjacent segments. Note relux of contrast agent into the abdominal aorta
(double arrows). (From Mathis JM, Shaibani A, Wakhloo AK. Spine anatomy.
In: Mathis JM, ed. Image-Guided Spine Interventions. New York: SpringerVerlag, 2004.)

he segmental arteries form paraspinal and extradural
anastomoses in the craniocaudal extension, which can be
subdivided as follows1:
Ventrolateral: Ascending cervical artery of the thyrocervical
trunk
Pretransverse: Anterior to transverse processes, such as the
vertebral or lateral sacral arteries (Fig. 93.2). he latter

At each level, segmental arteries provide blood supply to
the ventral and dorsal nerve roots through radicular arteries
(see Fig. 93.1). Some of the radicular branches, however,
supply not only the nerve root but also the spinal cord. hese
branches give rise to (1) the pial/coronal arterial network or
the PSA and are called radiculopial arteries or (2) the anterior
pial network and to the ASA and are named radiculomedullary
arteries.
he dominant longitudinal blood supply to the spinal cord
is provided ventrally by a single ASA and dorsally by paired
PSAs. hese two systems are connected via a supericial
network of small pial arteries. he low in spinal arteries can
be bidirectional and depends on the size of the radiculomedullary and radiculopial arteries as well as the timing of the
systolic pulse waves traveling within the aorta or vertebral
arteries and being propagated into the segmental arteries at
diferent levels.
As described earlier, radicular arteries originate from each
segmental artery and supply the dorsal and ventral nerve roots
ater giving of branches to the paraspinous musculature,
vertebral body, and dura. At the C1 level, radicular branches
may be absent. Normally, radicular arteries are not seen on
digital-subtracted angiograms because of the current limits of
spatial resolution.
Radiculopial arteries supply the nerve roots by means of
smaller branches and then run ventral to either the dorsal or
the ventral nerve root to supply the pial network. Although
they anastomose with pial branches of the ASA, they do not
supply the ASA directly. here are more dorsal than ventral
radiculopial arteries, and the dorsal radiculopial arteries are
the dominant supply to the PSA. heir number varies from
three to four in the cervical region, from six to nine in the
thoracic region, and from zero to three in the lumbosacral
region.
Radiculomedullary arteries are the dominant supply to the
ASA. Ater giving of their radicular branches to the nerve
roots, they run along the ventral surface of the nerve root,
occasionally give of pial collateral branches, and continue to
the ASA. On average, there are two to four radiculomedullary
arteries in the cervical region, two to three in the thoracic
region, and zero to four in the lumbosacral region. he largest
radiculomedullary artery of the thoracolumbar segment is
also known as the artery of Adamkiewicz (AKA; diameter,
0.55–1.2 mm). In 75% of patients, the AKA arises between T9
and T12, more commonly on the let. When its origin is above
T8 or below L2, another major contributor to the ASA can be
found either caudad or craniad. In 30% to 50% of cases, it also
contributes signiicantly to the PSA. Generally, a pair of arteries arise in the cervical region from the intradural segment of
each vertebral artery that fuse to one Y-shaped ASA. he
typical hairpin anastomosis between the radiculomedullary
arteries and the ASA is found angiographically at the lower
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FIG. 93.3 (A) Microradiograph of the spinal cord vasculature shows the typical hairpin anastomosis between
the radiculomedullary artery (artery of Adamkiewicz) and the anterior spinal artery (single arrow) found at the
lower thoracic and the upper lumbar levels. A large radiculopial artery is seen (double arrow) with supply to
the posterior spinal artery (arrowheads). (B) Left T10-intercostal arteriogram (arrowheads) shows the
radiculomedullary artery (long arrow) and the anterior spinal artery (short arrows). (C) Injection of an intercostal
artery shows a radiculopial artery (curved arrow) and the right posterior spinal artery (double arrows); note the
smaller radius of the hairpin shape. (A, from Lasjaunias P, Berenstein A. Surgical Neuroangiography, Vol. 3:
Functional Vascular Anatomy of Brain, Spinal Cord and Spine. Berlin: Springer-Verlag, 1990.)

thoracic and lumbar levels (Fig. 93.3). here is only one ASA,
which continues from its Y-shaped origin to the artery of the
terminal ilum (diameter, 0.5–0.8 mm). he ASA is located in
the subpial space in the ventral sulcus of the spinal cord, dorsal
to the vein; it may be partly absent or not visible angiographically, especially at the thoracic level. Because of a lack of fusion
during embryologic development, a short nonfused cervical
segment may be present.
Identifying these small normal spinal arterial vessels has
been a signiicant technical challenge in the development of
noninvasive spinal imaging. Recent studies using newer techniques for contrast-enhanced MRA have shown success rates
of 82.4% to 100% for detection of the ASA.3,4 Identiication of
the ASA remains a challenge. Sheehy et al. reported detection
rates of 96% (48 of 50 patients) for the cervical segment of the
ASA.5 Other studies of contrast-enhanced MRA at higher ield
strength have successfully depicted abnormally dilated ASAs
in the setting of spinal vascular malformations, but reliable
detection of the normal thoracolumbar ASA remains elusive.6–8

Microcirculation (Spinal Cord Perforators)
he circulation distal to the subpial ASA, the pial network,
and the PSA can be divided into centrifugal (from the center
of the cord out toward the surface) and centripetal (from the

cord surface toward the center of the cord) systems.1 he
centrifugal system, also known as the sulcocommissural
system, consists of 200 to 400 sulcocommissural arteries,
which are located within the ventral sulcus of the spinal cord
and originate from the ASA (Fig. 93.4). hese arteries penetrate
the sulcus similarly to brain perforators and enter the central
gray matter, where they branch into radially oriented small
arteries that run toward the white matter. Each sulcocommissural artery usually supplies one-half of the cord. he sulcocommissural system supplies most of the spinal cord gray
matter and the ventral half of the white matter. Before entering
the cord substance, each sulcocommissural artery anastomoses craniad and caudad with neighboring sulcocommissural
arteries (see Fig. 93.4). Complex, longitudinally oriented
anastomoses are also seen within the white and gray matter.
Whereas the sulcocommissural arteries initially run horizontally, they take an ascending course with the growth and disproportionate elongation of the spinal column. he spinal
cord territory supplied by the ASA versus the PSAs is comparatively as large as the proportion of a cerebral hemisphere
supplied by the internal carotid arteries versus the vertebrobasilar system. An occlusion of the sulcocommissural artery
at the lumbar segment in primates can cause severe damage
to the ventrolateral two-thirds of the cord at the occluded and
adjacent levels.9
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FIG. 93.4 Microradiographs of injected spinal cord vasculature. (A) Midsagittal plane shows ascending
sulcocommissural arteries (single arrow) within the ventral sulcus of the spinal cord originating from the anterior
spinal artery (double arrows) and dorsal perforators originating from posterior spinal arteries (arrowheads). (B)
Axial plane shows the sulcocommissural artery and anterior perforators that supply the gray matter (single
arrow). Intramedullary anastomoses between anterior and posterior perforators (arrowheads); posterior pial
network and posterior spinal arteries (double arrows); supericial pial anastomoses between the anterior and
posterior spinal arteries (red arrows); anterior spinal artery (dashed arrow); lateral perforators to white matter
originating from pial network (curved arrow). (From Thron AK. Vascular Anatomy of the Spinal Cord:
Neuroradiological Investigations and Clinical Syndromes. Berlin: Springer-Verlag, 1988.)
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FIG. 93.5 Centrifugal and centripetal arterial network with intramedullary
anastomoses. 1, radiculomedullary artery; 2, anterior spinal artery; 3,
sulcocommissural artery; 4, coronal arterial system originating from the
posterior spinal artery. (From Mathis JM, Shaibani A, Wakhloo AK. Spine
anatomy. In: Mathis JM, ed. Image-Guided Spine Interventions. New York:
Springer-Verlag, 2004.)

he centripetal system includes a pial network and the
PSAs (Fig. 93.5). At the craniocervical junction, this system
receives its blood supply directly from the intradural vertebral
arteries or from the posterior inferior cerebellar arteries near
their origins. At all other levels, radiculopial arteries provide

the blood supply to the centripetal system. Radial branches of
the pial network and the PSAs extend around the circumference of the cord and anastomose with the ASA. he radial
arteries and the PSAs give of perforating branches to the cord
all along their courses. hese short perforating branches enter
the white matter in a radial fashion and extend to a portion
of the gray matter. Intramedullary anastomoses with branches
of the sulcocommissural arteries exist. Pial anastomoses also
exist in the longitudinal axis between the anterior and posterior vascular system. hese anastomoses, however, are relatively small and cannot provide adequate craniocaudal supply
to the anterior spinal cord in the case of ASA occlusion.
Dependent on the location and size of a pial arteriovenous
istula (anterior or posterior) or a medullary (within the spinal
cord) arteriovenous malformation (AVM), the blood supply
can originate from the ventral and/or the dorsal vasculature
and, therefore, from the centrifugal and/or centripetal system.

Somatic Arteries (Arterial Supply to the Vertebral Body)
he segmental artery is centered at the level of the intervertebral disc and the corresponding nerve (Fig. 93.6). It gives rise
to an ascending somatic branch and a descending somatic
branch. Each vertebral body is supplied by the descending
somatic branches of the segmental arteries above and the
ascending branches of the segmental arteries below. Because
of extensive anastomoses, an injection in any one of these four
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FIG. 93.6 Vertebral body blood supply. (A) Schematic illustration and (B)
lumbar artery (white arrow) angiograph of the hexagonal anastomoses of
dorsal somatic branches (open arrows). 1, vertebral body; 2, nerve root; 3,
pretransverse longitudinal anastomosis; 4, segmental artery; 5, radicular
artery; 6, segmental artery; and 7, corresponding disc. (From Mathis JM,
Shaibani A, Wakhloo AK. Spine anatomy. In: Mathis JM, ed. Image-Guided
Spine Interventions. New York: Springer-Verlag, 2004.)

segmental arteries may enhance the entire vertebral body. On
angiograms in frontal projection, the arterial network on the
posterior surface of the vertebral body has a characteristic
hexagonal shape. Tumor blush or vascular bone metastases
should not be confused with the normal angiographic blush
of the vertebral body.

Venous Drainage
Ater passing through the capillary network, blood is transported from the deepest parts of the spinal cord toward the
surface (Fig. 93.7). Venous drainage of the cord can be divided
into an intrinsic system, which runs in proximity to the centrifugal arterial system, and an extrinsic system, which runs
in proximity to the centripetal arterial system. Unlike in the
arterial blood supply, there is no dominance of the dorsal or
ventral venous return. Dorsal and ventral sulcocommissural

veins, which collect the venous outlow from the central gray
matter, are a part of the intrinsic venous system. he venous
perforators draining into the radial veins, which drain into the
dorsal and ventral longitudinal collecting veins, belong to the
extrinsic system. hese longitudinal collecting veins inally
drain into the radicular veins that run along the nerve roots
and empty into the ventral epidural venous plexus. In addition
to the main dorsal and ventral draining veins, there are short
intersegmental lateral longitudinal veins linking adjacent
radial veins. However, these lateral longitudinal venous channels are not large enough to form a functional dominant
craniocaudal drainage, as do the dorsal and ventral systems.
he main ventral longitudinal venous channel is known as
the anterior median vein. Flow in the thoracic longitudinal
channels is bidirectional. he most cranial portion drains into
the cervical region and, from there, partly via the anterior
medullary vein into the median anterior pontine vein and the
transverse pontine vein and, inally, into the superior petrosal
sinus. he most caudal part drains into the lumbar region.
here can be multiple longitudinal venous channels, especially
in the thoracic region and ventrally.
he radicular (radiculomedullary) veins drain either into
spinal nerve venous channels in the neural foramina or into a
dural venous pool. Both venous systems eventually empty into
the ventral epidural venous plexus (Fig. 93.8). he epidural
venous system has a prominent ventral and a smaller dorsal
component. he ventral epidural veins receive venous drainage from the vertebral bodies through anterior and posterior
venules, the spinal cord via radiculomedullary veins, and the
dura. hey are also involved in some cerebrospinal luid
resorption via arachnoid granulations along the nerve root
sleeves. he ventral epidural venous plexus forms a valveless,
retrocorporeal hexagonal anastomotic plexus, which is continuous longitudinally. he direction of low within this plexus
is multidirectional and depends on the location of the contributing veins at each anatomic level.
he cervical portion of the plexus drains into the vertebral
veins, which inally empty into the innominate veins. At the
thoracic level, blood drains into the intercostal veins, which
empty into the azygous and hemiazygous systems and subsequently the superior vena cava. In the lumbar segments,
venous drainage involves the ascending lumbar vein on the
let, the azygous and hemiazygous systems, and the let renal
vein. At the sacral and coccygeal level, blood empties into
sacral veins, the lateral sacral veins, and subsequently into
both internal iliac veins.

Imaging and Endovascular Intervention of the
Spine
Classiication
Various classiications have been suggested over the past
several decades for spinal vascular shunts (SVSs) based on
angiographic features, pathophysiology, and neuroanatomy.10–13
However, these classiications vary, may create confusion, and
can be of little value for the endovascular approach to treating
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FIG. 93.7 Deep and supericial venous drainage of the spinal cord. (A) Schematic illustration: 1, dorsal nerve
root; 2, ventral nerve root; 3 and 10, radial/coronal veins; 4, anterior median vein; 5, posterior median vein; 6,
intramedullary anastomosis; 7, dorsal sulcal vein; 8, radiculomedullary vein; 9, ventral longitudinal vein. (B)
Midsagittal and (C) axial microradiographs of injected specimen. Multiple intramedullary anastomoses
(arrowheads) between the ventral (single arrow) and dorsal (double arrows) median veins. Radially oriented deep
venous system (open arrows) draining into the supericial pial venous network and intramedullary anastomoses.
(A, From Mathis JM, Shaibani A, Wakhloo AK. Spine anatomy. In: Mathis JM, ed. Image-Guided Spine Interventions.
New York: Springer-Verlag, 2004; B and C, From Thron AK. Vascular Anatomy of the Spinal Cord: Neuroradiological
Investigations and Clinical Syndromes. Berlin: Springer-Verlag, 1988.)

most vascular abnormalities. To facilitate the understanding
of spinal vascular shunts, we will address these lesions according to their location with respect to the spinal cord, including
the paraspinal sot tissue (Table 93.1). Vascular lesions consisting of a single direct connection between the feeding artery
and the draining vein are known as arteriovenous istulas
(AVFs) or arteriovenous shunts (AVSs). However, when

multiple connections are present at the precapillary level, they
are called arteriovenous malformations (AVMs). he core of
an AVM that appears angiographically and anatomically as a
conglomeration of vessels, because of the superimposition of
connections between arteries and veins and lack of spatial
resolution, is deined as the nidus. Most of the spinal vascular
malformations are congenital, may grow over time, and
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become symptomatic only in adulthood. In this chapter, we
focus on AVSs, AVMs, spinal artery aneurysms, neoplastic
vascular lesions, aneurysmal bone cysts, vertebral hemangiomas, and vascular metastatic disease.

Imaging
Magnetic resonance imaging (MRI) is noninvasive, does not
expose the patient to ionizing radiation, and should be the
primary diagnostic tool in the evaluation of spinal vascular
disease. MRI is able to delineate the spinal cord and paraspinal
structures; the low voids within vascular malformations; and
the presence of edema, hemorrhage, venous congestion, and
other associated processes. For patients without a known or
presumptive diagnosis of spinal vascular disease, MRI remains
the initial imaging modality of choice due to its ability to depict
the broad range of vascular and nonvascular spinal diseases
that may be the cause of a patient’s neurologic symptoms. For
instance, a recent study by Germans et al. found that MRI
may be of utility in identifying spinal vascular malformations
in patients with cerebral angiogram–negative subarachnoid
hemorrhage.14 While extremely sensitive in detecting signal
abnormalities, particularly in the T2-weighted sequences, in
the spinal cord and spinal canal, a diferential diagnosis for
spinal cord lesions seen on MRI must always be considered.15

Spinal AVSs can be strongly suggested on MRI; however, conventional digital subtraction angiography (DSA) remains the
gold standard for evaluation of spinal vascular diseases and
is necessary for visualizing the detailed anatomy and architecture of SVSs, including arterial feeders and venous return.
Angioarchitectural changes characterized on angiography
may suggest aging of the lesion.16 Angiography will also give
an estimate of the blood low velocity within a malformation
and help to guide an endovascular intervention. he addition
of three-dimensional rotational angiography (3DRA) allows
for better delineation of substructures of spinal AVSs, such as
associated arterial or venous aneurysms, and their relationship to the shunt. It is particularly useful in delineating intramedullary from perimedullary shunts/malformations and
in visualizing nidal and venous aneurysms.17 3DRA helps to
assess feeding arteries for planned endovascular procedures,
although reduced spatial resolution and limited temporal
resolution limit its value for high-low lesions. Superselective
3DRA may overcome some of these limitations (Fig. 93.9).
Noninvasive imaging of SVSs was initially attempted using
phase contrast and time-of-light MRI techniques.18,19 Later
studies with irst-pass gadolinium-enhanced MRA and computed tomography angiography (CTA) show a better deinition
of the arterial and venous systems of the shunt.7,8,20,21 In the
most recent of these studies, Mull et al. were able to reliably
distinguish between spinal dural AVF and spinal AVM in
addition to identifying a large proportion of the clinically relevant vascular anatomy in each case. MRA not only allows for
a proper pretherapeutic overview of the regional and lesional
anatomy that will serve as a roadmap for treatment but also
serves as posttherapeutic examination following endovascular treatment.22 Development of time-resolved spinal MR
angiographic techniques with a temporal resolution of 3 to
6 seconds and spatial resolution of about 1 to 3 mm seem to
provide suicient temporal and spatial resolution to identify,
localize, and follow patients suspected of having an SVS.23
Further improvement in spatial and temporal resolutions will
allow MRA to become the premier diagnostic modality for
spinal vascular disease.
With the advancement of multidetector technology, CTA
has recently become a reasonable imaging modality for those
patients for whom MRI is not an option, such as those with
indwelling ferromagnetic material, unable to tolerate long
imaging times, or for whom MRI is not available.24,25 CTA may
ofer several important advantages over MRA. Higher spatial
resolution allows for better visualization of submillimetersized vessels. Several studies have demonstrated feasibility of
imaging the AKA using CTA, even in children.25,26 Unlike
MRI, which usually relies on suppressing surrounding tissues
to optimize small vessel imaging, CTA can also be useful in
the co-visualization of anatomic structures (spinal cord,
bones) to improve localization of vascular lesions.
Ongoing investigations using 320-detector-row CT scanners and more recent techniques, such as four-dimensional
CT (4D-CT), ofer new diagnostic methods for assessing AVS
in real time. In a recent study, 4D-CT was able to detect all
AVM lesions previously detected by conventional DSA,
including their size, location, feeding arteries, and draining
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FIG. 93.8 Venography of lumbosacral epidural venous plexus. The emissary
radicular veins (arrows) connect the epidural venous plexus (arrowheads)
with the longitudinal paravertebral eferent system. Relux is seen in the
radiculomedullary vein (curved arrow). (From Lasjaunias P, Berenstein A.
Surgical Neuroangiography, Vol 3: Functional Vascular Anatomy of Brain, Spinal
Cord and Spine. Berlin: Springer-Verlag, 1990.)
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TABLE 93.1

Classiication of Spinal Vascular Diseases

Anatomic Classiication

Etiology

Pathophysiology

Clinical Presentation

Paraspinal AVS (M): e.g., traumatic
vertebrovertebral AVF
Epidural AVS (M)

Congenital/acquired

Cord compression (enlarged veins)

Progressive myelopathy

Acquired

Progressive myelopathy

Dural AVS (F): single (type IA),
multiple (type IB)
Pial AVS (F): low low, moderate,
high low (type IVA, IVB, and IVC)

Acquired

Extradural-intradural (metameric,
juvenile) AVM (type III)
Intramedullary AVM (type II)

Congenital

Cord compression (enlarged veins), vascular
steal, venous congestion
Venous hypertension/cord compression;
hemorrhage is rare
Cord compression (enlarged veins),
hemorrhage, vascular steal, venous
hypertension, venous varix
Cord compression, hemorrhage, vascular steal

Vascular Shunts

Congenital

Progressive myelopathy, pain
Progressive myelopathy

Pain, progressive myelopathy

Congenital

Intramedullary hemorrhage, subarachnoid
hemorrhage, cord compression, vascular
steal

Acute and progressive
myelopathy, pain

Cavernous angioma

Congenital

Hemangioblastoma

Congenital/acquired

Cord compression (mass efect), repetitive
bleeding
Asymptomatic, cord compression

Acute and progressive
myelopathy
Asymptomatic, myelopathy

Hereditary
(autosomal
dominant)
Congenital
Congenital

Venous hypertension, mass efect, vascular
steal, subarachnoid hemorrhage

Myelopathy, radiculopathy

Cord compression, hemorrhage, vascular steal
Cord compression (enlarged veins,
hemorrhage, vascular steal)

Pain, progressive myelopathy
Progressive myelopathy

Congenital/acquired
Incidence increases
with age

Hemodynamic imbalance, cord compression
Asymptomatic, cord compression

Pain, progressive myelopathy
Pain, myelopathy,
radiculopathy

Spinal artery aneurysms

Congenital/acquired

Subarachnoid hemorrhage

Hypervascular metastatic lesions

Acquired

Pathologic fractures, cord compression

Subarachnoid hemorrhage
symptoms
Acute and progressive
myelopathy

Neoplastic Vascular Lesions

Syndromes With Spinal AVM
Osler-Weber-Rendu syndrome

Cobb syndrome
Klippel-Trenaunay (KT) and
Parkes-Weber (PW) syndromes
Vertebral Vascular Lesions
Aneurysmal bone cysts
Vertebral hemangiomas
Miscellaneous

AVF, arteriovenous istula; AVM, arteriovenous malformation; AVS, arteriovenous shunt; F, istula; M, malformation.

veins.27 However, other studies suggest that for the localization
of spinal dural AVFs, 3.0 Tesla dynamic contrast-enhanced
MRA may be more reliable than multidetector CTA.28
In addition, exposure to ionizing radiation and the need
for nephrotoxic iodinated contrast agents limit widespread
application of CTA for the assessment of spinal vascular
disease in the clinical setting.
In summary, advanced multidetector CT imaging and 3.0
Tesla contrast-enhanced MRA are considered, safe, rapid, and
noninvasive modalities that have the potential to clearly show
the extension of SVSs, feeding arteries, and istulas.29 Studies
have also shown the sensitivity of MRA for depicting dural
AVF; deining the level of the blood supply indirectly via
enlarged draining veins will help to focus and reduce the time
that catheter angiography takes.18,20,30

Catheter-Based Angiography and Intervention
Unlike what is conventionally believed, with modern catheter techniques and when performed by a trained physician,

spinal diagnostic angiography should not bear a higher
rate of complications than a diagnostic angiography of the
peripheral system. Infrequently, minor asymptomatic iliac or
aortic dissections may be encountered in elderly patients with
signiicant atherosclerotic disease. Frequently, angiography
is used prior to a planned surgery to locate the AKA (or
radicularis magna) as the major supply to the anterior spinal
cord. If a vascular lesion, especially a dural AVF, is suspected,
a more thorough angiography may be required. his includes
angiograms of the aortic arch, descending aorta, abdominal
aorta, and pelvic system. In cases of brain AVS with drainage
into the spine or cervical spinal cord AVM/AVS, the vertebral
arteries, thyrocervical trunk, and deep ascending cervical
arteries are also studied.
If an intervention is planned, a 5-Fr or a 6-Fr guide catheter
is preferred for the coaxial microcatheter placement; if the
region of interest is located higher, a long femoral sheath
bypasses the oten tortuous aortic/iliac system. Infrequently,
the guide catheter may need to be changed over an exchange
wire for a stable position within the intercostal or lumbar
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FIG. 93.9 A 50-year-old patient presented with paraparesis. Pial arteriovenous malformation (AVM) is
associated with a split cord malformation type II (diastematomyelia). (A) Axial and (B) coronal magnetic
resonance images show the split cord (curved arrow) and some enlarged vasculature (arrows). A signiicant cord
swelling and edema is seen. (C) Superselective injection of the artery of Adamkiewicz (arrowhead) and
three-dimensional rotational angiography (D and E) show the pial AVM, the typical hairpin turn of the anterior
spinal artery (large arrows), and apically directed drainage into two main arterialized and congested
dorsolaterally located longitudinal veins (arrows).

artery. Because it is easier and less traumatic to straighten the
proximal part of the segmental arteries, we prefer hydrophiliccoated exchange glide wires. A range of microcatheters,
including low-guided catheters and microwires, are available
for the interventional procedures. he selection has to be
tailored to the size of the vessel and the embolic material used.

For diagnostic purposes, heparin is not given. For interventional procedures, heparin may be given, although rarely, to
prevent inadvertent thrombosis, especially if catheters are
navigated within the spinal cord vasculature. In select cases of
high-low AVSs with blood supplied from ASA or PSA,
patients are administered aspirin and/or clopidogrel (Plavix)
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ater the embolization to prevent a retrograde thrombosis of
the ASA ater reduction of the AVS.

Spinal Vascular Disorders
Paraspinal Arteriovenous Malformations and Shunts
Paraspinal AVSs/AVMs are rare lesions presenting with a
female preponderance. hey are mostly found at the thoracic
or cervical level, present frequently as a istula, and drain in
enormous ectatic veins located outside the spine (Fig. 93.10).
he patient can present with progressive neurologic symptoms
and an audible bruit. he pulsatile venous ectasia can erode
the bone, enlarge the neuroforamina, invaginate into the
spinal canal, and directly compress the cord, thus mimicking
an extradural tumor. If paraspinal veins communicate with
intradural radicular veins and the perimedullary venous
plexus, the pathologic venous drainage can create venous
engorgement with congestive myelopathy.31 Paraspinal vertebrojugular istulas can be traumatic in origin, commonly seen
ater motor vehicle accidents, or iatrogenic, ater placement of
transjugular central lines.
Imaging
MRI shows a serpiginous low void signal corresponding to
feeding artery and/or large draining veins, located outside the
spine. Spinal angiography shows the supplying artery, which
is usually a branch of an intercostal artery at the thoracic level
or a branch from the vertebral artery when the AVM is at the
cervical level.32,33 Paraspinal shunts may drain into paravertebral, epidural, or intradural venous systems. In the case of a
high-low AVM(F), distal low within the parent artery (e.g.,
vertebral artery) may be absent owing to the presence of shunt
and steal from the contralateral vertebral artery or cervical
branches. In traumatic cases, the vertebral artery can be
involved directly.
Treatment
he istulas are occluded either by placement of a covered stent
within the artery or by embolization of the AVF with detachable balloons or coils, acrylate injection, Onyx, or a combination of these materials (see Fig. 93.10).34–36

Epidural Arteriovenous Shunts
Also known as spinal extradural arteriovenous istula
(SEDAVF), these are rare vascular shunts anatomically
distinct from the typical spinal dural arteriovenous istula.
SEDAVFs are typically supplied by radicular branches with a
istulous connection to the spinal ventral epidural (also termed
extradural) venous plexus and are usually slow-low lesions.
hey can be a source of neurologic morbidity as a result of
venous engorgement and mass efect or venous hypertension
due to recruitment of intradural perimedullary veins.37 Cases
of subarachnoid hemorrhage (SAH) as a presentation of these
lesions have also been described.38,39 Cervical SEDAVFs afect
younger patients and are associated with neuroibromatosis
(NF-1) and SAH.37 Lumbosacral lesions afect an older patient

population with a male sex predilection; these patients tend to
present with generally worse neurologic deicits, likely due to
their tendency to have intradural venous drainage.37 SEDAVFs
are described in two distinct subtypes: extradural AVFs with
retrograde parenchymal drainage (type A) and pure extradural
AVFs (type B).40,41 Lesions that drain primarily into the ventral
epidural venous plexus and secondarily into the intradural/
medullary venous system have been reported. Most of the
reported cases are sacral, with arterial supply from the lateral
sacral arteries.42
Imaging
Using conventional MRI, it is diicult to distinguish dural
from epidural shunts. he diagnosis is determined when MRA
identiies the draining veins as serpentine, linear, or curved
structures around the surface of the cord.31 Intravenous injection
of gadolinium–diethylenetriamine pentaacetic acid (Gd-DTPA)
enhances the dilated veins and allows a better delineation.
Treatment
he ideal treatment of a type A SEDAVF is obliteration of
shunts leading to the successive disappearance of the epidural
venous lake as well as extradural and intradural drainers.
Endovascular treatments include transvenous and transarterial
embolization. Transvenous embolization may achieve a dramatic and deinitive cure for this subtype of SEDAVF by
means of occluding the istula located on the venous site
through epidural venous lake. One limitation, however, is the
technical challenges associated with such access. he endovascular treatment of these shunts consists of a supraselective
infusion of acrylate or Onyx with obliteration of the most
proximal part of the draining vein and the feeding artery or a
surgical obliteration of the arteriovenous connection.37,41
Although considered an alternative option, transarterial
embolization is limited, as SEDAVFs usually have more feeders
than a classical spinal dural AVF. Transarterial embolization
risks incomplete obliteration of the draining veins, which
could lead to further recruitment of feeders with recanalization of the lesion.
Microsurgical obliteration with sole drainer occlusion can
lead to complete obliteration of the epidural venous lake and
provide satisfactory outcomes in cases of a type A SEDAVF
with a single draining vein. When facing a case with multiple
intradural draining veins or recurrent SEDAVF, complete
shunt occlusion by coagulating the epidural venous lake or a
multimodal approach with endovascular procedures may be a
feasible option.43

Dural Arteriovenous Shunts
Also known as dorsal intradural AVF or type I spinal AVM,
this type represents the most common of spinal vascular
lesions, accounting for about 70% of all arteriovenous shunts
of the spine, and should be in the diferential diagnosis in an
adult presenting with gradually worsening myelopathy. Most
authors have classiied this lesion as type A if fed by a single
arterial feeder and type B if fed by two or more feeders. he
most common location for these malformations is between T4
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FIG. 93.10 An 8-year-old female was originally scheduled for surgery after presenting with progressive
thoracic scoliosis, back pain, and growth disturbance. A vascular malformation was detected on preoperative
magnetic resonance imaging/magnetic resonance angiography, which subsequent digital subtraction
angiography found to be a congenital paraspinal arteriovenous malformation (AVM) at the T6 level. This was
treated through an endovascular approach. (A–C) Selective angiograms show bilateral supply through several
intercostal feeders (arrows) with drainage into the superior vena cava via the azygos vein (arrowhead). (D)
Embolization begins at the T5 intercostal level with infusion of liquid embolics (E) to reduce AVM shunt (arrows).
(F) Follow-up angiography shows low reduction through the AVM. (G) Further embolization at the T6 level
using transarterial placement of coils into the venous outlow (arrows) to reduce the shunt and capture the
additional liquid embolics (black arrows). (H) Continued infusion of the embolic material into the AVM nidus
with penetration of the venous pouch (arrows). I, Follow-up angiography of the right T6 intercostal artery (with
relux into the left T6 intercostal artery) shows a complete obliteration of the AVM.
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and L3, with the peak incidence occurring between T7 and
T12.44,45 Although rare, possibly owing to the helpful efect of
gravity on venous drainage above the level of the right atrium,
dural shunts may occur above the level of the heart. When
present, cervical spinal dural AVSs, particularly high cervical
shunts, have unique angioarchitectural characteristics diferent from those seen in the other spinal regions.46 Cervical
spinal dural AVSs, similar to other locations, seem to be more
prevalent in men (male/female ratio, ~ 2 : 1), with an average
age in the mid-ities, and with predominant arterial supply
arising from the vertebral artery.47 Hemorrhagic presentation
of a thoracolumbar dural AVS is considered extremely rare.48
However, previous reports have shown that cervical spinal
dural AVSs may be more frequently associated with SAH.49,50
It is also important to emphasize that spinal AVSs at any level
can manifest with congestive myelopathy of the conus; thus, a
complete spinal angiogram is necessary.51 Spinal AVSs also
may rarely be located in the sacral region and have a higher
tendency of recurrence compared to their thoracolumbar
counterparts.52
In general, spinal dural AVSs are composed of tiny arterial
connections between the dural branch of a radicular artery
(only rarely of a radiculomedullary artery) at the level of the
proximal nerve root and a radiculomedullary vein (Fig. 93.11).
Branches of adjacent radicular arteries may be involved in
blood supply because of an extensive intradural collateral
network. he arterialized radiculomedullary vein then transmits the increased low and pressure to the valveless coronal
venous plexus and longitudinal spinal veins. Subsequently,
the radiculomedullary vein is enlarged and tortuous. he
mean intraluminal venous pressure is increased to 74% of the
systemic arterial pressure.53,54 he normal venous pressure in
the coronal venous plexus is 23 mm Hg and approximately
twice that of the epidural venous plexus, which is necessary for
venous drainage. In one series, the mean venous pressure in the
coronal venous plexus was measured at 40 mm Hg.10 Because
the venous hypertension afects the normal venous return and
extends into venules, it inally causes a venous infarction of
the spinal cord. he progressive myelopathy oten leads to
paraplegia and bowel, bladder, and sexual dysfunction, with

gradual worsening over months to a few years. Most of the
patients become severely disabled within 3.5 years.10,55–57 he
majority of patients (79–85%) are men, and 86% of patients
are 41 years of age or older at presentation.44,45,58,59 he mean
age at presentation is 55 years old; however, patients as young
as 1 month of age have been reported as a result of hereditary
hemorrhagic telangiectasia.60 he most common presentation is progressive paraparesis, with sensory changes and
complaints of back and leg pain.61 he progression is usually
continuous, but it can also present in a stepwise fashion or a
waxing-waning course with gradual progression. In 10% to
20% of patients, the presentation is an acute exacerbation.
he symptoms can be exacerbated by any physical activity that
increases intraabdominal pressure and thus central venous
pressure, as well as by an upright posture (impaired venous
drainage due to hydrostatic pressure). A brain dural AVS of
the posterior fossa (e.g., tentorial dural AVS) can mimic a
spinal dural AVS if the venous drainage takes the pontomedullary path into the spinal cord venous system (Fig. 93.12).
hese dural brain AVSs have been classiied as type V.62 hus,
a diagnostic cerebral workup of the posterior circulation and
both internal and external carotid arteries is a part of the
spinal angiography. he most common misdiagnosis for these
lesions is transverse myelitis, ischemic spinal cord infarction,
disc disease, and spinal cord tumors.
Imaging
MRI identiies draining vessels as serpentine areas of low void
within the spinal canal on T2-weighted images. In axial T1and T2-weighted MR images, dilated coronal veins with a low
signal located around the spinal cord are visible. Enlarged
radiculomedullary veins on dynamic contrast medium–
enhanced MRA help to guide catheter angiography and help
to reduce the contrast load for the patient.18 he spinal cord
can appear enlarged and hypointense on T1-weighted images;
the lame-shaped spinal cord edema that spares the cord
periphery can be well appreciated on T2-weighted images.
Because it represents venous infarction, contrast medium
enhancement within edematous changes is considered prognostically bad for recovery of neurologic function. Spinal

FIG. 93.11 Dural arteriovenous istula (AVF; intradural AVF, type I spinal arteriovenous malformation [AVM]). (A
and B) A single location and single arterial feeder (type IA) and multiple dural arterial supply (type IB): 1, dural
branches of radicular artery supplying AVM within the dura; 2, arterialized radiculomedullary vein; 3, dilated
posterior median vein. (C) Intraoperative image of a dural AVF after opening of the dura shows an arterialized
and congested posterior median vein (arrow) and a markedly swollen spinal cord. (D) Contrast medium–
enhanced T1-weighted magnetic resonance (MR) image shows a nonspeciic, difuse, lame-shaped
enhancement and swelling of the spinal cord (curved arrow) and dilated posterior median vein (arrow). (E)
Three-dimensional time-of-light MR angiogram in the coronal plane shows congested radiculomedullary vein
(single arrow) and dorsal median vein (double arrows). (F) A microcatheter has been navigated through an
intercostal artery (arrowheads), and superselective angiography of the radicular artery (long arrow) delineates
the dural AVF (curved arrow), the retrograde draining and congested radiculomedullary vein (double arrows),
and the congested dorsal median vein (large arrow). (G) After embolization, a plain spine radiograph shows
N-butyl-cyanoacrylate cast within the radicular artery (arrow), the point of istulization (curved arrow), and the
radiculomedullary vein (double arrows). (H) Control angiography of the intercostal artery (arrow) shows a
complete dural AVF obliteration.
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FIG. 93.12 A 55-year-old neurologically intact man presented with an intraventricular hemorrhage associated
with a tentorial dural arteriovenous shunt (AVS) with drainage into the congested spinal venous system. (A)
Axial T2-weighted magnetic resonance images and computed tomographic scans show hemorrhage into the
fourth ventricle (arrow) and abnormal vascular structure anterior to the cerebellopontine angle (curved arrow).
(B) Right internal and external carotid artery angiograms show dural branches originating from the
meningohypophyseal trunk and the middle meningeal artery (double arrows) with illing of a tentorial dural AVS
(curved arrows). Note early retrograde illing of congested median anterior pontine vein, transverse pontine
vein, lateral pontine vein, and posterior and anterior median medullary veins (single arrows). (C) Left vertebral
artery injection shows additional supply of the AVS via the tentorial branch (artery of Davidof and Schechter)
originating from the right superior cerebellar artery and early venous drainage into the spinal canal (arrows); an
associated superior cerebellar artery aneurysm is seen (curved arrow).
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FIG. 93.12, cont’d (D) Three-dimensional angiography and superselective injection of the right superior
cerebellar artery (double arrows) proximal to the aneurysm (single arrows) show the tentorial AVS (large arrow)
fed by dural artery (curved arrows), the tentorial malformation, and the early illing of congested median
anterior pontine vein (arrowhead). (E) Catheterization of dural artery through the aneurysm (white arrow) and
illing of the AVS (large arrow) and tentorial dural veins (arrowheads). Note early venous drainage into the spinal
canal (single arrows). (F) N-butyl cyanoacrylate infusion with illing of the AVS nidus (curved arrow), dural veins
(arrows), and retrograde dural arteries originating from the internal carotid artery (arrowhead). Coiling of the
superior cerebellar artery aneurysm (large arrow) in the same session.
Continued
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G
FIG. 93.12, cont’d (G) Control injection of the common carotid artery and the vertebral artery shows
complete obliteration of the dural malformation and no illing of the meningohypophyseal dural branches
(single arrow) and the aneurysms (double arrows, coil artifact superimposed on the superior cerebellar artery).
Note the patency of the artery (curved arrow).

angiography shows a direct shunting of contrast agent from
the radiculomeningeal artery supply into the extensive and
tortuous draining radiculomedullary and perimedullary
venous systems. he draining vessels are the coronal venous
plexus situated along the dorsal surface of the spinal cord.
Angiography also helps to delineate the ASA and guide the
embolization. AVS feeding vessels can originate anywhere
from vertebral artery to lateral sacral arteries (Fig. 93.13).
Last, normal cerebrospinal luid pulsations typically dorsal
to the cord on T2-weighted images may mimic a dural
malformation.
Treatment
A cure can be achieved by opening the dura at the afected
level and surgically disconnecting the radiculomedullary vein
from the dural arterial supply.61 Microsurgical treatment can
be performed with exceedingly high obliteration rates and
long-term postoperative improvement of preexisting deicits
in the majority of cases.63,64 Despite recent advances in endovascular techniques and materials, there is a subgroup of
patients for which surgery remains the best treatment option.65
Alternatively, an endovascular intervention in experienced
hands is very safe and efective. Endovascular therapy entails
the infusion of N-butyl cyanoacrylate (NBCA) into the
radiculomedullary vein ater selective microcatheterization of
the feeding artery.66,67 Complete obliteration has been reported
in up to 90% of patients, but with recurrence rates of up
to 23%.59 In pediatric patients, endovascular treatment (even
partial but targeted) also appears to be a safe and stable therapeutic alternative in the management of spinal dural AVSs.68
he availability of newer acrylate and liquid embolic agents
and more experienced physicians has diminished the recurrence rate signiicantly. he consensus among interventional
neuroradiologists at this time is that the successful treatment
of these malformations consists of acrylate penetration of
the istula and the proximal radiculomedullary draining vein

without entering the spinal cord draining system (see Fig.
93.11). he protocol used in some centers is an endovascular approach as the irst line of treatment because of its
noninvasive nature, low complication rate, and the ability to
obtain immediate angiographic control and conirmation of
obliteration. Factors determining the success of endovascular
treatments among patients with spinal dural AVFs seem to
include the presence of antegrade low toward the draining
vein and injection of NBCA glue less than 30%; these factors
were associated with higher chance of draining vein penetration and, therefore, successful endovascular spinal dural AVF
obliteration as reported in a recent single-center experience.69
If the acrylate should not penetrate the radiculomedullary
veins, the patient requires a surgical disconnection; the radiopaque acrylate mixture then can be used as a landmark for
luoroscopic-guided intraoperative localization. Alternatives
for liquid embolic agents include Onyx; however, it has been
associated with a higher recurrence rate, and possibly because
of its deeper penetration into smaller vessels potentially connecting to the ASA or PSAs, considered less suitable for the
endovascular embolization of spinal dural AVFs.70

Pial Arteriovenous Shunts
Also called ventral intradural AVF, perimedullary istula, or
type IV spinal AVM, a pial AVS is a direct istula between the
ASA and the coronal venous plexus (Fig. 93.14). Radiculopial
supply may also be involved. Based on the size of the AVF and
the blood low, three diferent subtypes (A, B, and C) have
been described.
Subtype A (Merland subtype I) is a small shunt with slow
low, with moderate venous hypertension.71 here is no
enlargement of the ASA and only minimal dilatation of the
ascending draining vein.10,72 he location of the istula can be
diicult to ind, but it is characterized generally by the point
at which a vessel caliber change between the smaller artery
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FIG. 93.13 Sacral dural arteriovenous shunt in a 60-year-old man who presented with paraparesis and bowel
and bladder dysfunction. (A) Right internal iliac artery angiogram shows lateral sacral arteries (arrows) illing the
dural artery of the ilum (double arrows). (B) Superselective angiogram through the lateral sacral artery shows
the spinal dural arteriovenous istula within the end of the thecal sac (curved arrow) and the ascending vein
along the cauda equina (thick arrow).

and the larger ectatic vein is seen.73 Owing to the change from
a higher arterial impedance to a lower venous one, a change
in blood low pattern and velocity can be observed on highspeed angiograms.74,75 he ASA is the only feeder, and the AVF
is typically located along the anterior aspect of the conus
medullaris or proximal ilum terminale.71
Subtype B (Merland subtype II) is a moderate-sized (intermediate) shunt with moderate enlargement of the feeding artery(ies)

and the draining veins.71 he location of the istula is marked
by venous ectasia.73 his is a high low rate shunt; associated
low-related arterial and venous aneurysms may be present.
here are several abnormally dilated feeding arteries, composed
of the ASA and one or two arteries from the dorsolateral pial
network (PSA), all of which converge on the istula. hese are
typically located at the level of the conus. Blood returns via
tortuous and dilated ascending perimedullary veins.71
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FIG. 93.14 Pial arteriovenous shunt (AVS; ventral intradural AVF or type IV spinal
arteriovenous malformation). (A) Schematic illustration: 1, radiculomedullary artery; 2,
anterior spinal artery; 3, arteriovenous istula; 4, arterialized and congested anterior
median vein. (B) Sagittal T2-weighted MR images show prominent intradural vessels
ventral and dorsal to the conus (arrows). (C) Lumbar artery injection shows an enlarged
radiculomedullary artery (arrowheads) and anterior spinal artery (single arrow) and an
arteriovenous shunt (curved arrow) with early venous drainage (double arrows). (D)
Congested ventral and dorsal veins as well as the venous plexus at the conus level
(arrows). (E) Microcatheter angiography of the anterior spinal artery before embolization
with N-butyl cyanoacrylate shows the congested venous system. (F) Two-year follow-up
angiography after embolization shows a persistent AVS obliteration and patency of the
anterior spinal artery (arrow). (A, Courtesy R.F. Spetzler; B–F, courtesy P.K. Nelson, New
York University.)
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Imaging
MRI reveals low-signal feeding and draining vessels within
the spinal cord by identifying low voids on T1 and T2
weighting (see Fig. 93.14). Additionally, sagittal and coronal
T1-weighted images characterize the malformation by revealing the low signal nidus and enlarged ASA. On contrast
medium–enhanced scans, pial vessels and epidural plexus
can be appreciated. he spinal cord can appear enlarged
and may show patchy enhancement on T1 weighting. It will
appear hyperintense on T2 weighting, which corresponds to
venous infarction, edema, or gliosis. Lumbar canal stenosis
with engorged venous plexus or tortuous intradural roots may
mimic a pial AVS. Other enhancing spinal cord masses—such
as ependymoma, astrocytoma, or paraganglioma—must be
considered in the diferential diagnosis.
Treatment
Type A and B istulas have traditionally been treated by
microsurgery. In subtype A, the blood supply occurs through
a minimally dilated ASA with slow low; thus, endovascular
treatment is diicult to achieve and microcatheterization
might be hazardous. Endovascular reports, on the other hand,
are limited. Oran et al. reported the treatment of ive patients
with type A istulas using low-directed catheters and NBCA;
the authors were able to achieve complete istula obliteration
in four of the ive cases, with the last patient requiring surgery.78
here were no complications and all treated patients improved
clinically. In select cases, a polyvinyl alcohol (PVA) particle
embolization from a catheter positioned proximally may be

considered if a coil- or acrylate-assisted occlusion of the istula
is not feasible.
In subtype B, a higher low and a larger feeding artery
facilitate the endovascular catheterization of the istula and
a curative acrylate infusion. In a report of 20 patients treated
for AVSs, Lundqvist and colleagues reported treating two
patients with subtype B istulas using PVA embolization.79
Both patients showed clinical improvement, but no long-term
follow-up was documented.
Surgical treatment for type C lesions is generally considered
high risk given the risk of intraoperative hemorrhage; thus,
endovascular treatment is generally favored.80 Both transarterial and transvenous treatment routes as well as direct
venous puncture have been described.76,81,82 Because of this
high low in subtype C, detachable balloons or ibered coils
have been used in the past for a permanent obliteration of the
istula. NBCA may be used safely for a complete closure either
alone or in conjunction with coils (see Fig. 93.14).71,76,83,84
Other embolic agents, such as Onyx, appear to have a
similar safety proile as other, more commonly used materials
when endovascularly treating spinal AVSs. A case report utilizing Onyx for endovascular embolization of pediatric spinal
perimedullary istula included two successfully treated patients
with adequate clinical outcomes and without any permanent
critical complications.85

Conus Medullaris Arteriovenous Shunts
A new category of spinal AVSs proposed recently is characterized by multiple feeding arteries, multiple niduses, and a
complex venous drainage. hese lesions are composed of
multiple direct AVSs with feeders from the ASA and PSA as
well as a glomus-type nidus that is usually extramedullary/
pial. However, the conus medullaris AVS can occasionally be
intramedullary.10 hey are always located in the conus medullaris and cauda equina and can extend along the entire extent
of the ilum terminale. Symptoms can be caused by venous
hypertension, venous compression of the cord/cauda equina,
or hemorrhage (subarachnoid or hematomyelia). Because of
its location, this type of SVS is frequently associated with
radiculopathy in addition to myelopathy.86
Treatment
Optimal treatment of conus medullaris AVSs involves aggressive embolization followed by microsurgical resection.71,76,83,86,87

Extradural/Intradural Arteriovenous Shunt
he rare form of an extradural and intradural AVS is also
known as spinal arteriovenous metameric syndrome (SAMS)
or juvenile AVM, or type III AVM (Fig. 93.15). SAMS is
known for its formidable angioarchitecture and presumed
poor natural history.88–90 If all derivatives of the metamere (i.e.,
skin, muscle, bone, dura, and cord) are involved, it is known
as Cobb syndrome.90 While most patients with SAMS sufer
from intradural spinal vascular pathology, there has been a
recent report of SAMS afecting the epidural space and paraspinal space, leaving the intradural space unafected.91 It is
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Subtype C (Merland subtype III) is a giant istula with very
large arterial feeder(s) from the ASA and dorsolateral pial
network (PSA) converging into the istula and draining
directly into a giant venous ectasia, oten embedded within
the substance of the cord.71 hese istulas are rare, although,
in at least one large series, they were the largest subtype of
ventral intradural AVF.71,73 he location of the istula is more
diicult to ascertain because of the giant, ectatic draining
vein.73 he giant, ectatic draining vein usually drains into the
local metameric eferent veins, which are also dilated.71 hese
lesions are typically located at the thoracic or cervical levels.
he clinical signs and symptoms may be due to vascular
steal, especially with higher low, venous hypertension, and
mass efect with venous enlargement and aneurysm formation, as well as hemorrhage.10 More than 90% of patients
present with neurologic deicits. hey almost always appear
before age 40 years and oten present during the irst decade,
with mean age at diagnosis being between 11.5 and 13.5 years.
SAH is the presenting sign in approximately 40% of patients,
but according to some authors only subtype C istulas present
as hemorrhage.73,76 Occasionally, hematomyelia has also been
reported.77 Paraparesis or paraplegia is the most common sign,
with progressive deterioration over time. Radiculomyelopathy
or radiculopathy can also be present, presumably owing to
mass efect from dilated venous structures. hese lesions can
be seen anywhere along the spine. When the istula is located
ventrolaterally or posterolaterally, a signiicant involvement of
the dorsolateral pial network (PSA) is present.
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estimated that SAMS accounts for approximately 6% to 19%
of all spinal cord AVM cases.11,92
Imaging
MRI and MRA or three-dimensional CT enhanced with
contrast medium reveals a large vascular mass involving the
spinal cord. CT might show scalloping of posterior vertebral
elements and widening of the interpedicular space. he AVM
nidus will have an extradural and intradural extension. he
spinal cord can be enlarged with heterogeneous signal on T1
weighting and hyperintense on T2 weighting corresponding
to ischemia, edema, or gliosis. Old blood products can easily
be depicted on T2-weighted, gradient-recalled echo sequences.
Aortography and selective spinal angiography depict huge
vertebral, paravertebral, spinal, and visceral angiomas. Differential diagnoses include intramedullary neoplasms, medullary AVMs, and some perimedullary AVMs.
Treatment
Because of the complex nature of the malformation, their
management remains in the format of case reports even to
date.93 A combined endovascular and surgical approach is
recommended.10 In some patients, however, we have been
successful with staged endovascular acrylate embolization,
achieving curative results (see Fig. 93.15). he subgroup of
SAMS with exclusively extradural AVMs can also achieve
good treatment outcomes compared with SAMS with intraand extradural extension.91

Intramedullary Arteriovenous Malformations
Also known as type II or classic spinal cord AVM, intramedullary AVMs are the second most common type of spinal vascular malformation, accounting for approximately 20% to 30%
of all spinal vascular shunts. he angioarchitecture of these
lesions is similar to that of the classic brain AVM, with multiple
arterial feeders, a nidus located within the cord parenchyma,
and draining veins. he nidus can be compact, known as

glomus type, or difuse, known as the plexiform or juvenile
type, the latter of which should not be confused with the
metameric type of AVM. he arterial feeders are usually
multiple branches of the ventral spinal axis (ASA) and/or
dorsolateral pial network (PSA). Medullary AVMs can be high
low, high pressure, and low resistance.10 hese lesions also
tend to exhibit both nidal and feeding artery aneurysms.
In their most recently proposed classiication, Spetzler and
associates subdivided these lesions into those with a compact,
glomus-type nidus and those with a difuse nidus.10 he natural
history is diicult to ascertain, but the majority of patients
present before the age of 40 years.73 he most common presentation is an acute myelopathy due to intramedullary hemorrhage and/or SAH.10,73 A proportion of patients present with
intermittent or progressive myelopathy with deterioration of
limb function or bowel and bladder function. he progressive
myelopathy can be due to vascular steal, venous hypertension,
or venous compression.10 Pain can also be a common presenting symptom in these patients. If let untreated, patients
can be expected to experience an episodic but progressive
deterioration due to repetitive bleeding.10 In one 8-year study
of 60 patients, 36% of patients younger than 41 years and 48%
of patients aged 41 to 61 years were wheelchair-bound within
3 years of diagnosis.94 Based on Djindjian’s original series of
150 patients, 13% of patients at the 5-year follow-up, 20% of
patients at the 10-year follow-up, and 57% of patients at the
20-year follow-up had experienced clinical deterioration.95
A recent publication also aimed to describe the clinical
features, outcome ater treatment, and natural history of
nidus-type II versus type IV spinal AV shunts (istulous),
suggesting that progression of clinical presentation from
hemorrhage to congestive myelopathy during follow-up ater
treatment was noted predominantly in those patients who had
AVMs of the nidus type. Complete obliteration could be
achieved more oten in the istulous type than in the nidus
type. Overall, these entities appear to demonstrate diferent
clinical features and obliteration rates, which may afect their
long-term prognosis.96
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FIG. 93.15 Extradural/intradural arteriovenous malformation (AVM; metameric/juvenile AVM or type III spinal
AVM). (A) Schematic illustration shows involvement of all derivatives of the metamere (i.e., skin, muscle, bone,
dura, and cord). The blood supply involves branches of segmental arteries. (B–H) A 42-year-old man presented
with neck pain, headaches, and recurrent cerebrospinal luid rhinorrhea associated with a metameric AVM.
Arterial (B) and venous (C) phase vertebral artery angiograms show extensive vascularity with early venous
drainage (arrows) of the spinal cord, dura, soft tissue, and vertebral body at the craniocervical junction. (D)
Superselective placement of a microcatheter into the anterior spinal artery (arrow). (E) Anterior spinal artery
angiogram shows AVM of the spinal cord at the craniocervical junction with caudal drainage into the anterior
median vein (arrow) and apical drainage through the anterior median medullary vein (double arrows) into the
median anterior pontine vein (short arrow), and through the transverse pontine vein (curved arrow) into the
superior petrosal vein (arrowhead). (F) Embolization of the spinal cord supply through the anterior spinal artery
with N-butyl cyanoacrylate cast of the AVM nidus (arrows). (G) Control axial computed tomographic scan shows
the acrylate cast adjacent to the dens (arrow) and delineates the dysplastic appearance of the left occipital
condyle, the atlanto-occipital joint, and both lateral masses of the atlas associated with the AVM. (H) Left
vertebral artery control angiograms in frontal and lateral projections after multiple staged embolizations
through C1 muscular branch (curved arrow), the thyrocervical artery (not shown), and anterior spinal artery
show an extensive devascularization of the malformation. (A, Courtesy R.F. Spetzler.)
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Imaging
Similar to brain AVM, spinal cord AVM appears on MRI as
a conglomerate of dilated, perimedullary and intramedullary
located vessels that are shown on T2-weighted sequences
as low voids and on T1-weighted images, depending on
their low velocity and direction, as mixed hyperintense/
hypointense tubular structures. A venous congestive edema
within the spinal cord with concomitant swelling of the cord
may be present on T2-weighted images. Intraparenchymal
hemorrhage and subarachnoid hemorrhage may appear as
hyperintense spinal cord signal on T2 weighting, representing ischemia, edema, or gliosis.97 Selective spinal angiography
is necessary to deine the exact type of AVM and to plan
subsequent treatment (Fig. 93.16).
Treatment
Reports of embolization of intramedullary AVMs are rare.98
Biondi et al. reported a total of 35 patients with thoracic AVMs
who underwent a total of 158 PVA embolizations.98 Although
clinical improvement was reported in 63% of patients,
recanalization was frequently observed due to the embolic
agent used. Twenty percent of patients also were reported
to demonstrate neurologic decline following embolization
(seven of the 35 patients). Despite this, the endovascular
approach is the treatment of choice, because a surgical resection is diicult to achieve and has a high intraprocedural risk,
especially if the lesion lies on or within the ventral portion
of the spinal cord.98,99 Part of the diiculty of the surgical
approach to treating these AVMs is the intramedullary location and the blood supply via tiny perforators arising from
sulcocommissural branches or PSA. On the other hand, a
staged endovascular occlusion of the proximal draining vein
with NBCA as a more permanent embolic agent may be curative (see Fig. 93.16).100 PVA has been described as safer for
palliative embolization to obtain a temporary symptomatic
efect, but it may not provide a permanent cure, as stated
earlier.98,101,102 Other embolic liquid agents, such as Onyx,
have been utilized; reported preliminary evidence suggests
that Onyx may be more efective than particles.103 If a surgical resection is planned, embolization before surgery may be
helpful.
Alternative treatments include radiosurgery and stereotactic radiosurgery. he latter appears to provide an efective and
safe alternative treatment option to conventional radiation
therapy, although the literature remains limited.104,105

Spinal Artery Aneurysms
Aneurysms of the spinal arteries are extremely rare. In more
than 3000 spinal angiograms reviewed by Djindjian, only one
isolated aneurysm was found.106 No clear predilection site
appears to exist for spinal aneurysms at any speciic segment
of the spinal artery.107 Contrary to intracranial aneurysms, the
location of spinal artery aneurysms is oten unrelated to arterial branching sites. SAH of spinal origin is a rare event and
accounts for less than 1% of all cases reported in the literature.
Because of spontaneous obliteration of the aneurysm, the
spinal angiography may remain negative.107
Imaging
Spinal artery aneurysms are rare, because signiicant experience with MRI exists. Single case reports have depicted SAH
and associated aneurysm on contrast medium–enhanced
T1 and T2 weighting as a focal lesion. A spontaneous thrombosis and aneurysm regression may be demonstrated on
follow-up MR studies.107
Treatment
Because many of the reported spinal aneurysms have a fusiform rather than a saccular shape, standard surgical treatment
using clips is oten not possible. Endovascular treatment with
ibrin glue may be achieved.107 However, because of the limited
experience with these aneurysms, and given that they may
spontaneously occlude, a wait-and-see strategy appears justiied and may be more adequate than emergency surgical or
endovascular intervention.107

Neoplastic Vascular Lesions
Cavernous Malformations
Spinal cord cavernous malformations are uncommon vascular
lesions that occur more frequently in females than in males,
with a mean age of 36.4 years at diagnosis.108 Cavernoma
or cavernous angioma is a well-circumscribed, blue-reddish
(mulberry-like) nodule. Microscopically, it is composed of
dilated capillaries consisting of a simple endothelial layer with
thin ibrous adventitia. Typically, there is no neural parenchyma centrally and the lesion is surrounded by a variable
degree of gliosis and a pseudocapsule.109 Within the lesion,
there is oten evidence for hyalinization, thrombosis in various
stages of organization, calciication, cholesterol crystals, and

FIG. 93.16 Intramedullary arteriovenous malformation (AVM; type II spinal AVM). (A) Schematic illustration: 1,
radiculopial artery; 2, AVM nidus; 3, arterialized and ectatic posterior median vein. (B–F) A 21-year-old, otherwise
healthy man presented with acute headaches and neck pain. (B) Computed tomography scan conirmed an
extensive hemorrhage (arrows). Sagittal T1-weighted and axial T2-weighted magnetic resonance images show
extensive intramedullary low voids at the craniocervical junction. (C) Left vertebral artery angiogram in lateral
and frontal projections shows an AVM nidus (arrows) and early drainage into the lateral pontine vein
(arrowheads).
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FIG. 93.16, cont’d (D) Microcatheterization of the anterior spinal artery and contrast medium injection at
diferent levels (arrows, photomontage of two levels) after partial embolization (large arrow) delineate the
detailed architecture of the glomus-shaped malformation supplied through sulcocommissural arteries (small
arrows). Note the close relationship between the straight anterior spinal artery (double arrows) and the ectatic
and elongated anterior median vein (curved arrow). (E–F) Superselective angiograms through sulcocommissural
arteries of two diferent AVM compartments and staged N-butyl cyanoacrylate embolization with intranidal
acrylate cast (curved arrow) and penetration of AVM draining veins (double arrows). (G) Left vertebral artery
follow-up angiograms 6 months after complete obliteration show mild displacement of the patent anterior
spinal artery (arrows) associated with the intramedullary AVM mass.
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Imaging
Cavernomas of the spine have a characteristic appearance
on MRI, resembling those of the brain. hey appear as welldeined lesions, with a hypointense rim on T2- or proton
density–weighted images and oten a hyperintense center on
T2-weighted images. he hypointense rim is due to magnetic susceptibility artifacts from hemosiderin deposits.97,111
he complex reticulated core with its typical mulberry-like
appearance represents hemorrhage in diferent stages of evolution. T2-weighted gradient recalled echo images will show
intense blooming due to susceptibility efects. Enhancement
ater instillation of a contrast agent may be present.
Treatment
Currently, there is no role for an endovascular approach. A
conservative approach or surgical resection has been proposed.
he noncapsulated lesions are well circumscribed and present
a clear surface plane for dissection.

Hemangioblastoma
A hemangioblastoma is a true neoplasm of blood vessels,
usually benign. It can arise either spontaneously or can
be associated with von Hippel-Lindau syndrome.112 In
the spinal cord, hemangioblastomas constitute 3.3% of all
intramedullary tumors and most commonly present in the
fourth decade.113 Up to 30% of patients with spinal cord
hemangioblastomas have von Hippel-Lindau syndrome. he
majority of spinal hemangioblastomas (79%) are singular.
he thoracic cord is the most common site, followed by the
cervical cord.113
Imaging
Because these tumors are typically quite vascular, serpentine
areas of signal void may be seen that represent feeding arteries
or draining veins associated with the tumor nidus. he administration of paramagnetic contrast agent dramatically improves
visualization of the tumor nidus, oten allowing its diferentiation from the adjacent edematous spinal cord. Diagnostic
angiography shows a hypervascular mass supplied by medullary arterial feeders. In the case of high blood low velocity,
they may resemble AVMs of the cord. However, unlike in
spinal AVMs, there is no direct arteriovenous shunting and no
individual vessels within the lesion that would be characteristic of a nidus (Fig. 93.17).

Systemic Syndromes Associated With Spinal
Vascular Malformations
Osler-Weber-Rendu Syndrome (Hereditary Hemorrhagic
Telangiectasia)
his autosomal-dominant syndrome consists of two genotypes
(types 1 and 2). Type 1 is associated with mucocutaneous
telangiectasia, pulmonary AVF, and AVSs of the central
nervous system. he associated spinal AVSs are most oten
seen in the pediatric population and are always pial AVF
(subtype C, ventral intradural AVF, or type IV). he endothelial cells in this syndrome lack the molecule endoglin and form
abnormal vessels, especially ater injury.11

Cobb Syndrome
his is the synonym for the complete manifestation of the
metameric type of spinal vascular malformation (see also
extradural/intradural AVM).116

Klippel-Trenaunay and Parkes-Weber Syndromes
hese syndromes consist of vascular malformations involving
primarily the lower limbs, with the following dominant features: cutaneous capillary malformation, varicose veins, and
limb hypertrophy. Klippel-Trenaunay syndrome is composed
mainly of venous anomalies; Parkes-Weber syndrome has
more AVSs.116 A spinal cord involvement with pial AVF or
AVM can be present.
Treatment
Staged embolization and surgical resection, if feasible, is
recommended.

Capillary Malformation–Arteriovenous Malformation
Syndrome With Spinal Involvement
Capillary malformation–arteriovenous malformation (CM-AVM)
is a recently identiied autosomal-dominant disorder in which
arteriovenous lesions have been reported in the brain, limbs,
and face. Only half a dozen patients with CM-AVM and spinal
AVSs have been described.117 It has been suggested that some
patients with AVSs of the neural axis, previously diagnosed as
Cobb syndrome and hereditary hemorrhagic telangiectasia,
might have CM-AVM syndrome.118
Treatment
Staged embolization and surgical resection, if feasible, is
recommended.

Miscellaneous Vascular Lesions of the Vertebrae
Vertebral Hemangiomas

Treatment
A preoperative embolization signiicantly reduces the risk of
a surgical resection (see Fig. 93.17).114,115

Vertebral hemangiomas are benign vascular malformations of
the bone, with a well-known and well-described appearance
on conventional radiography, CT, and MRI. he incidence
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cysts.110 he clinical course is variable, ranging from slowly
progressive symptoms caused by a small hemorrhage or progressive symptoms due to repeated bleeding or mass efect
due to capillary proliferation and vessel dilatation. Diagnosis
is made by typical indings on MRI, whereas angiography is
negative. hus, cavernomas are oten called angiographically
occult vascular malformations.
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FIG. 93.17 (A) Sagittal T1-weighted magnetic resonance image after contrast medium instillation shows
homogeneous enhancement of a dorsally located hemangioblastoma with spinal cord swelling. (B) Arterial and
(C) capillary phases of vertebral angiography of a recurrent craniocervical hemangioblastoma show the
extensive blood supply to the tumor (diferent patient than in A) through C1 and C2 muscular branches
(arrows) and early drainage via dilated posterior median veins into the cranium (arrowheads). (D) Control
angiography after extensive devascularization using microcatheter technique and polyvinyl alcohol particles.

of hemangiomas is variable, depending on age, but has been
reported at around 11% with increasing age. Up to 30% of
patients have multiple lesions. Pathologically, they are considered to be postcapillary vascular dysembryogenetic malformations. Microscopically, they are divided into capillary,
cavernous, and mixed types.119,120 Most of these lesions are
asymptomatic and are incidental indings on MRI. Less than
1% of hemangiomas become symptomatic.119 hey may present
as neurologic symptoms associated with cord compression or

radiculopathy. A complete involvement of the vertebral body,
including the body, pedicles, and laminae, is present in up
to 65% of cases. A smaller number of patients show a partial
body and pedicle/posterior element involvement (23.2%), and
11.8% have involvement of the body only. here is a female
predominance (3 : 1), and young afected adults oten present
with cord compression and/or radiculopathy. Most of the
lesions are in the thoracic spine (>70%).119–121 Fox and coworkers noted that neck or back pain oten preceded the neurologic
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Imaging
he lesions are commonly seen incidentally on imaging
studies, particularly on MRI. On T1-weighted images, they
present as increased signal intensity because of adipose tissue
interspersed among the bone trabeculae.122 An intense contrast
medium enhancement is seen in the frequently mottledappearing vertebral body. Extraosseous components, which
contain only small amounts of adipose tissue, oten display a
lower signal on T1-weighted images. On T2-weighted images,
both intraosseous and extraosseous components present
increased signal intensity, which may be diicult to diferentiate from metastasis. Pathologic fracture may be present.

Type A
hese lesions present as signs and symptoms of cord compression. Imaging shows an extraosseous extension of the lesion,
usually related to an insuiciency fracture associated with the
lesion weakening the vertebral body (Fig. 93.18). Angiography
shows dense opaciication of the vertebral body via enlarged
somatic branches of a normal-sized intercostal/segmental
artery. he appearance of the lesion in the vertebral body is
described as dense “pools” of contrast agent appearing in the
midarterial phase and persisting into the venous phase.
Treatment
he usual treatment for these lesions consists of a preoperative
embolization of the lesion with PVA particles and/or NBCA
infusion directly into the hemangioma and operative decompression of the spinal cord/canal, possibly with a resection of
the lesion and spinal reconstruction and stabilization.
Doppman and colleagues made the important observation
that even in these lesions with epidural extension, the lesion
does not penetrate the dura but is conined by the periosteum,
which results in the characteristic bilobed posterior margin of
these lesions, indented centrally by the posterior longitudinal
ligament.119 Additional treatment options for these patients for
whom timely treatment is a medical necessity is the technique
of percutaneous transpedicular injection of ethanol.120 With
current CT or MRI technology, a percutaneous approach
through the pedicle can be accomplished. he tip of the needle
is usually positioned at the vertebropedicular junction.

Contrast medium–enhanced CT or MRI may be helpful for
the intervention. Ater needle placement, contrast agent is
injected to show the opaciication of the lesion. Subsequently,
dehydrated ethanol opaciied with metrizamide powder is
forcefully injected. Anesthesia is recommended because of the
pain associated with ethanol injection. For lower thoracic and
upper lumbar lesions, the AKA has to be delineated on arterial
angiograms before an intervention to prevent inadvertent
cord ischemia. An improvement of symptoms can be seen
within 1 to 2 days ater the treatment. Follow-up MRI shows
the shrinkage of lesions.

Type B
hese lesions are associated with local pain and tenderness
over the involved vertebral body and/or radicular signs.
Imaging does not reveal any extraosseous extension. he
angiographic appearance is similar to type A lesions, which
are generally large. he irst step in the evaluation of these
lesions is to exclude the more common causes of back pain
with the help of imaging and physical examination.120 Imaging
further helps to exclude involvement of the posterior element,
cortical disruption, and epidural spread of the lesion. In the
absence of these indings, percutaneous vertebroplasty with
polymethyl methacrylate (PMMA) is the treatment of choice.
Other treatment options include the endovascular transarterial
embolization of the lesion using particles or NBCA or ethanol.
Embolization can be efective in as high as 60% to 100% of
patients treated.120 Reizine and associates suggested that if a
painful lesion is located in the cervical or lumbar spine without
involvement of the posterior elements or cortical disruption,
these lesions could be considered as nonevolutive (without
potential for future growth causing cord compression).123 On
the other hand, if a painful lesion is located in the thoracic
spine, especially in a young patient, and shows involvement of
the posterior elements, cortical disruption, or sot tissue
extension, it should be considered for potential growth and
future cord compression.

Type C
hese lesions represent the vast majority of hemangiomas,
which are incidental indings and not associated with any
symptoms. he angiogram shows only normal vertebral body
enhancement.73 Unless the patient develops symptoms (i.e.,
pain and/or neurologic deicits), follow-up imaging or additional studies are not necessary.120 An exception can be made
for very large lesions in a young patient, with the chance of
further growth. A yearly follow-up may be considered, but no
treatment is needed unless symptoms develop.

Aneurysmal Bone Cysts
Aneurysmal bone cysts are benign lesions of bones that primarily afect young people; 80% of patients present when
younger than the age of 20 years. here is no sex predilection.
Although aneurysmal bone cysts can occur at any location,
90% are seen in the spine. Within the spine, most lesions
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symptoms, and thoracic myelopathy was the most common
neurologic presentation.120 An additional known risk factor
for development of neurologic symptoms is pregnancy, with
symptoms developing in the third trimester, possibly owing
to the role of estrogen and/or increased venous pressure from
abdominal distention and pressure of the growing uterus on
the venous structures.120 he mechanism for cord compression can be epidural extension of the lesion from the bone
into the spinal canal, expansion of the bony vertebra by the
hemangioma, a pathologic fracture of the vertebra, epidural
hematoma from bleeding from the lesion, or compression by
enlarged feeding arteries or draining veins.120 Djindjian and
coworkers characterized vertebral hemangiomas into three
groups (types A, B, and C) based on clinical and imaging
characteristics.116
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FIG. 93.18 (A) Fast spin-echo T2-weighted magnetic resonance image shows a thoracic vertebral body
hemangioma with narrowing of the spinal canal. Axial contrast T1-weighted image shows enhancing
extraosseous epidural extension of the hemangioma with cord compression (arrows). (B) Left intercostal artery
angiogram shows hypervascularity of the vertebral body (curved arrow) with blood supply through multiple
somatic branches (arrows). Control angiogram after particle embolization shows extensive devascularization of
the hemangioma. (From Shaibani A, Wakhloo AK. Endovascular therapy of the spine. In: Mathis JM, ed.
Image-Guided Spine Interventions. New York: Springer-Verlag; 2004.)

involve the posterior elements; however, the vertebral body
can also be involved. Additionally, aneurysmal bone cysts can
involve two contiguous vertebral bodies.106 With regard to
pathogenesis, most authors believe that a hemodynamic
imbalance or abnormality within the bone is the etiologic
factor, especially with regard to impaired venous drainage.124,125
Some have suggested the presence of a congenital vascular
abnormality in cases of de novo aneurysmal bone cysts and

an impairment of venous drainage by a secondary factor
(associated lesions or trauma) in other cases.126
Imaging
he radiographic appearance of aneurysmal bone cysts is
characteristic (Fig. 93.19). Pathologically, the lesions consist
of enlarged, septated, but communicating spaces within the
bone, containing venous blood under higher than normal
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FIG. 93.19 An 11-year-old boy presented with intractable neck pain associated with an aneurysmal bone cyst.
(A) Plain lateral spine radiograph, axial computed tomographic scan, and T1-weighted magnetic resonance
image show the typically well-deined and calciied lesion within the C5 vertebral body (arrows). Note widening
of the transverse foramen and a thinning of the spinal nerve sulcus and the anterior tuberculum. (B) Right
vertebral artery angiograms in frontal and lateral projection (arterial and venous phase) show multiple enlarged
somatic branches originating from two major radicular arteries (arrows). Note persistent illing of a
hypervascular area with patchy collection of contrast material (curved arrow) and delayed washout into the
epidural venous plexus (double arrows).
Continued
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C
FIG. 93.19, cont’d (C) Superselective catheterization of the proximal radicular artery (arrow) and illing of
multiple somatic branches (curved arrows). Polyvinyl alcohol particle embolization and subsequent control
angiography of vertebral artery shows a near-complete devascularization; microcatheter is still in the radicular
artery (arrow at right). Note mild vasospasm of vertebral artery related to a balloon test occlusion before
embolization. (From Shaibani A, Wakhloo AK. Endovascular therapy of the spine. In: Mathis JM, ed. Image-Guided
Spine Interventions. New York: Springer-Verlag; 2004.)

venous pressure. Fluid/luid levels may be present on T1- and
T2-weighted images resulting from blood products. Because
of a rim of periosteum, a hypointense rim around the mass
may be seen. he expansile remodeling of the vertebral
body and the thinned cortex with absent tumor matrix can
be appreciated very well. CT is excellent for inalizing the
diagnosis. he lining of the spaces consists of a ibro-osseous
patchwork and some giant cells.106 Other diferential diagnoses
include osteoblastoma, metastases, and telangiectatic osteogenic sarcoma. Interestingly, up to one-third of aneurysmal
bone cysts are found in conjunction with other lesions, such
as ibrous dysplasia, osteoblastoma, or chondrosarcoma,126
whereas others may be associated with previous trauma.125
Angiographically, there is no pathognomonic pattern for
aneurysmal bone cysts (see Fig. 93.19). Findings can vary
from a faint or moderate vascularity to a dense vascularity with a rich network of dilated, tortuous feeding vessels
and a dense stain of the lesion within the vertebral body.106
Djindjian described arteriovenous shunting in some lesions,
whereas others have described patchy collections of contrast agent within the cystic spaces, persisting into the late
venous phase.127
Treatment
he most common approach to symptomatic aneurysmal
bone cysts is surgery, whether with curettage or with resection

of the lesion and reconstruction of the spine, if necessary.
In many cases, owing to the vascularity of the lesion, the
operating surgeon will request a preoperative angiography and
embolization of the lesion to decrease intraoperative blood
loss, which can be signiicant (see Fig. 93.19). An endovascular embolization can be the sole therapy for aneurysmal bone
cysts.128 Long-term follow-up data ater embolization show an
almost complete healing of the lesion and restoration of the
normal shape of the afected bone. hus, the patient may not
require any subsequent surgery. If present, an endovascular
embolization of an aneurysmal bone cyst can, besides reduce
the size, relieve the primary pain symptom.129 More recently,
percutaneous injection of PMMA under luoroscopic guidance has been advocated for cure. Resection of the lesion
and resection of the spine is the treatment of choice when
the lesion is symptomatic and if interventional treatment is
not considered. In many cases, to decrease intraoperative
blood loss, preoperative angiography and embolization may
be necessary.

Spinal Metastasis
Neoplastic and metastatic lesions can involve the vertebral
bodies as well as intramedullary and extramedullary structures. he goal of an endovascular treatment remains a devascularization before a planned surgery or biopsy (Fig. 93.20).
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FIG. 93.20 Metastatic recurrence of a thyroid cancer after previous surgery and anterior stabilization. (A) Right
vertebral artery angiograms in frontal and lateral projections show hypervascular lesion of C4 and C5 vertebral
bodies supplied through multiple enlarged somatic branches (arrows). (B) Before planned preoperative
embolization (not shown), a balloon test occlusion is carried out with a nondetachable balloon (curved arrow)
followed by a permanent vertebral artery occlusion with a detachable balloon (thick arrow). Note excellent
illing of the posterior circulation and the right intradural vertebral artery through the contralateral side. To
minimize the dead space and prevent distal emboli, the balloon is placed just proximal to the origin of the
right posterior inferior cerebellar artery (thin arrow).

his signiicantly reduces blood loss and improves the surgical
resection.130–133 Because the embolization is performed using
Gelfoam, PVA, or occasionally dehydrated ethanol, attention
has to be paid to a potential supply of radiculomedullary/
pial arteries to the ASA or PSA. An embolization can, rarely,
lead to tumor necrosis with subsequent swelling and spinal
cord compression; a preprocedural high-dose corticosteroid
medication has been suggested.134 On rare occasions and in
nonsurgical patients, embolization helps to reduce pain and to

treat radicular compression.135 Although a reduction of tumor
growth may be seen, embolization for spinal metastasis and
malignant spinal tumors is not curative.
Imaging
Metastases can present as a variety of diferent signal characteristics on MRI. Blastic metastases can appear hypointense
on T1- and T2-weighted images if they are sclerotic. Lesions
may uptake contrast agent depending on the amount of
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sclerosis. Lytic metastases may be hypointense on T1 and T2
weighting but enhance difusely.
Treatment
An endovascular or direct percutaneous embolization of a
vertebral body metastasis or malignant tumor can be achieved.
he latter can be performed under CT or luoroscopic guidance using NBCA,136 PMMA, or dehydrated ethanol.137,138 Use
of PMMA can also provide biomechanical stability of the
vertebral body.139
PEARLS
1. The hairpin-shaped junction between the radiculomedullary
artery and the ASA has a larger radius than the one between
the radiculopial artery and the PSA.
2. Owing to a generally singular large blood supply of the ASA
through the AKA, the ventral spinal cord is more susceptible to
ischemia than the dorsal part, which has an extensive collateral
blood supply.
3. Because brain dural malformations may drain into the spinal
canal, a cerebral angiography completes the diagnostic
evaluation for a spinal vascular malformation.
PITFALLS
1. A spinal dural malformation can mimic a transverse myelitis.
2. Negative cerebral angiography in SAH may miss a spinal AVM or
an aneurysm of the ASA.
3. Normal vertebral body vascularity can infrequently appear as a
hypervascular metastatic lesion.

KEY POINTS
1. The hairpin-shaped junction between the radiculomedullary
artery and the ASA has a larger radius than the one between
the radiculopial artery and the PSA.
2. Owing to a generally singular large blood supply of the ASA
through the AKA, the ventral spinal cord is more susceptible to
ischemia than the dorsal part, which has an extensive collateral
blood supply.
3. Because an intracranial dural istula may drain into the spinal
canal, a cerebral angiography completes the diagnostic
evaluation for a spinal vascular malformation.
4. Ischemic changes of the spinal cord associated with a spinal dural
istula can mimic a transverse myelitis, a spinal cord tumor, or an
ischemia related to a cord compression due to a disc herniation.
5. Negative cerebral angiography in SAH may miss a spinal AVM or
an aneurysm of the ASA.
6. Normal vertebral body vascularity can infrequently appear as a
hypervascular metastatic lesion.
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Syringomyelia, or cavitation within the substance of the spinal
cord without an ependymal lining, has been recognized for
more than 300 years as a pathologic entity. Etienne is credited
for the irst pathologic description in 1564 in La Dissection du
Corps Humain; he described a cystic lesion in the spinal cord
that contained a “luid, reddish, like the luidity of that of the
ventricles.”1
Portal, in 1804, irst appreciated and connected the clinical
syndrome of an intramedullary cyst with the pathologic
changes of the spinal cord.2 Ollivier then coined the term
“syringomyelia,” combining the Greek words for “tube or pipe”
and “marrow.” He documented a connection between the
fourth ventricle and this cystic structure, which he believed to
be a congenital anomaly.1,3
he classic clinical description of syringomyelia is described
as a dissociated, suspended segmental sensory loss, consisting
of loss of sensation to pain and temperature and preservation
of sensation to proprioception and light touch. Slowly progressive distal motor dysfunction may also occur. A syrinx
may extend to the medulla and cause lower brain stem and
cranial nerve dysfunction, termed syringobulbia.
hose ependymal-lined cavities that appeared to be pathologic dilatations of the central canal were termed hydromyelia.
Some authors viewed hydromyelia, in which the central canal
was dilated but preserved, and syringomyelia, with or without
a connection to the central canal, as stages of a common
process. Uniication of the terms resulted in the concept of
syringohydromyelia or hydrosyringomyelia.1–4
In 1973, Barnett published the irst English-language
monograph on syringomyelia.5 He proposed a classiication
based on a variety of clinical and experimental observations
and studies. he classiication scheme consisted of two broad
categories: (1) communicating syringomyelia (e.g., Chiari I
malformation, Chiari II malformation, basilar arachnoiditis)
and (2) noncommunicating syringomyelia (e.g., occurring
with spinal dysraphism, spinal cord trauma, spinal cord tumor,
spinal arachnoiditis; Box 94.1).
Over the last 20 years, experimental and clinical work,
including that of Oldield and Milhorat and their colleagues,6–12

has helped to clarify the pathophysiology and treatment of this
complex syndrome.6–13 Nevertheless, a deinite understanding
of the etiology of syringomyelia has yet to be clariied.

Etiology, Pathology, Pathophysiology,
Prominent Theories
Historical Perspective—Early Theories
of Syringomyelia
Although the pathophysiology of syringomyelia has not yet
been completely deined, the association between syringomyelia and congenital abnormalities was appreciated long ago.
Baulmer was credited initially for establishing this relationship
in 1887.14 Schlesinger further substantiated this association in
1895 by noting congenital abnormality in one-third of the
cases of syringomyelia that he had reviewed.15
Ollivier d’Angers formulated and Leyden further reined
the developmental theory of syringomyelia formation.15 hese
authors stated that syringomyelia must be considered a congenital disorder associated with embryonic maldevelopment,
speciically, incomplete occlusion of the primitive fold. his
improper fusion of the two folds of the primitive medullary
groove allowed the abnormal lining of germinal cells to persist,
resulting in simple hydromyelia.
Another theory implicates environmental fetal exposure in
the pathophysiology of syringomyelia. Kahler and Pick in
1879 theorized that chronic intrauterine inlammation resulted
in gliosis and aberrant development of the spinal cord that
subsequently led to syrinx formation. On the other hand, in
1910, Haener proposed that events during the act of birth (e.g.,
trauma) may arouse neural activity in abnormally enclosed
tissue, with resultant syrinx formation.16 None of these claims
were formally substantiated in case series.

W.J. Gardner: Hydrodynamic Theory—“Water Hammer”
In a series of landmark papers, W.J. Gardner expounded
his hydrodynamic theory of the pathophysiology of
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BOX 94.1 Types of Syringomyelia and Associated Abnormalities
Communicating
Chiari I malformation
Chiari II malformation
Basilar arachnoiditis
Noncommunicating
Occult spinal dysraphism
Spinal cord trauma
Spinal cord tumor
Spinal arachnoiditis

syringomyelia.17–25 Gardner’s theory was the irst among three
prominent current theories. He based his theory on three
observations: (1) dye injected into the ventricular system was
recovered from the syrinx at operation, (2) luid withdrawn
from the syrinx at operation strongly resembled cerebrospinal luid (CSF) found in the ventricular system, and (3)
experimental hydrocephalus produced by obstruction of the
normal outlow of CSF from the fourth ventricle resulted in
the formation of syringomyelia that was in communication
with the ventricular system.26
Syringomyelia could be explained by failure of the embryonic rhombic roof to fenestrate during a critical period of
development. he inability of CSF in the fourth ventricle to
gain the usual access to the subarachnoid space during the 6th
to 8th weeks of embryogenesis forced the hindbrain to herniate through the foramen magnum. A Chiari malformation was
thereby created, and the failure of the CSF to expand the
subarachnoid space resulted in communicating hydrocephalus. Gardner believed that the efect of the hindbrain malformation was to increase the obstruction to outlow at the
foramen of Magendie and delect the pulse wave of CSF into
the opening of the central canal at the obex.
he pulse wave efect of the diverted CSF acted as a water
hammer, gradually dilating the central canal or dissecting the
substance of the spinal cord around the canal and creating a
syrinx. From the perspective of Gardner, a congenital hindbrain defect that obstructed the CSF low from the fourth
ventricle to the subarachnoid space was the sine qua non of
syringomyelia. Ball and Dayan27 and West and Williams28
questioned Gardner’s theory and the necessity of a direct
communication to the fourth ventricle for production of a
syrinx. To support this statement, Milhorat and colleagues
demonstrated in large autopsy studies that the majority of
syrinxes did not communicate with the fourth ventricle and
that the central canal was not patent in most normal adult
patients.10

subarachnoid space because of a more proximal subarachnoid
block. his pressure diference was labeled craniospinal pressure dissociation, and the lower pressure in the lumbar theca
caused luid to be drawn into the syrinx. his phenomenon
was termed suck.
Williams also believed that the cavity enlarged ater its
initial formation as the result of compression of the lower end
of the cavity with the rapid illing of the epidural venous plexus
during a cough or sneeze. he luid in the syrinx was then
propelled rostrally, dissecting the central canal or pericentral
parenchyma of the spinal cord. Williams applied the term
slosh to this part of his theory to explain syrinx extension.29

E. Oldield: Abnormal Pulse Wave Theory
Oldield and colleagues used magnetic resonance imaging
(MRI) with and without cardiac gating, intraoperative ultrasonography, and direct intraoperative observation of the exposed
hindbrain and documented the downward movement of the
cerebellar tonsils during systole.13 his group interpreted the
data as obviating the necessity of a direct communication
with the fourth ventricle, as advocated by Gardner. Moreover,
they observed that the syringomyelic cord did not enlarge
with Valsalva maneuver and that venous pressure had little
to do with syrinx elongation, disputing the Williams suck
and slosh theory. hese authors proposed that the abnormal
pulse wave in the spinal subarachnoid space, caused by the
partial obstruction by the hindbrain, placed pressure on the
spinal cord and dissected the central canal, causing the cyst
to enlarge.
he ingress of CSF within the spinal cord parenchyma has
recently been suggested to enter through dilated VirchowRobin spaces. he blockage of low creates eddylike currents
analogous to a boulder in a rapidly lowing river. hese forceful currents enter the cord parenchyma and irst create
microscopic changes (i.e., myelomalacia). hey later develop
into more conluent macrocystic cavities by dilation of the
central canal and/or peripheral areas of the spinal cord.
Milhorat and colleagues proposed that normal CSF low
was from the spinal subarachnoid space through the parenchyma of the spinal cord into the central canal.12 he CSF then
lowed into the fourth ventricle outlet at the obex. heir theory
was supported with a rodent model of syringomyelia. hey
injected kaolin into the central canal of rats, causing stenosis
of the proximal central canal through an inlammatory reaction. A resultant syrinx was formed. hese authors suggested
that syrinx formation was due to disruption of normal CSF
low by the inlammatory stenosis (Fig. 94.1).

B. Williams: Craniospinal Pressure Dissociation Theory

Communicating Syringomyelia

Williams proposed an alternative theory to explain syrinx
formation and speculated that a partial block of the spinal
subarachnoid space produced a pressure diferential between
the ventricular system and the spinal subdural space during
Valsalva-type maneuvers. He explained that venous distention
associated with these maneuvers produced an increased intracranial pressure that was not evenly distributed to the lumbar

In 1896, Chiari published an addendum to an earlier work
in which he described anomalies associated with hydrocephalus. In this latter publication, there were descriptions of
patients with hydromyelia. Gardner and Goodall found that
a majority of patients undergoing surgical decompression for
symptomatic Chiari I malformation had a concurrent syringomyelia (Fig. 94.2).23 Gardner and colleagues demonstrated,
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Syringomyelia Associated With Spinal Cord Tumors

FIG. 94.1 Posttraumatic cord cyst. A low-power (×1.25) microscopic section
image of a posttraumatic syringomyelia. There is a large, centrally located
syrinx in the parenchyma of the spinal cord, which is surrounded by a thick
wall of reactive astrocytes (arrows). The pia is thickened, and there are tissue
changes that involve the spinal roots (arrowheads). The dura is also
thickened (curved arrow). (From Madsen PW, Falcone S, Bowen B, Green BA.
Post-traumatic syringomyelia. In: Levine A, Garin S, Eismont F, Zigler J, eds.
Spine Trauma. Philadelphia: WB Saunders; 1998.)

at operation, communication between the syrinx of the upper
cervical cord and the ventricles in patients undergoing suboccipital craniectomy and cervical laminectomy for decompression.21 Indigo-carmine was injected into the patient’s lateral
ventricle, and colored CSF was recovered by direct puncture
of the cervical syrinx.
Appleby and colleagues established that a “communicating” type of syringomyelia could also be acquired from chronic
arachnoiditis involving the basal cisterns and obstructing the
outlow of CSF from the fourth ventricle.30

Noncommunicating Syringomyelia
Syringomyelia Associated With Spinal Arachnoiditis
he association between spinal arachnoiditis and syringomyelia was irst reported by Vulpian in 1861 and by Charcot and
Jofroy in 1869. Some authors believed that occlusion of blood
vessels supplying the cord from profound arachnoid scarring
was the underlying pathophysiologic process for intramedullary cavitation.31–33
As previously described, Williams implicated craniospinal
pressure dissociation, secondary to obstruction of the subarachnoid space, as the factor responsible for cyst formation
and extension in this disease entity.34 In 2004, Chang and
colleagues explained that the blockage of the spinal subarachnoid CSF pathway produces a relative pressure gradient inside
the spinal cord distal to the blockage point that induces CSF
leakage into the spinal parenchyma and the formation of
syringomyelia.35 Barnett and Milhorat considered this type of
syringomyelia to be of the “noncommunicating” type because
no connection between the cyst and fourth ventricle could be
demonstrated.13,36 Koyanagi and colleagues reviewed a series
of 15 patients who underwent various shunting procedures for
syrinx treatment caused by spinal arachnoiditis. Although
neurologic improvement was found in a decent percentage of

he association between syringomyelia and spinal cord
tumors has been well established. In 1875, Simon was the
irst to report the simultaneous occurrence of syringomyelia
and spinal cord tumors.40 Proposed mechanisms for syrinx
formation in this environment include (1) edema; (2) blockage
of the perivascular spaces, with resultant tissue luid stasis; (3)
cavitation secondary to disturbance of blood supply to the
spinal cord; and (4) spontaneous hemorrhage or autolysis of
the mass.32,41,42 Other authors contend that syringomyelia associated with a spinal cord tumor is due to a direct efect of the
neoplasm.15,40,43–45 Some authors believed that this disordered
gliosis observed with tumor presence was also the underlying
pathophysiologic cause even in cases not associated with an
intramedullary neoplasm. his led some physicians to recommend radiation therapy as a rational but extreme form of
primary therapy.46 Today, the use of radiation therapy should
be restricted only for primary therapy of a known neoplasm
or as an adjunct to surgical resection of tumor (Fig. 94.3).

Spinal Cerebrospinal Fluid Dynamics in the Presence
of a Neoplasm
Total or subtotal obstruction of CSF low by an intramedullary
or sometimes extramedullary/intradural tumor may be a signiicant factor for the development of syringomyelia. he
subarachnoid and extracellular space of the central nervous
system should be considered as a single-luid compartment
with no barrier to luid movement between them. Interference
with this normal CSF low inluences extracellular luid low
out of the spinal cord. he high ratio of syrinx cavities associated with intramedullary tumors may be attributable to their
simultaneous inluence on the subarachnoid and extracellular
spaces. Fluid transudation from tumor vessels, breakdown
products of tumor cells, and in some cases active secretion also
raise the protein content and thus the viscosity of the extracellular luid, contributing to further aberrances on normal low
dynamics.47 Less commonly, intramedullary cysts can present
in association with an extramedullary neuroibroma or
meningioma. he removal of the extramedullary mass lesion
is usually followed by a spontaneous collapse of the associated
syrinx.

Syringomyelia and Spinal Cord Tumors—Clinical Studies
In a surgical series of 100 intramedullary tumors, 45% of
patients presented with an associated syrinx.48 A syrinx was
more likely to be found rostral to the tumor. Ependymomas

S E C T I O N

patients (60%), many required additional shunting procedures
over time due to catheter blockage or failure.37
Additionally, there are some reports of dorsal septae/web
that block CSF low in the subarachnoid space, causing
decreased pulsatile low in the subarachnoid space. his pressure gradient may augment the CSF inlow into the syrinx.
Lysis of these septae should improve CSF low dynamics and
reduce the size of the syrinx.38,39
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FIG. 94.2 Communicating syringomyelia (syringohydromyelia) with associated Chiari I malformation. (A)
T1-weighted sagittal image shows ectopia of the cerebellar tonsils and an intramedullary cystic cavity
extending from C2 to T2. (B–D) T1-weighted axial images demonstrate the central location of the cyst (arrow) at
C5–C7.

and hemangioblastomas were the most common tumor
types to be associated with a syrinx. Astrocytomas, on
the other hand, tended to demonstrate syrinxes less oten.
he higher the spinal level, the more likely a syrinx was
encountered.

posttraumatic radiologic syringomyelia may not exhibit any
symptoms (intact motor and sensory function) in the chronic
setting. Many patients with no symptoms have been identiied
who sufered injuries more than 20 years ago, suggesting
potential spinal cord plasticity.51

Syringomyelia Associated With Spinal Cord Trauma

Posttraumatic Syringomyelia—Human Studies

he pathophysiologic basis for the formation and extension of
syrinxes of the injured spinal cord remains the subject of
considerable debate. However, a constant factor in all cases is
the alteration of normal CSF low dynamics. he onset of signs
and symptoms of progressive posttraumatic cystic myelopathy
ranges from as early as 2 to 3 months following injury to as
long as 30 years ater injury.49 Approximately 4% to 10% of
patients sufering a traumatic spinal cord injury develop
progressive spinal cord dysfunction associated with an
expanding syrinx.25,47,50 Nevertheless, some patients with

Milhorat’s large autopsy study demonstrated that syrinxes
associated with trauma had distinctly diferent histopathologic indings and were associated with diferent clinical
symptoms when compared with those lesions that were in
communication with the fourth ventricle or those cavities that
appeared to be isolated dilatations of the central canal.13 hese
syrinxes involved the parenchyma of the cord asymmetrically,
were not associated with the central canal, and oten extended
to the pial surface. Examination of pathologic specimens
revealed nonreversible damage to spinal nuclei and tracts,
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including focal necrosis, central chromatolysis, and wallerian
degeneration.

Posttraumatic Syringomyelia—Mechanisms
of Development
he possible factors implicated in the production of the initial
cystic lesions in posttraumatic spinal cords included ischemia
secondary to arterial and/or venous obstruction, tissue breakdown from lysosomes or other intracellular enzymes, liquefaction of a prior hematoma, mechanical damage from
compression of the substance of the cord at the time of initial
injury, or tethering by delayed formation of extensive subarachnoid adhesions and/or a bony gibbus.13,52–60
Similarly, the mechanism for the extension of the syringomyelia remains a matter of controversy leading to several
mechanisms being proposed. Some view the rostral and
caudal extension of the syrinx, which produces late neurologic

C

FIG. 94.3 Syringomyelia associated with invasive
ependymoma of the cord. T1-weighted sagittal images
obtained (A) before and (B) after gadolinium administration
demonstrate the isointense, enhancing intramedullary
mass at T11. Immediately inferior to the mass is an
associated cyst or cysts (arrows). The cord is enlarged. (C)
T2-weighted sagittal image shows the high signal intensity
of luid within the cysts (arrows) and relatively low signal
intensity of the tumor. (D) T1-weighted axial image shows
the eccentrically located cystic cavity (arrows), containing
low-signal-intensity luid, within the enlarged cord.

symptoms, as a result of a one-way valvelike trapping efect of
the subarachnoid space into the cavity.10,61–63 Less frequently
observed presentations of posttraumatic cysts include patients
with a history of a herniated cervical or thoracic disc with
resultant ventral compression from a bony or sot gibbus and
disturbance of normal CSF low. Spinal puncture with injection
of an irritative dye (e.g., methylene blue) can cause an ascending arachnoiditis that may develop associated subarachnoid
and/or intramedullary cysts. Patients who have subarachnoid
hemorrhage may also develop spinal cord tethering with
associated intramedullary or subarachnoid cysts.
Asano and colleagues64 suggested that posttraumatic syringomyelia may be classiied into two types. hese authors
contend that successful reestablishment of normal CSF low
dynamics by untethering the spinal cord stops the progression
of clinical decline and, in some cases, may return valuable lost
function. A preoperative distinction could be made on the
basis of the presence (high-pressure type) or absence
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(low-pressure type) of the low-void sign on T2-weighted
MRI. With a midline myelotomy, luid within a high-pressure
syrinx would pour out, resulting in sustained neurologic
improvement. In the low-pressure type, drainage of the syrinx
would not collapse the expanded spinal cord and the surgical
outcome would be modest at best.64

Clinical Features
he onset of syringomyelia is commonly between the ages of 25
and 40 years. Males are somewhat more afected than females.
Syringomyelia most oten afects the cervical or thoracic spinal
cord yet sometimes extends rostrally into the medulla.
Hydrocephalus may be found in 10% to 33% of patients but
is more likely related to an associated Chiari malformation.28
his frequent association supports the concept of a hydrodynamic mechanism for the formation of syringomyelia.

Syringomyelia—Physical Examination
Clinical features are variable and dependent on the anatomic
structures involved in a cross-sectional area as well as longitudinally. Anterior horn involvement results in weakness and
wasting, especially in the upper extremities, and fasciculations.
Posterior horn and decussating spinothalamic iber involvement result in loss of pain and temperature sensation, usually
in a suspended, segmental distribution, involving the arms
and trunk, sparing the legs. Patients may occasionally feel pain
that is characterized as boring or lancinating. he large ibers
of the dorsal columns are usually unafected; therefore, proprioception and light touch are preserved.
he autonomic pathways of the interomediolateral column
may be afected, resulting in Horner syndrome, trophic
changes of the skin, a neurogenic bladder, and dyshidrosis,
although these manifestations are usually less frequent and
rare. Corticospinal tract involvement may give spastic paraparesis. Patients experience a loss of deep tendon relexes in
the upper extremities. A skeletal survey may reveal congenital
anomalies, including basilar impression and invagination,
Klippel-Feil deformity, and spina biida occurring primarily
at C1.65 Developmental scoliosis may occur as a result of cord
cavitation and is probably not an unassociated congenital
lesion.66 Although discussed extensively in the literature,
painless joint destruction (Charcot joints) occur in less than
5% of patients with syringomyelia.67
Cranial nerve involvement is seen with syringobulbia. Most
oten, signs and symptoms are unilateral. CN XII involvement
results in tongue weakness and atrophy. CN XI dysfunction
can result in weakness and wasting of the sternocleidomastoid
and trapezius muscles, whereas CN IX and X involvement
produces dysphagia and dysarthria. CN VII involvement
results in a facial palsy, and involvement of the spinal tract of
CN V produces sensory loss of pain and temperature of the
face in an “onion skin” distribution, as well as reduced corneal
sensation and relex.
he clinical course of syringomyelia is usually insidious,
worsening over several years to decades. Alternatively, the

patient may worsen in an abrupt stepwise fashion, punctuated
by intervals of clinical stability.68 he prognosis of untreated
syringomyelia is compatible with modiied but productive
survival for decades in 50% of surviving patients.69 he
remainder become incapacitated and die as a direct result of
the pathologic process. Seki and Fehlings designed a rodent
model to further elucidate the role of posttraumatic syringomyelia in spinal cord injury.70

Presentation of Progressive Posttraumatic Cystic
Myelopathy (Severe Form of Posttraumatic
Syringomyelia)
his syndrome is associated with single or multiple connected
or separated spinal cord cysts or cystic cavities that may be
located in the intramedullary, subarachnoid, or both compartments. A spinal cord issure may also be associated with this
distinct clinical entity. Cysts may result from a variety of
causes, including high-velocity missile injuries that cause
quadriplegia or paraplegia to relatively minor traumas associated with transient or minor neurologic deicits. Postsurgical
patients or patients with a history of arachnoiditis, subarachnoid hemorrhage, meningitis, or multiple “spine blocks” form
the second most common category of posttraumatic spinal
cord cysts. Most patients in this group present with a history
of a prior surgery (e.g., for an intraspinal mass). hey have
typically undergone an intradural spinal procedure, which
results in local tethering of the spinal cord or more difuse
blockage of low in the subarachnoid space.
he onset of signs and symptoms of progressive posttraumatic cystic myelopathy have ranged from as early as 2 to 3
months following the initial precipitating event to as long as
many years later. he symptoms are listed here in order of
decreasing frequency:
1. Motor loss
2. Sensory loss
3. Local or radicular pain (nondeaferentated, neurogenic,
“burning” pain)
4. Increased spasticity and tone
5. Hyperhidrosis (above level of lesion)
6. Autonomic dysrelexia
7. Sphincter loss or sexual dysfunction
8. Horner syndrome (may be alternating)
9. Respiratory insuiciency (usually related to changes in
position)
10. Change in motor “tone” (increased or decreased)
At presentation, the signs and symptoms may be unilateral
or bilateral and may alternate from side to side with changes in
position. hey may also present as a solitary sign or symptom
or in any combination. he increased utilization of noninvasive MRI has more frequently identiied asymptomatic cases
compared with previously employed imaging techniques.

Diagnosis
Diagnosis of syringomyelia was based on clinical presentation
and course in the late 19th and early 20th centuries. his

Chapter 94 Syringomyelia

S E C T I O N

disorder was diicult for physicians to diagnose at that time
because it had an insidious onset and a variable clinical course,
and modern imaging techniques were unavailable. Intramedullary neoplasms, as well as demyelinating diseases (multiple
sclerosis, amyotrophic lateral sclerosis), disorders of metabolism and nutrition (subacute combined degeneration in
vitamin B12 deiciency), infectious causes of spinal cord dysfunction (tabes dorsalis from syphilis), and degenerative
disease (cervical spondylosis leading to stenosis and cervical
myelopathy), could all serve as confusing mimickers of a
syringomyelic process.1 In a majority of patients, the classic
inding of segmental weakness and atrophy of the hands and
arms, with loss of tendon relexes and segmental dissociated
sensory loss, could not be found.71 Furthermore, in some
chronic patients, no clinical correlates could be found despite
severe radiologic evidence of syringomyelia.51
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Imaging and Electrophysiologic Evaluation in
Syringomyelia Diagnosis
Currently, the diagnostic test of choice for syringomyelia is
MRI.72 he initial MRI examination includes, as a minimum,
sagittal and axial views of the lesion plus the adjacent spinal
cord and/or brain stem in T1-weighted images. he addition of T2-weighted and/or mixed proton density images can
complement the T1-weighted images (Fig. 94.4) and is almost
necessary for evaluation of syringomyelia. Gadoliniumenhanced images are considered an essential part of the
workup to detect tumors and diferentiate between scar and
disc material, especially in postoperative or posttraumatic
cases.73 Inclusion of the entire rostrocaudal extent of each
cyst or cysts is important.
In addition to conventional MRI, a new generation of MRI
sotware technology is currently available. Cine MRI is a realtime, motion picture–like analysis of spinal luid low dynamics in and around the spinal cord cyst.74–76 Cine MRI works on
the basis of imaging low as it changes with the cardiac cycle,
allowing radiologists to view CSF outlow obstructions or low
voids within the spinal canal. Magnetic resonance angiography
is another technological advance that can be helpful in cases
of syringomyelia associated with vascular lesions.
Spinal instrumentation, bullet fragments, or the inability
of the patient to tolerate the enclosed space of the scanner
degrades the ability of the MRI to provide adequate anatomic
assessment. In these cases, a CT myelogram in combination
with immediate and delayed high-resolution CT is performed.
Diiculty in diferentiating myelomalacia or an intramedullary tumor from a conluent syrinx is a limitation of this
technique.77
Roser and colleagues have used electrophysiologic monitoring (e.g., the presence of silent periods with analysis of
spinothalamic pathways) to assist in early diagnosis of syringomyelia that will likely become symptomatic and exclude
patients with benign hydromyelia.78 In a follow-up clinical
study, the authors reviewed a group of patients with idiopathic
syrinxes (e.g., not caused from Chiari I malformations, tumors,
craniocervical junction abnormalities, scoliosis, trauma).79
Conduction studies performed included somatosensory

B
FIG. 94.4 Syringomyelia associated with trauma. (A) T1-weighted sagittal
image shows an enlarged cord, with an intramedullary cyst, from C4–C7 in
this patient with C5 and C6 fractures. Ferromagnetic artifacts from wires
placed during a previous posterior fusion partially obscure the dorsal aspect
of the canal from C4–C6. Superior to C3, the cord is narrowed and no cyst is
present. (B) T1-weighted axial image at C2 conirms the narrowed
anteroposterior diameter of the cord, secondary to dorsal tethering of the
cord by scar tissue at C4.

evoked potentials and motor evoked potentials, and detection
of spinothalamic pain pathways with silent period studies were
all negative in this idiopathic group. he major presenting
symptom of these patients was pain (e.g., radicular, neuropathic, musculoskeletal), which prompted the original MRI
examination. Over time, these patients tend to do better with
conservative treatment than those in nonidiopathic groups.80

Treatment
he treatment of syringomyelia continues to be controversial.
here is no universally accepted method of intervention or
consensus on the beneit of therapy. he irst report of successful surgical therapy of syringomyelia was by Abbe and
Coley in 1892.81 hey performed a three-level laminectomy
and opened the dura to expose the cyst and aspirated clear
luid from the lesion, which then collapsed. his report was
signiicant not because of clinical improvement with cyst
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Surgical Series Reporting Results of Syringomelia Shunting Procedures

TABLE 94.1
Reference

No. Patients

105

Tator et al.

(1982)

Procedure

Follow-up

Clinical Results

20

Syringosubarachnoid shunting

5 y (average)

75% excellent; 25% deterioration

Barbaro et al.61 (1984)

34

15 syringoperitoneal shunting
19 syringosubarachnoid
shunting

1.5–12 y

Syringoperitoneal shunt: 53% good, 27% fair, 20%
poor
Syringosubarachnoid shunt: 32% good, 26% fair,
42% poor

Suzuki et al.92 (1985)

29

Syringoperitoneal shunt

1 y (average)

76% improved; 17% unchanged; 7% deteriorated

Padovani et al.91 (1989)

29

Syringosubarachnoid shunting

5 y (average)

31% improved; 59% stabilized; 10% deteriorated

49

Hida et al. (1994)

10

Syringosubarachnoid shunting;
syringoperitoneal shunting

NA

30% shunt malfunction

Sgouros et al.84 (1995)

73

56 syringoperitoneal shunting
14 syringosubarachnoid
shunting

NA

Only 53.5% syringoperitoneal and 50%
syringosubarachnoid patients were stable at 10 y;
15.7% complication rate; 5% shunt obstruction

5

Syringosubarachnoid shunting

NA

40% obstruction; 20% deterioration

Asano et al.64 (1996)
106

Schaller et al.

(1999)

10

Syringoperitoneal shunting

4 mo (average)

30% shunt obstruction or infection

Batzdorf et al.94 (1998)

42

Syringosubarachnoid,
syringoperitoneal,
syringopleural shunting

NA

50% shunt failure

Isik et al.107 (2013)

44

Syringopleural shunting

9.1 y

88% clinical improvement; 16% serious
complications

Fan et al.108 (2015)

26

Syringopleural shunting

27.4 mo

92% radiologic and clinical improvement

NA, not available.

drainage but because it showed that syringomyelia could be
approached surgically without morbidity.

Direct Approach to Noncommunicating
Syringomyelia
Methods
If surgery for syringomyelia-associated spinal arachnoiditis
and deteriorating neurologic status is attempted, then the
reconstruction of an alternative subarachnoid pathway around
the area of adhesion is essential.67 A wide laminectomy, intradural exploration with limited dissection of adhesions to
establish free communication with the subarachnoid space
above and below the area of adhesion and an expansile duraplasty are performed.
Preoperative drainage of an intramedullary cyst may be
accompanied by rapid neurologic improvement, whereas
surgical removal of an associated tumor routinely decompresses the syrinx.58 One must also be attentive to delayed
development of syringomyelia ater spinal surgery because it
may account for postoperative neurologic deterioration in
some patients.82
Surgical intervention for a posttraumatic cyst was irst
undertaken with good results by Freeman in 1955.83 An
essential component of the surgery is untethering the spinal
cord and nerve root adhesions, as well as reduction of any
bony gibbus or sot tissue mass at the site of injury. his may
irst require a posterior approach for intradural exploration
and untethering of the cord and root adhesions, followed by
an anterior approach to remove any bony gibbus or sot tissue
mass. Others include reconstruction of the subarachnoid

space with a surgical meningocele and the addition of a
syringosubarachnoid shunt in order to maintain the patency
of the cyst in the subarachnoid space.61,83–85 However, shunt
failure rates as high as 5% to 50% have been reported (Table
94.1). he introduction of a foreign body in the form of a
shunt tube, as well as surgical trauma, may also result in ixation of the cord to the dura by scar tissue and neurologic
deterioration, therefore negating a lasting beneit from an
untethering procedure.77
Poussepp and Elsberg have been given credit for development of the midline myelotomy (the “Elsberg-Poussepp
operation”) for treatment of spinal cord cysts.86 Frazier, on the
other hand, performed a paramedian myelotomy attempting
to marsupialize the syrinx into the subarachnoid space.87
A 2-mm vertical myelotomy is usually performed in the
midline at the dorsal median raphe. In the case of an eccentrically located cyst, the myelotomy is placed at the dorsal root
entry zone rather than in the midline. In patients with
“double-barreled” or multiloculated cysts, more than one
myelotomy and shunt tube may be required. Whenever a
syringosubarachnoid shunt is placed, several centimeters of
shunt tubing should protrude from the myelotomy opening
and into the distal subarachnoid space (at least 1–2 cm to
prevent formation of granulation tissue over the lower end).
If severe scarring with tethering of the spinal cord or obliteration of the subarachnoid space from a previous trauma or
surgery is encountered, placement of a subarachnoid shunt
tube in the conventional dorsal position is not adequate
because of increased vulnerability to obstruction by scar
tissue. In this situation, the distal shunt catheter may need to
be placed in the ventral subarachnoid space by passing the
shunt tubing laterally and caudally between the nerve roots.
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TABLE 94.2

Adelstein

(1938)

No. Patients

Procedure

Follow-up

Clinical Results

86

Laminectomy; myelotomy

NA

76% improved; 12% worsened

Pitts et al.110 (1964)

33 (46 procedures)

Laminectomy; laminectomy + myelotomy;
laminectomy + drainage

2–31 y

16% good; 49% fair; 36% poor

Love et al.111 (1966)

35

Laminectomy; laminectomy + syrinx
aspiration; laminectomy +
syringosubarachnoid shunt

1–10 y

29% excellent; 34% good or
unchanged; 23% poor; 14%
lost to follow-up

11

7 laminectomy + syrinx aspiration; 4
laminectomy + syringotomy

11.8 y (range, 1.3–18.5 y)

18% improvement; 9% no
progression; 73% deterioration

45

Laminectomy + untethering + duraplasty;
laminectomy + syringosubarachnoid
shunting + duraplasty

22.5 mo (range, 12–84 mo)

73% satisfactory; 20%
unchanged; 7% deteriorated

112

Anderson et al.

Lee et al.113 (2001)

(1985)

NA, not available.

In cases of difuse arachnoiditis, the shunt tubing should be
placed in either the pleural or peritoneal space. In patients
with previous abdominal surgery, use of laparoscopic approach
to lyse abdominal adhesions helps facilitate distal shunt placement. he advances in laparoscopic techniques have reduced
the incidence of syringopleural shunts. Syringosubarachnoid
shunts work best when oriented so that luid drains dependently in the upright position.
Meticulous hemostasis is important because blood at the
surgical site may result in accelerated scarring and obstruction
of the shunt tubing postoperatively. Ater untethering surgeries, careful technique must be utilized to maintain patency of
the dorsal meningeal lealet; the use of expansile duraplasty
techniques (e.g., regenerative tissue matrices) and dural
tenting may be helpful to prevent retethering of the spinal cord
ater these surgeries.88 Ater the initial shunting procedure,
intraoperative ultrasonography is important to ensure that the
entire cystic cavity is collapsed and that the shunt tubing is in
good position. Electromyographic monitoring complements
motor and somatosensory evoked response monitoring to
warn of compromise of the spinal cord or nerve roots.

American Spinal Injury Association sensory and motor index
scores; however, outcome questionnaires resulted in signiicant beneits of self-assessment of arrest of functional loss and
improvement of motor or sensory complaints.
Although efective in a number of small surgical series, the
placement of a syringoperitoneal or syringosubarachnoid
shunt is of questionable value.37,84,85,89,91,92 he optimal treatment and determination of the indications for surgery await
further research with relevant experimental models and a
well-designed, multicenter clinical trial.
Tables 94.1 and 94.2 list some of the major surgical series
in treating noncommunicating syringomyelia, represented
most prominently by posttraumatic syringomyelia, with lysis
of adhesions and/or shunting of the syrinx. Overall, they show
surgical treatment of posttraumatic syringomyelia to be of
modest reward. Many patients show short-term recovery of
neurologic function, only to deteriorate again in long-term
follow-up.

Results

Methods

A recent review of surgery, through various approaches and
techniques, for syringomyelia found that the reported efectiveness of surgical intervention had not changed in the past
100 years (except for a reduction in the observed mortality
rate), with 67% to 76% of patients improving neurologically
postoperatively.89 Barnett,36 in contrast, reported that management of patients with arachnoiditis was unrewarding, whether
medical or surgical therapy was attempted. He considered
both steroids and lysis of adhesions to be inefective in the
treatment of this disorder.
A recent article by Falci and colleagues reported on a large
surgical series of posttraumatic spinal cord tethering patients
(many with syrinxes) at a single center over the course of 10
years.90 Surgeries were performed by a single surgeon using a
consistent technique of spinal cord detethering, expansile
duraplasty, and, when indicated, cyst shunting. No signiicant
change was noted on preoperative versus postoperative

Gardner championed a new approach to the patient with a
posterior fossa herniation (Chiari I malformation) on the
basis of his hydrodynamic theory of syringomyelia formation.22 he operation advocated for a suboccipital craniectomy
for decompression of the cerebellar tonsillar herniation and
closure of the communication between the syrinx and the
fourth ventricle by plugging the obex with a piece of muscle.
Others have questioned the necessity and advisability of
using an obex plug. Batzdorf argued that a plug in the obex
was not necessary and potentially blocked a drainage path for
the syrinx following bony decompression at the skull base and
expansile duraplasty.93,94 In addition, he advocated a limited
suboccipital craniectomy to prevent downward herniation of
the cerebellar tonsils postoperatively.
Tonsillar resection has been proposed as a useful adjunct
to foramen magnum decompression to obtain simultaneous
restoration of free CSF low at the foramen of Magendie,

Indirect Approach to Communicating
Syringomyelia
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hindbrain decompression, and relief of the “pistonlike” action
of the tonsils. Several important issues aiming at prevention
of postoperative arachnoiditis are as follows: (1) meticulous
dissection of the pia mater covering the tonsils from the
arachnoid layer, (2) subpial aspiration of the tonsils using the
ultrasonic aspirator and creating a wide aperture in the lower
fourth ventricle, and (3) suture of the arachnoid and duraplasty using a pericranial grat.95,96 However, one study found
that none of the patients who had coagulation of the tonsils
showed clinical improvement versus 77% of patients without
tonsillar manipulation.27
he majority of syrinxes associated with hindbrain malformations are not communicating but are isolated both rostrally
and caudally by central canal stenosis. A posterior decompression alone may not efectively treat the syrinxes. An additional
drainage-type procedure may be efective in these speciic
cases.97–99 A long-term follow-up study (median, 88 months)
by Aghakhani and colleagues followed 157 surgically treated
patients with Chiari I malformation and syringomyelia.100
More than 90% of the individuals showed improvement or
stabilization in both clinical grade and syrinx size following
surgery. Clinical worsening was more likely with greater age,
increased syrinx size, severe motor deicits, or arachnoiditis at
diagnosis.
he main objective in the surgical treatment of Chiari I
malformation and related syringomyelia is to restore normal
CSF dynamics at the craniovertebral junction by posterior
fossa decompression. However, this decompression should be
small enough to avoid downward migration of the hindbrain
into the craniectomy defect. Current techniques to achieve
these goals include not only posterior fossa decompression but
also posterior fossa reconstruction.101,102 Intraoperative monitoring of CSF low dynamics through ultrasound or intraoperative MRI have been proposed to evaluate the degree of
posterior fossa decompression and restoration of CSF low.
However, recently, it has been demonstrated that ultrasound
and intraoperative MRI are limited in their ability to detect
changes intraoperatively.103
One study questioned the need for early interventional
surgery for incidentally identiied syringomyelia associated
with Chiari I malformations.104 he long-term clinical courses
of patients with asymptomatic, incidentally identiied syringomyelia associated with Chiari I malformation were observed
to be benign. he study concluded that unless changes in
neurologic or MRI indings are detected, early interventional
surgery is not necessary.

Results
Table 94.3 lists some of the large surgical series in treating
communicating syringomyelia, represented by syringomyelia
associated with Chiari I malformations. Overall, these studies
show that posterior fossa decompression and/or reconstruction through a variety of techniques leads to efective neurologic improvement or halting of neurologic deterioration in
60% to 90% of cases.
Because substantial diferences among the reported
methods advocated by groups treating syringomyelia continue,

a multicenter clinical trial must be organized before optimal
treatment can be established.89

Conclusion
Although technological advances in noninvasive imaging
methods have improved the ability to diagnose syringomyelia,
efective therapy for these lesions has not similarly evolved.
he accumulated experience of surgical therapy for these
lesions has airmed that the use of a foreign body (shunt tube)
is not optimal and that reinsertion of the shunt or the lysis of
adhesions frequently causes the production of additional scar
tissue. On the other hand, surgical treatment of communicating syringomyelia associated with Chiari malformations, like
its pathophysiology, is more established and better understood,
leading to more rewarding surgical results and clinical outcomes. he research laboratory holds the key to the ultimate
solution for the problem of syringomyelia.
PEARLS
1. MRI is the diagnostic test of choice for syringomyelia. Fast
spin-echo techniques increase the amount of information culled
from T2-weighted information in the presence of metallic
artifact. Cine MRI sequences may provide valuable additional
information regarding alterations in CSF low dynamics.
2. Shunting and/or stenting of intramedullary cysts should always
proceed from the caudal end, the tube directed rostral.
3. Expansile duraplasty with cadaveric dural allograft or an
alternatively equivalent dural substitute is necessary to
reconstruct the subarachnoid space and create an environment
in which the spinal cord is less likely to tether dorsally.
4. Real-time intraoperative ultrasonography with sagittal and axial
images is useful in ensuring that the entire cyst cavity is
collapsed and the shunt tube is in good position.
5. For long cervicothoracic cysts or multilobulated complex cysts, the
possibility exists that a single tube will not traverse the entire cyst.
In these instances, more than one catheter may be necessary.
6. Postoperative positioning in a prone or semiprone posture while
a patient is in bed for the irst 30 days following an untethering
surgery may lessen the possibility of retethering.
7. Preoperative placement of a lumbar or C12 subarachnoid drain
for 3 to 5 days of postoperative CSF diversion may lessen the
chance of a pseudomeningocele or postoperative CSF leak.
8. If during a spinal cord untethering procedure it is noted that the
dura is densely adherent to a dorsal or dorsolateral area of
spinal cord, it is preferable to cut around this area, leaving a free
island of dura attached to the spinal cord rather than risking
parenchymal damage.
PITFALLS
1. The optimum treatment for syrinxes is yet to be determined.
2. Lysis of adhesions and/or the placement of a syringoperitoneal
or syringosubarachnoid shunt are of questionable value in cases
of idiopathic or posttraumatic syrinxes; in contrast, posterior
fossa decompression for Chiari I malformation has excellent
success in treating communicating syrinxes.
3. Development of syringomyelia after surgery for a spinal tumor may
account for delayed neurologic deterioration in some patients.
4. Dense arachnoiditis may preclude the use of a dorsal
syringosubarachnoid shunt; in this case, the distal catheter may
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Surgical Series Reporting Results of Procedures on Chiari Malformations/Communicating Syringomyelia
No. Patients

Procedure

Follow-up

Clinical Results

71

Suboccipital craniectomy + C1–C3 laminectomy +
duraplasty

4 y (range,
6 mo–9 y)

82% with early improvement,
dropping to 61% at late follow-up

Pillay et al.115 (1991)

35

31 posterior fossa decompression + plugging of
obex; 2 posterior fossa decompression +
syringosubarachnoid shunt; 2 syringosubarachnoid
shunt only; 1 transoral resection of dens

3.4 y (average)

63% improvement; 31% unchanged;
6% deteriorated

Menezes et al.116 (1991)

131

Posterior fossa decompression + fourth ventricle to
subarachnoid shunt + plugging of obex

NA

85% improvement

Hida et al.117 (1995)

70

33 foramen magnum decompression; 37
syringosubarachnoid shunting only

60 mo (range,
6 mo–12.5 y)

82% improvement in foramen
magnum decompression group;
97% improvement in
syringosubarachnoid shunt group

Guyotat et al.96 (1998)

75

42 foramen magnum decompression; 16 foramen
magnum decompression with third ventricle
shunting; 9 foramen magnum decompression with
syringosubarachnoid shunting; 8 foramen magnum
decompression with tonsillar resection

52 mo (average) 47% improvement; 24.2%
stabilization; 25.7% deterioration;
3% death

Hida et al.118 (1999)

16 (pediatric)

7 foramen magnum decompression; 9
syringosubarachnoid shunting only

73 mo (range,
13–136 mo)

88–90% improved; 10–12%
unchanged; 0% worsened

Blagodatsky et al.119 (1999)

102

44 Gardner operation; 11 Gardner operation with
tonsillar resection; 32 craniocervical reconstruction
with syringotomy and ventriculosubarachnoid
shunt; 15 Gardner operation with syringotomy

4.6 y (range,
2–8 y)

67.6% improvement; 20%
stabilization; 9.8% deterioration

Sakamoto et al.102 (1999)

43

20 expansile suboccipital cranioplasty + plugging of
obex; 20 expansile suboccipital cranioplasty; 4a
expansile suboccipital cranioplasty + intraarachnoid
procedure

NA

91% improvement; 9% unchanged;
0% deteriorated

Depreitere et al.120 (2000)

22

Suboccipital craniectomy + C1 laminectomy + C2–C3
laminectomy + tonsillar coagulation

Early: 56 days
(average); late:
18 mo (range,
4–42 mo)

76% improvement in early
follow-up, dropping to 68%
improvement in late follow-up;
26% deterioration in late follow-up

Goel et al.121 (2000)

145

31 posterior fossa decompression; 21 posterior fossa
decompression + duraplasty; 83 posterior fossa
decompression + syringosubarachnoid shunt/
thecoperitoneal shunt; 7 syringosubarachnoid/
thecoperitoneal shunt only; 3 transoral surgery

NA

76% improvement; 18% no change;
5% worsening

Sindou et al.73 (2002)

44

Craniocervical decompression with extreme lateral
resection of posterior rim of foramen magnum and
expansile duraplasty with arachnoid preservation

4 y (range,
13 mo–10 yr)

82% resume normal life; 18% did
not return to full work and/or a
completely normal life

Asgari et al.122 (2003)

31

Suboccipital craniectomy + duraplasty + tonsillar
coagulation + C1 laminectomy + C2 laminectomy

35 mo (range,
6–60 mo)

42% improvement; 42% unchanged;
16% deteriorated

Dones et al.123 (2003)

27

Suboccipital craniectomy + laminectomy +
syringosubarachnoid shunt + duraplasty

52 mo (range,
3–138 mo)

0-75% improvement

Navarro et al.124 (2004)

96 (110
procedures)

71 posterior fossa decompression; 38 posterior fossa
decompression + duraplasty + tonsillectomy; 1
transoral odontoidectomy

2.3 y (range,
0.17–9.8 y)

68–72% success (dropping to 61% if
tonsillectomy by thermal
shrinkage was performed)

Arruda et al.125 (2004)

60

Craniovertebral decompression + tonsillectomy +
duraplasty

At least 6 mo

45–60% improvement

114

Paul et al.

(1983)
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a

One patient with recurrent syringomyelia after other procedure.
NA, not available.

need to be placed in the ventral subarachnoid space, pleural
cavity, or peritoneum.
5. Demyelinating diseases (multiple sclerosis, amyotrophic lateral
sclerosis), vitamin B12 deiciency, tabes dorsalis, apoptosis from a
post-poliolike syndrome, and cervical myelopathy from
spondylosis and stenosis are diicult to diferentiate clinically
from a syringomyelic process.
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KEY POINTS
1. Two types of syringomyelia exist: communicating and
noncommunicating.
2. Surgical treatment of communicating syringomyelia associated
with Chiari malformations is more established and the
pathophysiology better understood.
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3. Ependymomas and hemangioblastomas are the most common
tumor types to be associated with syrinxes.
4. Approximately 4% to 10% of patients sufering a traumatic
spinal cord injury develop progressive spinal cord dysfunction
associated with an expanding syrinx.
5. Cine MRI is a real-time, motion picture–like analysis of spinal
luid low dynamics in and around the spinal cord cyst.
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Introduction
Neurologic injury is one of the most dreaded complications
associated with spine surgery. Depending on the location,
injury can be relatively minor (nerve root) to completely
debilitating (spinal cord injury). Luckily, the frequency of
devastating neurologic complication is rare. Nonetheless,
increasing complexity of surgery is typically associated with
increased risk of neurologic injury. Injury can occur at any
stage in the operative procedure. Only with careful attention
to detail can we hope to reduce risk.
In general, iatrogenic neurologic injury typically occurs either
due to mechanical injury or secondary to ischemia. Mechanical
injury can be caused by multiple mechanisms of compression.
his compression can be the direct result of instrumentation
either during decompression or by the malposition of a spinal
implant (e.g., screw, cage). Additional compression could also be
caused by an expanding postoperative hematoma or hemostatic
agent. Another possible means of direct compression can occur
as a result of deformity corrective measures resulting in neural
element compression. Deformity correction can also result
as a vascular occlusion via segmental artery thrombosis and
subsequent spinal cord injury.
his chapter focuses on neurologic injuries associated with
patient positioning, approach-related neurologic injuries, and
those associated with common surgical techniques utilized
within spine surgery. A separate section is devoted to discussion of iatrogenic neurologic injury in both pediatric and adult
deformity correction surgery.

Preoperative Position
A chapter on discussion of intraoperative neurologic injury
in spine surgery would not be complete without a discussion
of injuries associated with patient positioning. As with any
neurologic injury in surgery, incorrect patient positioning
can result in a mechanical injury from direct pressure and/or
ischemic insult due to prolonged hypothermia and controlled
hypotension, as is frequently utilized in spine surgery.
he overall rate of neurologic injury from improper
positioning from all surgery is estimated at 0.14%, with

approximately 40% occurring in the brachial plexus.1 Abduction of the upper limb in prone position to greater than 90
degrees can result in traction of the brachial plexus between
the clavicle and irst rib. he ulnar nerve can also be frequently
afected if pressure is not oloaded at the elbow. Also at risk
during prone positioning is the lateral femoral cutaneous
nerve, with injury resulting in lateral thigh pain and paresthesias (meralgia paresthetica). In a prospective study of 105
patients undergoing elective spine procedures, injury to the
lateral femoral cutaneous nerve was found in 20% of patients.
In 89% of the patients, the nerve completely recovered within
3 months of surgery. Two patients still had pain and hypoesthesia of the anterolateral thigh 1 year ater surgery.2
Visual ield disturbance or loss is another feared neurologic
injury that is attributed in part to patient positioning. he
incidence of perioperative blindness has been reported at a
rate between 0.05% and 1%.3 Recovery is oten limited, with a
signiicant number of patients experiencing persistent signiicant visual loss. Perioperative blindness can be caused by
cortical blindness, central retinal artery occlusion, and—from
a neurologic standpoint—ischemic optic neuropathy, with the
last being most commonly implicated. With ischemic optic
neuropathy, several perioperative and intraoperative risk
factors have been implicated, such as hemodilution, blood
loss, facial edema, and surgical time. Preoperative medical
comorbidities, such as diabetes and small vessel disease, also
play a role.4 Only very weak evidence is present in the literature
to guide surgeons in prevention and treatment for it.

Cervical Spine Surgery
In the cervical spine, there exists a risk for both nerve root
injury and spinal cord injury. he rates vary with the surgical
approach utilized and whether instrumentation is performed.

Anterior Cervical Spine Surgery
Since Robinson and Smith irst described the approach to the
anterior cervical spine in 1955, anterior cervical surgery has
become the preferred choice in the treatment of most cervical
pathologies (Fig. 95.1). During the approach, the recurrent
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FIG. 95.1 Lateral (A) and anteroposterior (B) radiographs depicting two-level instrumented anterior cervical
discectomy and fusion through the standard Smith-Robinson approach.

laryngeal nerve (RLN) is at risk in its path running between
the esophagus and trachea, with injury resulting in unilateral
vocal cord paralysis. he reported rates of RLN injury have
ranged from 0.8% to as high as 11%.5–7 It has been heavily
debated regarding which is the appropriate side of neck to
approach the cervical spine. Various reasons for a surgeon to
choose one side over another include surgeon comfort and
previous neck surgery, while some have cited anatomic considerations.8 Classic anatomic teaching has shown that the let
recurrent laryngeal nerve traverses in a more midline course
and is less likely to be encountered in a let-sided approach
compared to a right-sided approach, where it travels in a more
lateral course on its path to the tracheoesophageal groove.
Beutler et al. compared a consecutive series of 328 anterior
cervical spine fusion procedures, 173 procedures completed
from the right side and 155 completed from the let.9 he
overall incidence of RLN injury was 2.1%. he incidence of
RLN injury with reoperative anterior cervical fusion surgery
was 9.5%. hey reported no diference in incidence of RLN
injury with the side of surgical approach and surmised that
the surgeon may safely approach the cervical spine from the
side of personal preference and experience.
Another neurologic structure at risk during the anterior
approach to the cervical spine is the sympathetic chain. It is
found between the posterior lateral pharyngeal and carotid
regions. he cervical sympathetic chain comprises three
ganglia. he superior ganglion is at C2–C3; the middle ganglion is adjacent to C6; and the stellate ganglion lies in the
costotransversopleural fossa.10 Damage to the sympathetic
chain, the stellate ganglion in particular, can result in Horner

syndrome. Horner syndrome is characterized by the classic
triad of miosis, partial ptosis, and loss of hemifacial sweating.
It has a reported incidence between 0.2% and 4%.11–13 Resolution typically occurs over several weeks to 1 month. Raising
the medial edge of the longus colli muscle without excessive
traction is the key to prevention.
he most dreaded complication in cervical spine surgery is
injury to the spinal cord itself. Fortunately, the reported
incidence is quite low, with a reported rate of less than 1%.14–16
In a 1989 survey of members of the Scoliosis Research Society,
rates of spinal cord injury following anterior cervical surgery
were lower than those reported with posterior procedures.17
Preoperative neurologic status and reason for surgery play a
clear role in risk of injury. Myelopathic patients appear to be
the most at risk, not surprisingly, as there is little room for
error during canal decompression. In a study of over 1000
patients, Fountas et al. reported a worsening of myelopathy in
3 patients (0.2%).18
he most common reason to perform anterior cervical
surgery is recalcitrant radicular pain. Unfortunately, worsening radiculopathy is a known complication following anterior
cervical surgery. In a series of 450 consecutive cases of cervical
discectomy without fusion, a worsening radiculopathy was
noticed in 1.3% of patients.13 In a single surgeon’s experience
of over 1500 cases of discectomy with fusion, a worsening
radiculopathy at the index level of operation occurred in 14
patients (0.88%).19
he most common worsening radiculopathy following
cervical surgery is a C5 palsy. More oten associated with
posterior cervical surgeries, there are reports of C5 palsy
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Posterior Cervical Spine Surgery
here are several types of posterior cervical surgery. Some of
the more commonly used posterior cervical procedures
include posterior foraminotomy, laminoplasty, laminectomy,
and laminectomy with fusion and instrumentation.
he rate of neurologic injury following posterior foraminotomy is very low. In a retrospective review of 95 operative
levels, Skovrj et al. reported one case of radiculitis.22 Jagannathan et al. report a 1.2% incidence of neurologic injury, all
cases being a C5 palsy following a C4–C5 foraminotomy.23
Grieve et al. reported a slightly higher incidence of worsening
radiculopathy ater surgery (7%) in 77 patients undergoing
one-level posterior foraminotomies.24 here were no cases of
spinal cord injury reported in these studies. he complication
proile of this procedure will be at the forefront of discussions
due to renewed interest in the technique given the development of minimally invasive access and concern for adjacentlevel disease with anterior cervical discectomy and fusion.
Laminoplasty and laminectomy are both widely used procedures to address multilevel spinal stenosis and myelopathy.
he most commonly encountered neurologic complication is
a C5 palsy. A large systematic review of over 103 studies and
over more than 8500 patients looking speciically at the rate
of C5 palsy during laminoplasty found that 16% of the studies
reported a C5 palsy rate of greater than 10% (534 patients),
41% reported a rate of 5% to 10% (1006 patients), 23% reported
a rate of 1% to 5% (857 patients), and 12.5% reported a rate
of 0% (168 patients).25 Another review speciically addressing
the rate of C5 palsy with various techniques of posterior cervical surgery showed an overall incidence of 5.8%. he incidence
ater open-door laminoplasty, double-door laminoplasty, and
laminectomy was 4.5%, 3.1%, and 11.3%, respectively.26 In a
systematic review comparing laminectomy versus laminoplasty for cervical spondylotic myelopathy, C5 paresis was
found in 9 of 176 (5.11%) patients treated with laminoplasty
and 12 of 157 (7.64%) patients treated with laminectomy with
no signiicant diference found between the rates of injury.27
Despite the well-known risk of C5 palsy following cervical
decompression, there is no deinitive explanation for why it
occurs. Its presentation ater surgery can appear acutely or in
a delayed fashion, occurring up to 2 months ater the index
procedure.28 It will manifest clinically as deltoid weakness and
potential biceps weakness with sensory loss. It typically presents unilaterally; on rare instances, however, bilateral paresis
is apparent. Aside from actual iatrogenic mechanical injury to
the nerve during surgery, several other causes have been

reported in the literature. Tethering of the nerve results from
shiting of the spinal cord,29 spinal cord ischemia,30 and reperfusion injury of the spinal cord.31 Intraoperative spinal cord
monitoring (discussed in further detail elsewhere in this text)
has been shown to be a valuable tool for intraoperative detection of impending C5 palsy.32 However, not all cases of C5
palsy are detected intraoperatively with monitoring, which
supports the theory that some cases of C5 palsy occur ater
surgery is complete.33
he addition of instrumentation to spine surgery increases
the rate of a number of complications. heoretically, too long
a screw placed through an anterior cervical plate could result
in neurologic injury by direct spinal cord compression; no
literature could be found describing this complication as yet.
However, the use of lateral mass ixation in posterior cervical surgery has been reported in multiple studies as a cause of
iatrogenic neurologic injury (Fig. 95.2). Lateral mass screws
are frequently used to augment posterior fusion techniques.
Although not currently Food and Drug Administration
(FDA)-approved for this application, lateral mass screws have
been widely used over the last several decades. he original
technique was irst described by Roy-Camille in the late 1970s.
Since that description, various authors have attempted to
modify the technique in attempt to improve screw purchase
and reduce complications related to screw malposition.34–36 Al
Barbarawi et al. reviewed a total of 2500 screws placed in 430
patients with a range of pathologies. hey report a total of ive
screws requiring removal for worsening radiculopathy. hey
also reported 20 patients overall with a worsening C5 radiculopathy following surgery that resolved over time, although
two patients did undergo screw revision at the C5 level.37 In a
2013 systematic review of the complications associated with
lateral mass screw ixation, Coe et al. reviewed 20 articles from
the literature and found the overall rate of neurologic injury
to be 3.9%.38 he incidence was inclusive of C5 palsy and
radiculopathy. he rate of injury attributed to screw malposition was 1.0%. hese authors further reported the rate of nerve
root injury per screw placement (N = 5771) to be 0.17%. Not
surprisingly, given the trajectory of lateral mass screws, there
were no reported cases of spinal cord injury.
A less commonly used technique of instrumentation within
the cervical spine, at least in North America, is pedicle screw
ixation. he concerns with this technique are the small pedicle
diameters and risks associated with medial and lateral perforation. With medial or caudal perforation, there is risk to the
spinal cord and nerve roots; with lateral perforation, there is
risk of vertebral artery injury. In light of these risks, the interest in transpedicular screw ixation centers on improved biomechanical properties compared to lateral mass screws.
Transpedicular screw ixation has been shown to have far
superior pullout strength than lateral mass screws.39 Despite
its technical demands, this use of this technique has not been
shown to have a signiicantly greater risk of neurologic injury
compared to other posterior ixation techniques. Abumi et al.
reported on 180 patients and 712 screws.40 hese authors
attributed two cases of nerve root injury to screw malposition.
One case of nerve root injury resolved with observation,
whereas one case of muscle weakness required screw removal,
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following anterior cervical surgery, most commonly following cervical corpectomy. Saunders et al. reported one case of
C5 palsy in a retrospective review of 40 patients undergoing
multilevel corpectomies.12 Wada et al. found a slightly higher
rate of 4% with an average of 2.5 levels of corpectomy.20
In a retrospective series of 563 anterior cervical surgeries,
Ikenaga and colleagues reported a 3.25% incidence of C5
palsy, all occurring in patients with opaciication of posterior
longitudinal ligament or sufering from cervical spondylotic
myelopathy.21
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FIG. 95.2 Lateral (A) and anteroposterior (B) radiographs depicting C3–T1 instrumented laminectomy and
fusion. C3–C6 received lateral mass screw ixation, C7 was skipped due to small lateral masses, and T1 received
pedicle screw instrumentation.

with subsequent improvement in strength. In another study
evaluating placement of cervical pedicle screws, 94 screws
were implanted in 26 patients. Eight screws (9%) had a critical
breach based on postoperative computed tomography (CT)
evaluation. hree screws passed through the intervertebral
foramen, causing temporary paresis in one case and a new
sensory loss in another. In the latter patient, revision surgery
was performed. Most screw malposition complications
occurred in screws placed from C3 to C5.41 his is not surprising, as anatomic studies have shown smaller pedicles at C3
and C4 compared to C5 and C6.42 In a systematic review
comparing 10 studies of lateral mass screw ixation and 12
studies of pedicle screw ixation, there was a 0.19% incidence
of nerve injury per lateral mass screw placed and 0.31% per
pedicle screw placed.43 In the largest study to date, a review of
283 patients and more than 1000 pedicle screws revealed
nerve root irritation attributed to pedicle screw insertion in
three patients, all of whom required screw removal. here
were no cases of spinal cord injury reported.44

Thoracolumbar Spine Surgery
Lumbar spinal stenosis is the most common reason for spine
surgery today. he surgical treatment of stenosis without
instability is usually a laminectomy or laminotomy. However,
in the presence of instability (i.e., spondylolisthesis), most
spine surgeons would agree that decompression (direct or
indirect) coupled with fusion gives the best and most durable
results. Again, the addition of instrumentation will present an
additional risk for neurologic injury; there exists an exhaustive
array of literature on iatrogenic neurologic complications

following anterior and posterior lumbar spine surgery.
Recently, transpsoas or lateral approaches to lumbar spine
have become popular, with neurologic complications being
mainly attributed to the approach. A discussion of the rates of
neurologic injury in pediatric and adult scoliosis surgery are
also discussed in this section.

Posterior Lumbar Surgery
Lumbar disc herniations are treated nonoperatively in the
majority of cases. However, in those patients nonresponsive
to conservative treatments, microdiscectomy is an option.
In a systematic review of 42 studies investigating the rate
of complications following microdiscectomy, the neurologic complications of a nerve root injury occur between
0.9% and 2.6% of cases depending on surgical technique
utilized.45 A Cochrane review revealed similar neurologic
complication rates with no diferences among the technique
utilized.46
In the setting of lumbar stenosis without instability, a laminectomy can ofer sustained symptomatic relief.47 As with
many procedures in spine surgery, there are a number of ways
to achieve decompression. he standard open bilateral laminectomy has a proven track record, but the push to minimally
invasive procedures has seen the development of techniques
to perform the same procedure through smaller incisions and
through the use of unilateral approaches. A Cochrane review
comparing standard open laminectomy to bilateral laminotomy revealed no diference in neurologic complications. One
recent study of 500 lumbar laminectomies by Bydon et al.
found a 2.61% incidence of postoperative weakness.48 However,
in a recent publication, Nerland et al. reported no neurologic
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retraction during placement. Increased radicular pain is the
most commonly encountered neurologic complication with
these procedures. In a review of these techniques, the overall
rate of neurologic injury was reported to be between 0% and
7%, with the majority of injuries being transient in nature.53
Humphreys et al. compared the two techniques in a retrospective study of 40 TLIF and 34 PLIF patients. hey reported no
neurologic complications in the TLIF group compared to four
cases of radiculitis in the PLIF group.54 In another retrospective comparison at a single institution, PLIF was associated
with a 7.8% incidence of nerve root dysfunction versus 2%
in the TLIF group. All cases were transient and resolved in
3 months.55

Lateral Lumbar Surgery
Lateral lumbar surgery (or the transpsoas approach) has seen
increased utilization since Ozgur et al. described the technique
in 2006.56 his technique allows access to the anterior column
and has been utilized in single-level degenerative and scoliotic
deformities. he main neurologic complications of the technique involve the approach to the disc space through the psoas
musculature and the traversing lumbar plexus. here are a
number of articles detailing the anatomy of the lumbar
plexus.57–59 hese anatomic studies highlight that neurologic
injury is at highest risk during access to the L4–L5 interspace.
At this level, the intrapsoas path of the nerve trunks passes
closest to the midline portion of the disc space and most in
line with the exposure. As exposure continues cephalad, the
traversing nerve trunks are found posterior to the midline of

B

FIG. 95.3 Lateral (A) and anteroposterior (B) radiographs depicting an L4–L5 instrumented transforaminal
lumbar interbody fusion.
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complications in 885 patients following standard and minimally invasive laminectomy techniques.49
Aside from iatrogenic mechanical injury, postoperative
hematoma is a concern following any spinal surgery and, if
missed, can lead to devastating consequences. A missed cauda
equina syndrome can result in permanent sensory, motor,
bowel, and bladder complications. Although there is typically
some evidence of hematoma seen on postoperative CT/
magnetic resonance imaging scans, the majority of these are
asymptomatic.50 Kou et al. found a 0.1% incidence of symptomatic hematoma in a retrospective review of approximately
12,000 cases, inding multilevel surgery and preoperative
coagulopathy as risk factors.51 Similarly, Awad et al. performed
a retrospective review of over 14,000 spine procedures over an
18-year period.52 hey reported an overall incidence of symptomatic hematoma of 0.32%. In their study, intraoperative
variables associated with symptomatic hematoma were more
than ive decompressed levels, hemoglobin less than 10 g/dL
and blood loss greater than 1 L.
From the posterior approach, the anterior column can
be accessed. his can be accomplished through a posterior
lumbar interbody fusion (PLIF), in which the facets bilaterally are preserved, or through the more commonly utilized
transforaminal lumbar interbody fusion (TLIF), which
removes a facet unilaterally for placement (Fig. 95.3). he
need for these additional procedures when performing a
standard posterolateral fusion remains hotly debated and is
beyond the scope of this chapter. he impetus for development of TLIF stemmed from the complications associated
with the PLIF secondary to the need for signiicant dural

1731

XIV

1732

COMPLICATIONS OF SPINAL SURGERY

the intervertebral disc and are not as frequently encountered
during the approach.
he most commonly reported neurologic complication
following the transpsoas approach is thigh dysesthesias. In one
of the largest reported series utilizing the transpsoas approach,
Rodgers et al. reported a 0.7% rate of neurologic injury secondary to the approach; all cases were transient in a study of
over 600.60 However, most other authors report higher rates.
Anand et al. reported a 60% incidence of thigh paresthesia, all
of which resolved within 6 weeks.61 Cummock et al. report
similar rates of dysesthesia, with 62.7% of patients (N = 59)
complaining of thigh symptoms ranging from burning, aching,
stabbing, or other pain (39.0%); to numbness (42.4%); to
paresthesias (11.9%); and weakness (23.7%).62
In a review of the neurologic complications associated with
this approach, Ahmadian et al. provided an excellent analysis
of the literature. his was a review of 18 studies totaling over
2300 patients.63 In their review, 304 patients (13.2%) were
described as having possible lumbar plexus–related injuries.
Motor weakness ranged from 0.7% to 33.6%, and sensory
complications ranged from 0% to 75%. In addition to lumbar
nerve root injury, the review also highlights possible injury to
iliohypogastric, ilioinguinal, genitofemoral, subcostal nerves,
and abdominal paresis with this approach.

Anterior Lumbar Surgery
he anterior lumbar fusion approach allows for better exposure of the disc space and thus a greater surface area for fusion.
It also allows for improved ability to increase correction of
sagittal deformity. Although the neural elements are not typically exposed, iatrogenic neurologic deicit has been described
for anterior lumbar surgery, with reported prevalence ranging
from 0.9% to 6.5%. In retrospective review of 471 anterior
lumbar fusions, Sasso et al. reported intraoperative neurologic
complications in two patients (0.9%).64 Duggal et al. reported
two cases of worsening radiculopathy (6%) in 33 patients
under anterior lumbar interbody fusion for failed back syndrome.65 In a review of iatrogenic neurologic injuries associated with lumbar fusion surgery, Ghobrial et al. report that the
overall rate of neurologic deicit ater anterior interbody
fusions was 4.1%, although an overlap of lateral interbody
fusion literature included in this review likely resulted in
higher than expected rates of neurologic injury.66

Pediatric Deformity Correction
he development of the Harrington rod system for control of
adolescent idiopathic scoliosis (AIS) was a major milestone
in the treatment of scoliosis. Proximal and distal ixation of
the curve is obtained and a distraction rod placed in between
the ixation points. With the aid of a ratcheting mechanism,
distraction was applied to the spine to correct the deformity.
However, this technique was not without complications. In a
1975 report by the Scoliosis Research Society (SRS), the rate
of spinal cord injury with the Harrington rod instrumentation was 0.72%. Half of these injuries resulted in complete

paraplegia and the other half in partial paraplegia; one-third
of the injured patients reported complete recovery, onethird reported partial recovery, and one-third reported no
recovery.67
Advances in the ield of spine surgery have spawned the
development and increased utilization of segmental ixation
with the use of a combination of hooks or pedicle screw
instrumentation for the treatment of AIS. However, there
remains risk of both spinal cord and nerve root injury. In a
more recent review by the SRS, Coe and colleagues68 examined
cases reported from the years 2001 to 2003. Of the reported
cases, 6716 cases were for AIS using either an anterior or
posterior approach or combination. he reported rate of
neurologic complications using an anterior approach was
0.26%, 0.32% for the posterior approach, and 1.75% when a
combined approach was utilized. In total, there were 18 cases
of incomplete spinal cord injuries, with nine (0.21%) occurring in the posterior group and nine (1.12%) in the combined
group. No cases of spinal cord injury were reported in the
anterior group. Complete neurologic recovery was reported in
11, incomplete recovery in six, and no recovery in one patient.
However, there are inherent limitations associated with the
SRS studies, as it is a volunteer database of retrospectively
entered data by the members of the SRS. In a prospective study
of more than 1300 patients, Diab et al.69 reported two nerve
root and four spinal cord injuries (overall complication rate of
0.38%). One nerve root injury was a position-related femoral
neurapraxia, which resolved completely within 6 months. he
other nerve root injury occurred below instrumentation and
well ater deformity correction. It too resolved completely with
observation. All spinal cord injuries were incomplete, with
complete resolution within 12 weeks.
As mentioned earlier, with the development of segmental
ixation—namely, pedicle screw instrumentation—there has
been an increased trend toward the use of posterior-onlybased techniques.70 here are a number of studies that
highlight the rate of asymptomatic misplaced screws. Lehman
et al. reported an 89.5% accuracy, based on CT assessment,
in the placement of 1023 pedicle screws with no neurologic
complications associated with misplacement.71 In a systematic
review of 21 studies with a total of 4570 pedicle screws in 1666
patients, 4.2% of screws were reported as malpositioned.72
However, when CT scans were utilized to evaluate screw position, malposition rates were shown to be as high as 15.7%,
which occurred in about 11% of patients in this review.
here are studies that highlight the additional risk of neurologic injury with the use of pedicle screws. In an earlier
study, Lonstein et al. reported on complications using a
combined total of 4790 screws.73 hey reported 11 screws used
in nine procedures resulting in nerve root irritation (0.2%)
manifesting as pain and/or weakness. Eight screws were
removed, with resolution of symptoms in seven patients. One
patient had residual weakness despite screw removal. In a
more recent study reporting on the neurologic complications
of more than 5900 pedicle screws placed using a freehand
technique, there were eight symptomatic, misplaced pedicle
screws (0.14%) in six of 481 patients (1.25%).74 hree patients
underwent revision surgery for radicular complaints, with
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FIG. 95.4 Anteroposterior (A) and lateral (B) radiographs depicting surgical correction of adult degenerative
scoliosis. T10–S1 pedicle screw instrumentation with alar-iliac pelvic screw ixation. Additional interbody fusions
were placed at L2–L3 and L3–L4 at the apex of the curve to aid in curve correction.

complete resolution of their symptoms with screw removal.
he remaining three patients had thoracic dermatomal pain
not severe enough that they wished to undergo surgery. In this
study, there was no reported case of spinal cord injury with
screw instrumentation.

Adult Deformity Correction
With an ever increasing aging population and ever increasing
life expectancy, the surgical treatment of adult degenerative
scoliosis is becoming more frequent (Fig. 95.4). Adult degenerative scoliosis evolves from three main mechanisms: asymmetric disc and facet degeneration resulting in adult-onset
scoliosis; the evolution of a curve present in adolescence;
and scoliosis that is secondary to metabolic, arthritic, and
posttraumatic disorders. In contrast to its adolescent counterpart, adult deformity is typically characterized by a rigid
deformity and usually multiple levels of symptomatic stenosis
requiring decompression. hese patients may also have a
sagittal imbalance; it is this sagittal imbalance, more so than
the coronal deformity, that has been shown to be a major
contributor to the poor quality of life in these patients.75 he
rigid deformity and sagittal imbalance oten requires some
form of osteotomy—Smith-Petersen osteotomy, pedicle
subtraction osteotomy (PSO), or vertebral column resection
(VCR)—depending on the plane and degree of deformity. he
rate of complications associated with adult deformity is high.
In the case of neurologic injury following adult deformity
surgery, it typically presents immediately ater surgery, but
there are reports of delays in presentation of greater than 48
hours.76

here have been various articles published focusing on
the incidence of complications and factors associated with
increased risk. Carreon et al. found increasing age and the
number of levels fused to be signiicant risk factors for the
development of complications in patients greater than 65 years
of age undergoing lumbar decompression and arthrodesis.77
Daubs et al. reported on 51 consecutive patients older than
60 years of age undergoing an average of nine levels of fusion
and instrumentation.78 here was an overall perioperative
complication rate of 37%. Four patients sufered a major
neurologic deicit postoperatively with at least one sufering
paraplegia secondary to a spinal cord infarct ater surgery.
Cho and colleagues reported seven patients with a postoperative neurologic deicit in a series of 166 patients undergoing
surgery for degenerative scoliosis.79 hey did not report any
signiicant spinal cord injuries. In a retrospective multicenter
study, Charosky et al. reported on 306 patients undergoing
adult deformity surgery.80 hey report a 7.5% incidence of
postoperative neurologic complication. Eighteen peripheral
nerve root deicits were reported in total. A signiicant motor
deicit occurred in 11 cases, and a sensory deicit was seen in
seven other patients. One patient presented with a cauda equina
syndrome. Incomplete decompression and instrumentation
malposition accounted for six cases of neurologic decline and
an unknown cause in the remaining. In another study utilizing
the SRS voluntary database on adult deformity cases between
2004 and 2007, 90 neurologic deicits (1.8%) were reported in
the 4980 patients. Of these deicits, 71 were nerve root injuries,
11 were incomplete spinal cord injuries, one was a complete
spinal cord injury, and ive were cauda equina syndromes.
For those neurologic complications with follow-up available,
23 nerve root injuries had complete recovery, 33 had partial
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recovery, and two had no recovery. For the incomplete spinal
cord injuries, six had complete recovery and ive had partial
recovery. For the cauda equina injuries, one had a complete
recovery, three had partial recovery, and one had no recovery.81
he addition of osteotomies to the index operation increases
surgical time, bleeding, and rates of complications. In an early
series of 33 patients undergoing PSOs, ive patients (15%)
developed transient neurologic deicits.82 Buchowski et al.
reported on the neurologic complications following 108
PSOs.83 Deicits (deined as motor loss of two grades or more
or loss of bowel/bladder control) were seen in 12 patients
(11.1%) and were permanent in three patients (2.8%). With
time, motor function improved by one grade in two patients
and all three were able to ambulate. In addition to motor
weakness, one patient developed a neurogenic bladder and
weakness in the lower extremities 1 week following surgery,
which gradually recovered over the course of several weeks
following a wide decompression. In this study, the majority of
these neurologic deicits were felt to be due to a combination
of subluxation, residual dorsal impingement, and dural buckling. Auerbach et al. reported on 105 consecutive three-column
osteotomies.84 A total of 87 patients underwent a PSO and 18
had a VCR. hey reported one optical deicit. heir rate of
neurologic deicit with PSO procedures was 5.7% major permanent, 5.7% minor permanent, and 9.2% transient impairment. With VCR, one patient (5.6%) awoke with a transient
sensory deicit. Suk et al.85 reported on the outcomes of 70
patients who underwent VCR for severe spinal deformity.
Postoperatively, there were six cases of cauda equina syndrome
that resolved with emergent decompression. Two patients
sufered complete permanent cord injury and four transient
nerve root injuries that resolved without intervention.

Summary
Few complications are more dreaded ater spine surgery than
neurologic injury. here are ways to protect our patients
against these injuries. First and foremost, it begins with a
thorough patient examination and documentation of any
preexisting neurologic deicits. Careful interpretation of preoperative imaging as it pertains to the patient’s clinical picture
will help to provide the best outcome with the least amount
of risk. Once the decision for surgery is made, preoperative
planning is of paramount importance. “We’ll see when we get
in there” is a recipe for disaster. In spine surgery, there are any
number of ways to treat the same pathology and the types and
rates of neurologic injury vary with procedure performed.
Intraoperative complications can occur from the moment
anesthesia induction takes place. Constant dialogue between
the surgeon and anesthesia team regarding blood pressure,
perfusion, and body temperature are important in preventing
spinal cord hypoperfusion. Intraoperative patient positioning,
although commonly overlooked, is an extremely preventable
source of neurologic complication. Once the surgery has
started, the tenets of surgical technique must be adhered to at
all times. Hands (both of them when possible) should be utilized and remain grounded to the patient when instrumenting

the spine. Arm yourself with a command of anatomy; it can
be a potent weapon against combating the changes associated
with degenerative disease.
Luckily, the risk of neurologic injury is low for most spine
surgeries. As expected, with an increase in case complexity,
the degree and rate of neurologic injury increases. hese risks
must be tempered against the purported beneits of the surgery
being entertained. he literature supports the notion that
many deicits encountered ater surgery are transient, although
catastrophic neurologic complications can occur. A dialogue
with the patient regarding these risks is also of paramount
importance. Unfortunately, the risk of neurologic injury with
spine surgery will never be eliminated. Knowledge of the risks
and pitfalls of the surgery with careful attention to detail can
help mitigate neurologic complications associated with spine
surgery.
PEARLS
1. Careful inspection of preoperative imaging can help avoid
neurologic injury.
2. Safe surgical technique cannot be emphasized enough (i.e.,
using two hands when instrumented the spine when possible,
avoiding the passing instruments into already stenotic recesses).
3. Remain vigilant in postoperative assessment to identify
neurologic injury.
4. Understanding that deformity surgery frequently involves both
coronal and rotational deformity can help minimize pedicle
screw malposition by obtaining appropriate intraoperative
luoroscopic images.
PITFALLS
1. Poor patient positioning can negate otherwise meticulous
surgical technique and result in neurologic injury.
2. Lack of a preoperative plan, and adherence to it, is a recipe to
create neurologic injury.
3. Neurologic injury happens. Avoidance will not make it go away.
Order appropriate postoperative imaging and correct what can
be corrected.

KEY POINTS
1. Neurologic injury in spine surgery can occur from improper
patient positioning and becomes especially important as the
duration of the surgical procedure increases.
2. The rate of spinal cord injury is very low across all type of spine
surgery.
3. Some neurologic injuries are more likely to occur given the
surgical approach; that knowledge is key to their avoidance.
4. C5 palsy is the most commonly encounter neurologic deicit
after both anterior and posterior cervical surgery.
5. Revision surgery increases the risk of neurologic injury.
6. Neurologic injury can present in a delayed fashion (>48 hours
after the procedure).
7. Not all neurologic injuries require action, but all should be
acknowledged and documented.
8. CT analysis of pedicle screw placement highlights a high rate of
misplacement. Luckily, the incidence of symptomatic pedicle
screw, necessitating removal, is low.
9. The increasing complexity of surgery increases the risk of
neurologic injury; d thus the need for increased instrumentation
should be heavily weighed against it efect on patient
outcomes.
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Anatomy and Pathophysiology
he meninges cover the brain and spinal cord. hey consist of
dura mater, arachnoid, and pia mater. he dura has three
distinct layers: a ibroelastic outer layer, a ibrous middle layer,
and a cellular inner layer.1 Although there is controversy
regarding the orientation of dural ibers, there is substantial
evidence that they run longitudinally, as evidenced by their
higher ultimate stress in this plane.2 Cerebrospinal luid (CSF)
is produced by the choroid plexus in the lateral third and
fourth ventricles of the brain. CSF formation occurs at a rate
of 0.3 to 0.6 mL/min, which is the daily equivalent of 500 mL
(Fig. 96.1).3

Incidence
High-energy thoracolumbar spinal trauma can lead to dural
tears. Several authors have reported an incidence of dural tears
between 10% and 19% in patients sustaining lumbar or thoracic burst fractures.4,5 In a retrospective review of 45 patients
with lumbar burst fractures, Ozturk et al.4 reported a 19% rate
of traumatic dural tears. Similarly, in an analysis of 60 patients
with a surgically treated thoracic or lumbar burst fractures,
Cammisa et al.5 found an 18% rate of traumatic dural tears.
Ozturk et al.4 assessed their outcomes for L3–L5 burst fractures with associated greenstick lamina fractures and found a
25% rate of dural tears (Fig. 96.2). he authors recommended
exploring the greenstick lamina fractures to avoid potential
injury to neural elements. Other authors have also commented
on the important association between traumatic dural tears
and neurologic deicits due to nerve root avulsion or entrapment within the fracture.5–8
Dural tears can occur during elective spine surgery for
degenerative spine disorders, with a higher rate reported
during revision surgery. Incidental durotomies occur due to
dural laceration during dissection of adherent, ibrotic, or
calciied tissue. he dura in revision surgeries is more likely to
tear because of adhesions in the epidural space, scarring,
ibrosis, and loss of surgical landmarks. Dural tears are also
more likely because of absence of dural lining due to prior

injury or compression. Risk factors for durotomy in primary
surgery include severe spinal stenosis (in these patients, the
dura can be very thin or frankly eroded), adhesions, ibrosis,
or redundancy.
he reported incidence of incidental durotomy varies. In a
retrospective review of 2144 patients, Cammisa et al. reported
a 3.1% rate of incidental durotomy,9 with a higher incidence
(8.1%) in revision surgeries. Stratifying by levels, authors have
reported a 1% rate of dural tears with cervical surgeries10
compared with a 7.6% rate for primary lumbar surgeries11 and
a 15.9% rate for revision lumbar surgeries.11 Overall, revision
spine procedures have a higher incidence of durotomy, with
reported rates between 8.1% to 15.9%.3,11,12
he risk of incidental durotomy varies depending on the
type of spine surgery; in the Spine Patient Outcomes Research
Trial, Weinstein et al. found that the rate of durotomy increased
from 4% for patients undergoing lumbar discectomy to 8% for
patients undergoing decompression for lumbar stenosis to
11% for patients undergoing lumbar decompression and
fusion for spondylolisthesis.13–15

Risk Factors
Surgeon experience and patient age have been implicated as
risk factors for dural tears. In one prospective study, the
authors found a higher dural tear rate in cases with residents
and noted that Kerrison rongeurs were the tool most commonly used to create the accidental durotomy.16 hese authors
also noted a higher dural tear rate in older patients and postulated that anatomic changes such as narrowing of spinal
canal, thickening of the ligamentum lavum, increased osteophyte formation, and shortening of the spine with redundant
dura16 increased the risk of durotomy in these patients. Other
studies have identiied ossiication of the yellow ligament,
synovial cysts, postoperative scarring, excessive traction on
severely herniated discs, and anatomically incorrect screw
placement as signiicant risk factors for dural tears.17,18
Computed tomography (CT) myelograms can be useful
diagnostic studies but have a risk of dural tear and CSF leak
(Fig. 96.3). he incidence of dural tears following these
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FIG. 96.3 (A) Anterior and (B) lateral myelograms demonstrating a dural injury and associated cerebrospinal
luid leak.

procedures varies widely and has been reported to be between
2% and 75%, as measured by postdural puncture headache.19
he incidence of postdural puncture headache decreases with
use of water-soluble contrast and smaller needles.20 Durotomies associated with CT myelograms are diferent than those
seen in surgical cases because in durotomies associated with
CT myelograms, the puncture hole in the dura is surrounded
by normal anatomy that contains the CSF leaking from the
defect. his is in contrast to a traumatic or iatrogenic durotomy,
as in these situations the anatomy is distorted with signiicant
dead space and injured or decompressed tissue.
Ossiication of the posterior longitudinal ligament is the
biggest risk factor for durotomy during cervical spine surgery
and usually occurs during resection of the posterior longitudinal ligament with a Kerrison rongeur or power burr. According
to one study, patients with ossiication of the posterior longitudinal ligament are 13.7 times more likely to sustain dural tears10
than patients with other pathology who undergo a cervical
spine procedure. he second most common risk factor for a
cervical spine durotomy is revision cervical spine surgery.10

Diagnosis
Prompt diagnosis of dural tears is important for management.18 Ideally, dural tears should be identiied intraoperatively. Dural tears can range from a pinhole without leakage
to a large defect. Sometimes dural tears are visible but oten
are not. If the tear is not visible, CSF leakage is likely indicative
of a dural injury. CSF leakage manifests as a pulsatile light
swirl of luid within a bloodier ield. Repeat bleeding from an
area with prior hemostasis should increase suspicion for a
dural tear because loss of dural turgor releases the tamponade
efect on epidural veins.18
Dural tears are sometimes only identiied postoperatively.
hese late-presenting tears are less common, with a frequency
of 0.28%.9 In some cases, the dural tear is not recognized
intraoperatively due to incomplete breach of the arachnoid
membrane. hese tears can worsen postoperatively due to

increased intradural pressure. In other cases, a dural tear is
recognized intraoperatively but is inadequately repaired.
Patients with a dural tear present with a postdural puncture
headache that increases in severity with standing. hese
headaches occur because the dural tear and associated CSF
leak decrease the CSF pressure, causing caudal displacement
of neural contents. his displacement stretches the meninges
and results in a severe headache.21 Patients with these headaches oten have associated vertigo, blurred vision, nausea,
vomiting, fevers, and infection. In addition, there is an association between postdural puncture headaches and intracranial
hypotension, tonsillar herniation, subdural hematoma, and
hygroma formation.22–25
he CSF that leaks from the torn dura can form a pseudomeningocele or a myelocutaneous istula. Persistently clear or
serosanguineous wound drainage following spinal surgery is
indicative of a myelocutaneous istula, which typically occurs
on postoperative days 1 to 7. Myelocutaneous istulas can lead
to supericial infections, deep infections, and meningitis. One
way to conirm a diagnosis of myelocutaneous istula is to
perform a β2-transferrin assay on the luid. Studies have demonstrated this test to have a high sensitivity and speciicity.18
Magnetic resonance imaging (MRI) is the imaging study of
choice in the diagnosis of a CSF leak (Fig. 96.4). In a retrospective review of 24 patients with a CSF leak, Johnson et al. found
that MRI had a 100% sensitivity in identifying the location of
the CSF leak.26 MRI is sensitive to presence of CSF accumulation and pseudomeningoceles. Radionuclide cisternography is
a new and promising test in the diagnosis of dural tears. One
study reported an 84% sensitivity and 98% speciicity in
detecting diicult-to-ind CSF leaks in patients with CSF
rhinorrhea.27

Treatment
Proper technique is critical for the repair of dural tears. Prompt,
watertight primary repair is the gold standard to prevent the
complications from a persistent dural tear, which include CSF
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FIG. 96.4 Magnetic resonance image demonstrating extraaxial
cerebrospinal luid collection.

istula, pseudocyst formation with associated risk of meningitis, nerve root entrapment and cranial nerve palsy, mass efect,
and delayed wound healing.18,28 he principles of dural repair
have previously been described by Eismont.28 he surgeon who
cannot visualize the dural tear efectively may need to resect
more bone to expose and repair the tear.28 he entire extent of
the tear must be identiied and nerve roots should be gently
pushed aside using a blunt instrument if necessary. Even if only
the outermost layer of dura is torn, the surgeon should perform
a primary repair; increased intraabdominal pressure postoperatively can cause the arachnoid to burst and result in delayed
CSF leak.18 Eismont recommended that surgeons use magniication for better visualization and argued that microscopes also
allow for better illumination. Again, to improve visualization,
surgeons should ensure that they have a dry surgical ield
through judicious use of bipolar electrocautery, oxidized regenerated cellulose, and absorbable gelatin sponges, and surgeons
should suction through a Frazier tip or cottonoid pledget.28
his maneuver avoids inadvertent suctioning of exposed nerve
rootlets.
Primary repair of the dura has been described using multiple diferent sutures and techniques. Khan et al. repaired 338
lumbar durotomies using a 4-0 silk suture in a locking fashion,
with a 98.2% success rate.11 Other authors have described
repairing durotomies with a 5-0 Gore-Tex suture with a similar
success rate.18 None of these techniques has documented
superiority. he most important factor in dural repair is
achieving a watertight closure. he strength of the dural repair
should be tested with a Valsalva maneuver performed by the
anesthesiologist prior to skin closure.28 Surgeons should

perform a tight fascial closure to prevent CSF from collecting
at the skin. In fact, Eismont recommends against the use of
subfascial drains to prevent this potential problem.28 However,
more recent data indicate that drains are safe even in the
presence of a dural tear.29
In situations in which the surgeon is unable to close the
dural tear primarily without undue tension, a grat should be
used. Fat grats are a popular option because they are impermeable to water, can be harvested via the same incision, do
not adhere to neural elements, and help prevent scar formation. he two main methods for performing a fat grat are fat
plugs and the onlay method. In a fat plug, the fat is placed in
a dural defect, a separate incision is made to pass suture to the
fat plug, and then the fat is sutured to the edge of the dural
defect.30 In the onlay method, a large piece of fat covering all
of the exposed dura is laid down, tucked underneath the bone,
and sutured to the dura.31 Onlay grats can be supplemented
with muscle and fascia as needed.31 For anterior tears, fat can
also be used to ill disc space. Posterior application allows for
circumferential coverage (Fig. 96.5).
Fibrin glue and collagen matrices can be used as adjuncts
to augment dural repairs. Fibrin glues contain ibrinogen and
factor XIII as well as thrombin and calcium. he glues have a
hemostatic efect by simulating the inal steps of the clotting
cascade. Autogenous ibrin glues are commonly used but have
a signiicant cost and the literature to date has not deinitively
shown improved outcomes in dural repairs with use of this
product (although some data show a decrease in postoperative
wound drainage).32 Commercially available collagen matrices
function as a grat. Multiple studies have shown these products
to be an efective means of closing dura without increased risk
of infection or adverse events.33–35 hese products do not need
suture ixation and are replaced by natural collagen in 2 to 3
months.33–35
Various dural substitutes have also been investigated. he
use of xenograts has been limited by the risk of disease
transmission. Autologous grats, such as the tensor fascia lata
and lumbodorsal fascia, are safer from a disease transmission
standpoint but obviously place a greater burden on operating
room resources (e.g., longer operating room time, incision,
blood loss). In children, the quantity of autologous grating
materials may be inadequate. Collagen sponges have a role as
supplements to other materials as dural substitutes but are not
watertight and cannot be used in isolation. Research is currently being conducted into the possible use of other collagen
and synthetic materials as dural substitutes.36–38
Closed subarachnoid drainage is an option for primary
treatment of a dural tear or can be used as an adjunct to other
treatment methods. In closed subarachnoid drainage, patients
have preferential drainage of CSF through the catheter instead
of the dural tear. If this is used as adjunct, it protects a surgeon’s
dural repair.39 Several studies report a good success rate with
closed subarachnoid drainage. However, patients treated with
this method have an increased risk of local infection or meningitis, both of which can develop despite the use of prophylactic antibiotics.39,40
here are less data regarding the optimal management of
cervical dural tears than lumbar dural tears. However, cervical
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FIG. 96.5 Circumferential patch technique using a 360-degree fat enclosure to seal an anterior durotomy. (A)
Fat is inserted and packed into the anterior disc space to seal the anterior leak. B. A separate sheet of fat is
placed posteriorly, making contact with the anterior fat to create a ring of fat around the dura. The fat is then
covered with ibrin glue and an absorbable hemostat. (Modiied from Black P. Cerebrovascular luid leaks
following spinal surgery: use of fat grafts for prevention and repair. Technical note. J Neurosurg. 2002;96[2
suppl]:250–252.)

tears can be problematic—surgeons are oten unable to repair
them primarily due to the limited exposure aforded in an
anterior cervical discectomy and fusion. One set of authors
recommended utilizing Gelfoam for small tears and subarachnoid drains for larger tears.10 Another set of authors reports a
98% success rate using an epidural blood patch for cervical
dural tears when performed more than 24 hours ater the
index procedure.20 he diagnosis of small cervical dural tears
can be challenging due to the lack of classic symptoms, such
as positional headache, nausea, or photophobia.
Postoperatively, patients who undergo dural repair may be
placed on strict bed rest. he position of the patient on the
bed is dictated by the goal of decreasing pressure to the afected
area. Patients with cervical dural tears should rest in an upright
position while patients with a lumbar dural tear should rest in
a supine position. here is no clear protocol for how long to
keep patients on strict bed rest. Canine studies demonstrate
ibroblastic bridging of the dura on postoperative day 6 and
dural healing at postoperative day 10.41 In humans, several
authors have reported excellent results with a shorter length
of bed rest. In a review of 88 patients with lumbar dural tears,
Wang et al.29 kept patients on bed rest for an average of 2.9
days and reported good to excellent results in 76 of the 88
patients. Other authors have advocated for no mandatory bed
rest ater dural repair.42 Hodges et al. retrospectively reviewed
20 patients with dural repairs who were not placed on mandatory bed rest.42 he authors found that 15 patients had no
symptoms and concluded that most patients who sustain an
incidental durotomy that is able to be repaired may be treated
successfully without mandatory bed rest. Many surgeons
recommend individualizing postoperative bed rest according
to the patient and the strength of the dural repair.
he treatment of late-presenting dural tears has traditionally involved surgical management with primary closure of the
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incidental durotomy43 (Fig. 96.6). However, several authors
advocate for nonsurgical measures to be used irst in an
attempt to avoid the risk associated with reoperation. hese
measures include bed rest, abdominal binders (focal compression for pseudomeningoceles),44 and/or closed subarachnoid
drains. In fact, some studies have shown that lumbar drainage
of 120 to 360 mL/day for 3 to 5 days can lead to a 90% to 92%
success rate.39,40,45 In patients with a myelocutaneous istula,
bed rest, a watertight skin closure, and some form of ancillary
CSF diversion have been reported to facilitate complete resolution of symptoms.40,45 Epidural blood patching has also been
reported for treatment of istulas and pseudomeningoceles46–48
(Fig. 96.7). Additional options include the use of a percutaneously injected ibrin sealant or a subfascial epidural drain.43

Outcomes
Primary dural repair has a failure rate of 5% to 10%.35 he
usual suspected mechanism is leakage from a suture hole.
Some studies are investigating sutureless techniques, but there
are currently no clear recommendations.35 Sutureless techniques are a source of active study due to the increasing popularity of minimally invasive spine surgery. Shibayama et al.
reported on seven patients treated with a microendoscopic
dural repair technique.36 he technique involves creating a
patch grat from polyglactin mesh, which is then glued to the
dura using a ibrin. he authors reported good results at
12-month follow-up.
Many studies show no long-term sequelae, no increased
risk of postoperative infection, and no neural damage or
arachnoiditis if a dural tear is repaired promptly.9,29 Jones et
al.49 retrospectively reviewed the long-term outcomes for 17
patients who sustained an incidental durotomy during lumbar
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FIG. 96.6 Incidental durotomy and repair. (A) Multilevel laminectomy with longitudinal dural tear. (B) Repair of
dural tear with running suture. Commonly used sutures include 4-0 silk and 5-0 Gore-Tex.
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FIG. 96.7 Fluoroscopic images obtained during an attempted blood patch.

spine surgery and found no adverse change in patients’ relief
of back pain, leg pain, and success of surgery relative to 433
patients who did not sustain a dural tear. However, other
studies have indicated that patients with dural tears have
worse outcomes with a higher risk of postoperative back pain
and headaches.50 he morbidity of a durotomy has been
reported to be lower for younger patients and patients receiving lumbar discectomy.51

Summary
Dural tears are one of the most common complications of
spine surgery and are the second-most cited cause of malpractice lawsuits in spine surgery.52 herefore, it behooves the
treating spine surgeon to counsel patients preoperatively
regarding the possibility of this complication and to provide
reassurance that when dural tears are properly treated there
are no long-term sequelae.
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Vascular Complications in Spinal Surgery
Matthew L. Webb
Jonathan N. Grauer

Introduction
A vascular complication may be deined as an injury to a
blood vessel and the sequelae of that injury, which may be the
direct or indirect result of the procedure, surgical approach,
or operative technique. For the purposes of this chapter, a
vascular complication may arise directly from vascular injury
or indirectly as a consequence of the injury. Mechanisms of
blood vessel injury include laceration, traction, instrumentation malpositioning, and compression.1 he spectrum of
manifestations of vascular injuries include hemorrhage from
laceration or traction of a vessel wall2; aneurysm or arteriovenous istula resulting from vessel wall injury; blood low
interruption at the macroscopic end organ level or ischemia
on a microscopic level3; embolization of air, plaque, or clot;
and thrombosis or direct injury from instrumentation, including erosions from instrumentation in contact with pulsatile
arteries and malpositioned screws (Fig. 97.1).4 he most
common vascular complication in spinal surgery, however, is
direct laceration of a vessel resulting in acute bleeding.
Vascular complications associated with spinal surgery
continue to increase in frequency, although the rate of increase
is decelerating. From 1997 to 2003 the frequency of vascular
complications reportedly quadrupled,5 but from 2003 to 2010
the rates of vascular complications have increased by less than
50%.6 his could be a result of an increasing frequency of
anterior approaches to the thoracolumbar spine or an early
trend toward increased documentation and reporting.3,7-24
Between 2003 and 2010 the rates of venous thromboembolism,
hemorrhagic anemia, and postoperative shock increased by
about 150% in thoracic spine surgery, whereas the rates of
these complications increased by less than 50% in cervical and
lumbar spine surgery.6
It is also possible that vascular complications are underreported and the true incidences are impossible to know. For
example, multiple reviews of cervical spine surgery have
reported no vascular complications,22,25 but in a questionnaire
study that covered 5641 cases, vertebral artery injuries were
noted in 0.14% of cases.26 A hypothetical example of this
underreporting would be a laceration of the let common iliac
vein occurring during an anterior lumbar spinal exposure at

L4–L5. he vascular and spinal surgeons recognize this injury
and rapidly isolate and repair it. Although intraoperative
blood loss is increased, there may be no other sequelae. Some
surgeons do not consider this a complication, but rather a
routine risk of exposure of the lumbosacral spine and therefore
may not note or report it. A recent review of a prospective
database of 1262 consecutive anterior approaches to the thoracolumbar spine found a 1.11% rate of injury to a major
vessel.27 It could also be that with increasing awareness and
vigilance the real rate of these injuries has, in fact, decreased.
he consequences of vascular complications in spinal
surgery can be severe. hree consequences include brisk
bleeding leading to hemorrhagic shock,28 interrupted vascular
supply to vital organs such as the spinal cord or brainstem,29,30
and secondary injury as a result of inadequate visualization
caused by bleeding.31 Poor visualization due to inadequate
hemostasis can lead to spinal cord or nerve root injury. hese
consequences are not mutually exclusive and oten occur in
series or combination. he primary sequelae of bleeding oten
result from injury to, or disruption of, major blood vessels
adjacent to the vertebral bodies. All these complications have
consequences that may be irreversible, and for this reason
prompt recognition and management are essential when these
complications occur.
Prevention should be the primary focus in the discussion
of vascular complications of spine surgery. Prevention of
vascular complications is assisted by knowledge of the normal
vascular anatomy and common variants,32 including a knowledge of the relationships between particular blood vessels and
bony landmarks,33,34 by careful preoperative planning, and by
the use of gentle intraoperative techniques with appropriate
illumination and magniication. his chapter emphasizes the
vascular anatomy of the spine and highlights the spectrum of
spinal vascular injuries, how they may be recognized early
and, most importantly, how they may be prevented.

Cervical Spine
Anterior Cervical Vascular Complications
Exposure of the anterior cervical spine commonly uses an
approach medial to the sternocleidomastoid muscle and
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FIG. 97.1 Spectrum of vascular injuries, complications, or sequelae
associated with modern cervical, thoracic, and lumbosacral spine surgery.

carotid sheath (Smith-Robinson approach).32 Vascular complications in the cervical spine are much less oten the result
of direct injury and much more oten the result of improper
and excessive retraction.35-56 Although the absolute incidence
of vascular injuries from anterior cervical spinal surgery is
not known, they are rare events. For example, no vascular
injuries were reported in reviews of 50022 and 450 cases,25
and a retrospective questionnaire study of 5641 cervical
spine cases found an incidence of vertebral artery injury of
only 0.14%.26 Another review reported four cases of carotid
artery injury during anterior cervical fusion. In those cases
involving laceration of the carotid artery, all of these injuries were repaired primarily and no permanent neurologic
sequelae occurred.57 Although another case series cautioned
that the vessels of the carotid sheath were at “some risk” from
the self-retaining retractor, no cases of vascular injury were
reported.58 In order to prevent carotid artery injury, selfretaining blunt blades should be carefully placed deep to the
longus colli muscles medially and laterally and not against the
carotid sheath.
Vertebral artery injuries are also rare but are more common
than carotid artery injuries. As a historical example, a single
vertebral artery injury was reported in 175 cases of interbody
fusion from 1976 to 1990 at a single institution.59 he artery
was sacriiced and there were no adverse consequences for the
patient. Another case series reported four cases of vertebral
artery injuries in 2015 anterior cervical spine cases for a case
series incidence of 0.3%,60 and another series reported 167
anterior cervical discectomy and fusions for degenerative disease
technique without any major vascular injuries.61 Despite these
reports, the overall incidence of vertebral artery injury in cervical
spine surgery is nearer to 1.4%,62 with the lowest risks during
anterior approaches to the subaxial cervical spine (0.3–0.5%)51,60,63
and the greatest risks during posterior instrumented procedures
of the upper cervical spine (4–8%).53,64
Treatment of the vascular injuries during anterior cervical
spine exposure involves recognition, control of bleeding, repair,
ligation, and endovascular stents when indicated. Although
primary repair of the vertebral artery and common carotid
artery is desirable, endovascular techniques are becoming the
standard of care.

FIG. 97.2 Cross-sectional representation of the cervical spine at C5. The
anterior scalenus muscle (a), the longus colli muscle (b), the vertebral body
(c), and the transverse foramen (d) are noted. The cervical nerve root (e) and
the spinal cord (f) are seen relative to the anterior vertebral body (c) and
musculature (a, b). The vertebral artery (g) is noted within the transverse
foramen. The vertebral artery enters the sixth cervical foramina and
continues proximally to become the basilar artery. Injury to the vertebral
artery may occur when releasing or dissecting the longus colli muscles. It
may also be injured in discectomies that involve dissection in the lateral
aspect of the disc near the uncovertebral joint (not shown).

Vertebral Artery
he vertebral artery and vein are at risk from both anterior
and posterior exposures of the cervical spine (Fig. 97.2). his
is a unique feature of the cervical vascular anatomy. he vertebral artery is integrated with the spinal column passing
through the vertebral foramen at levels superior to C7 and
classically coursing anterior to posterior at C1–C2.65 Detailed
anatomic studies have presented the diversity of vertebral
artery size, variations, and anomalies.66 Vertebral artery injuries result in either hemorrhage, vertebral basilar insuiciency
stroke, or both51,65,67; have classically been thought to occur in
fewer than one in 200 anterior cervical surgeries51; and have
been known to have devastating consequences. For example,
vertebral artery injury during anterior cervical discectomy
and fusion has been reported to have resulted in permanent
neurologic deicits despite immediate identiication of the
laceration, control of bleeding, and primary repair.68 As with
other vascular complications of spine surgery, prevention is
the best strategy for managing injuries of the vertebral artery.
During anterior exposure the vertebral arteries are at risk
of injury by dissection lateral to the longus colli muscles,
whereas during anterior discectomy any dissection beyond the
lateral margins of the disc and lateral to the uncinate processes
puts the vertebral artery at risk (Figs. 97.3 and 97.4).51,69 Prevention of vertebral artery injuries laterally begins with careful
dissection of the longus colli muscles. he anatomic relationship of the vertebral artery in the transverse foramina has been
well described.70-73 Beginning at C6 and proceeding to C2, the
vertebral artery is tethered to the transverse foramina by a
ibroligamentous mesh connected to the adventitia of the
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FIG. 97.5 Projection of the vertebral arteries traversing foramina on the
anterior aspects of the lower cervical vertebrae. Note that the vertebral
artery enters at C6 and becomes progressively more medial to the C3–C4
level. At that level it is 1.8 mm lateral to the uncinate process. This is
important to understand during anterior cervical decompression surgery.
FIG. 97.3 Axial view of the cervical vertebrae showing the extent of
anterior decompression that can safely be performed via a corpectomy.
Decompression medial to the lateral aspect of the vertebral body border
(i.e., medial to the uncinate process) avoids the transverse formina and the
vertebral arteries.
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FIG. 97.4 Relationship of the vertebral artery to the uncinate process. The
distance (d) from the tip of the uncinate process to the vertebral body
(UP–VB), the distance from the tip of the uncinate process to the vertebral
artery (UP–VA), and the distance from the tip of the uncinate process up to
the nerve root (UP–NR) are presented to illustrate the risk of vertebral artery
injury in the neural foramina near the uncovertebral joint.

vertebral artery, the vertebral body, and the superior margin
of the transverse foraminal bony extension (Fig. 97.5). hese
relationships have implications if anterior vertebral artery
laceration repair is attempted, especially for mobilizing and
controlling the artery proximal and distal to the laceration.
It is recommended that the medial edge of the muscles be
coagulated and a blunt periosteal elevator be used to mobilize
the muscles laterally. To prevent injury to the vertebral artery,
this periosteal elevator should never be directed posteriorly.
he vertebral artery may also be injured by excess lateral
dissection in the intervertebral space lateral to the uncinate
processes (C3–C6); it is especially important to be aware of
this risk in cases that require extensive dissection such as corpectomy (see Fig. 97.3). Care should be taken that dissection

or bony resection remain medial to the uncinate process,
sparing the medial border of the transverse foramen unless
otherwise necessary (e.g., in tumor resection). To this end,
it is important to note that the medial margin of the longus
colli muscle is the most consistent landmark for the lateral
extent of bony dissection. Furthermore, to avoid injury to the
vertebral artery during corpectomy, most authors recommend
a preoperative midline radiograph or computed tomography
(CT) scan for any abnormalities of the vertebral artery in
the transverse foramina. he availability of three-dimensional
(3D) reconstructions of CT angiography (CTA) has greatly
enhanced the value of imaging for preoperative planning,74
especially in cases of variant or anomalous vertebral arteries
that may deviate medially, either originating from the aorta75,76
or otherwise ascending outside of the vertebral foramen.
It is also important to note that the association between
cervical spine trauma and the vertebral artery has been
increasingly recognized and studied. A recent review of three
level I trauma centers found that 21% of patients with a cervical spine injury underwent screening for vertebral artery
injury using CTA. Of those screened, a vertebral artery injury
was found in 17%, and of those with a vertebral artery
injury, neurologic events secondary to vertebral artery injury
occurred in 14%.77 hese indings highlight the importance of
preoperative CTA to investigate the course and patency of the
vertebral arteries, especially in cases of cervical spine trauma.
If the vertebral artery is lacerated during the anterior dissection, the bleeding should be stopped by tamponade and the
dissection carried laterally by mobilizing or dividing the
longus colli muscles. his approach to the vertebral artery and
cervical nerves, described by Verbiest, also exploits the interval
medial to the sternocleidomastoid muscle and carotid sheath.
However, unlike the Smith-Robinson approach, Verbiest’s
exposure proceeds lateral to the longus colli muscle.78 he
surgeon should be aware that this lateralization puts the cervical sympathetic trunk at greater risk of injury, especially at
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FIG. 97.6 (A) Surgical technique of repair of the vertebral artery. The trough has been cut in the C4–C5 bodies.
The burr is angulated laterally to get slightly more exposure. The bleeding area is tamponaded. The bone
anterior to the transverse foramen is drilled away to expose the vertebral artery. The C4, C5, and C6 nerve roots
are exposed and protected. (B) Elastic loops have been placed around the vertebral artery proximal and distal
to the laceration. (C) Laceration is repaired with interrupted sutures of 7-0 polypropylene. (From Pfeifer BA,
Friedberg SR, Jewell ER: Repair of injured vertebral artery in anterior cervical procedures. Spine.
1994;19:1471–1474.)

lower cervical spinal levels, and Horner syndrome (ipsilateral
ptosis, miosis, and anhidrosis) may result.79 he costotransverse lamellae and ibroligamentous attachments can be
removed to allow adequate exposure for primary vascular
repair (Fig. 97.6A).80 If primary repair is chosen, the artery
should irst be exposed proximal to the laceration, and vessel
loops should be used for occlusion (Fig. 97.6B).80 he nerve
roots should be identiied and protected. Once the artery is
exposed and controlled, the laceration can be repaired, if possible (Fig. 97.6C).80 he repair may require the assistance of
an experienced vascular surgeon, and spinal stability should
be ensured ater this additional required exposure. Cross
clamping of the injured vertebral artery may be required
during the repair, and cross clamp duration should be minimized to decrease the likelihood of infarct resulting from
vertebrobasilar ischemia.
Many authors support repair of the vertebral artery
injury.60,80,81 Others have ligated the lacerated vertebral
artery.25,65,82,83 he ability of the patient to tolerate unilateral
occlusion of the vertebral artery without sequelae is supported
by a study of nine patients with traumatic occlusion of the
vertebral artery. Only two developed neurologic deicits, both
of which were transient.84 If the vertebral artery is to be sacriiced, it should irst be studied by intraoperative angiography
to ensure that the patient’s anatomy will allow such a maneuver.65,82,85 he presence or absence of neurologic deicit depends
in part on the collateralization of the vertebral artery of the
circle of Willis and the patency of the contralateral vertebral
and basilar arteries.25,37 A classic anatomic study reported that
occlusion of the vertebral artery led to brainstem ischemia or
infarct in 3.1% of let-sided occlusions compared with 1.8% of

right-sided occlusions.66 However, in one report, three out of
seven cases of vertebral artery ligation developed symptomatic
vertebrobasilar ischemic signs and symptoms.51 hese symptoms included syncope, dizziness, nystagmus, and Wallenberg
syndrome. Further controversy regarding whether to ligate or
repair a vertebral artery laceration or tear is found in the cervical spine trauma literature, and special considerations may be
made in the setting of cervical spine trauma that may or may
not apply in elective settings.

Carotid Artery
he common carotid artery is also at risk as the surgeon
develops the dissection plane and during retraction for the
deep anterior cervical spine exposure (Smith-Robinson
approach). Identiication of the carotid artery by palpation
and gentle inger dissection helps minimize injury of this
major vessel. Proper placement of self-retaining retractors
requires medial-to-lateral mobilization of the longus colli
muscles along the anterolateral aspect of the vertebral bodies.
Blunt-tipped blades of these self-retaining retractors must be
positioned deep to these muscles, and only enough tension
should be applied to retract these muscles away from the
vertebral body and disc margins to aid visualization of the
vertebra and vertebral disc.
Compromise of carotid artery blood low risks causing
central nervous system ischemia (i.e., ischemic stroke),86,87 and
prolonged retraction of the artery could lead to thrombosis.
Some authors have noted a progressive decrease in carotid
blood low secondary to the use of self-retaining retractors.88 A study of 15 cases showed that ipsilateral carotid
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FIG. 97.7 Diagram showing the vertebral arteries coursing over the
posterior arch of C1. The medial extent is usually 1.5 to 2 cm lateral to the
midline.

artery blood low decreased an average of 14% to 70% as
measured by duplex ultrasonic low as the anterior cervical
discectomy and fusion procedure proceeded and the arterial
cross-sectional area progressively decreased as the surgical
duration increased. he diminished blood low remained
laminar at all times and rapidly returned to baseline postoperatively. Younger patients showed a greater drop in blood low
compared with older patients and those with atherosclerotic
arteries.
A general strategy to prevent carotid artery ischemia is the
intermittent release and repositioning of the retractors,89 but
this repositioning should be done carefully because manipulation of an atherosclerotic artery may dislodge plaques with the
unintended consequence of embolic ischemic stroke.

FIG. 97.8 Computed tomography shows a malpositioned C2 screw
violating the transverse foramen (arrowhead), fortunately without ill efects
or vascular sequelae.

1 /2
1 /2

15°
Cephalad

Distance

30°
lateral

1 mm
medial

Posterior Cervical Vascular Complications
he vertebral artery and venous plexus are the primary vascular structures at risk during posterior cervical approaches
the spine (Fig. 97.7). Posterior vertebral artery injuries are
rare,30,65,90 but multiple cases of posterior vertebral artery
injury during posterior cervical spinal surgery are reported in
the literature.57,90-92 Cranial base surgery continues to pose
signiicant challenges and limitations owing to the variations
of this region’s cerebrovascular anatomy and physiology.90,93
Instrumentation of the upper posterior cervical spine from
the occiput to C2 puts at risk the vertebral artery, carotid
artery, and hypoglossal or spinal accessory nerves depending
on the technique. Malpositioning of the lateral mass screws
may injure the vertebral artery within the transverse foramen
(Fig. 97.8).23,73,97 C1–C2 transarticular screws risk the vertebral
artery, carotid artery, and hypoglossal nerve anteriorly in the
C2 transverse foramen. Preoperative CT may aid prevention
of inadvertent injury as screw insertion progresses across the
C1–C2 facet.67,95 Anomalies and anatomic variations of the
geometry of the foramen and the position of the vertebral
artery are common. C1 lateral mass screws put the vertebral
artery at risk posteriorly and laterally, and they require meticulous technique for mobilization and protection.21,96 Preventive
strategies include knowledge of the bony landmarks, choice of

FIG. 97.9 Proposed angulation technique, approximately 15 degrees
cephalad and 30 degrees lateral starting 1 mm medial to the midportion of
the lateral mass. At C6 the vertebral artery is slightly more lateral to the
starting point advocated by An and associates.94 According to Lu and
Ebrahaim,65 the technique of An and associates describes safe angulation for
the placement of lateral mass screws to avoid the anterior vertebral artery
in the transverse foramina of C3-C6. (From An HS, Gordin R, Renner K:
Anatomic consideration for plate-screw ixation of the cervical spine. Spine.
1991;16[Suppl]:S548–S551.)

appropriate screw lengths, and review of angles of insertion
(Fig. 97.9).94
he vertebral artery and veins are directly anterior or
slightly lateral (about 6 degrees lateral at C6) at the middle
one-third of the lateral mass. herefore, to avoid the vertebral
artery the lateral mass screw should be started near the center
of the mass and directed about 10 to 15 degrees lateral and 30
to 35 degrees cephalad. In contrast, the Magerl technique
directs screws directly anterior from the central lateral mass
and is more likely to injure a nerve or the vertebral artery.
Studies have clearly identiied the Magerl technique as most
likely to injure the vertebral artery, with an incidence of 1.4%
in a survey series of 5641 cases.26 his technique should be
avoided. A consecutive series of 43 patients reported no
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screw ixation, indicating how near to the internal carotid artery and the
vertebral artery the C1 screw may be positioned.

vertebral artery injuries from lateral mass plating of the subaxial cervical spine.97
Placement of posterior C2 screws is routinely used to stabilize type II or high type III odontoid fractures. C1 and C2
injuries should be reduced before attempting ixation to
reduce risk of injury to the spinal cord, vertebral artery, or
interior carotid artery. he guidewire and screw tip both pose
risks of injury to the vertebral artery and internal carotid
artery (Fig. 97.10). Radiographic imaging should be used to
minimize penetration during initial positioning. he C2 screw
should be placed by hand under live luoroscopy without
power reaming or tapping. Once positioned, care should be
taken to clear the reamer or screw cannula of residual bone to
prevent inadvertent advancement of the guidewire. Although
this procedure increases luoroscopy time, it is essential to
carefully monitor the tapping position, as well as the insertion
over the guide wire, and to be certain that proximal migration
does not occur. Some surgeons employ 3D luoroscopy or CT
image guidance in these cases.

Vertebral Artery
he vertebral artery is at greatest risk as it passes through the
upper cervical spine. Most notably, the vertebral artery passes
through the foramen of C2 as it extends cranially, then through
the C1 foramen before coursing medially toward the midline
on the superior aspect of C1.65,82 In this area the vertebral
artery occupies a groove on the posterior aspect of the posterior arch of C1; anatomic studies have shown that this groove
is on average 18 mm lateral of midline, whereas the vertebral
artery itself is on average 22 mm from midline.98
he vertebral artery is vulnerable because it passes between
the C1 and C2 transverse foramina laterally. Lateral dissection along the caudal border of C1 should end on exposure
of the dorsal ramus of C2. Due to this unique anatomy of
the vertebral artery in the superior cervical spine, some
authors have recommended that dissection should begin with
identiication of the posterior tubercle of the atlas, and that
dissection of the posterior aspect of the posterior arch should
remain within 12 mm of midline and the dissection should
not extend beyond 8 mm of midline on the superior aspect of
the arch.99

FIG. 97.11 Lateral cervical plain radiograph demonstrating the ponticulus
ponticus (arrow). This has implications for C1–C2 surgery because the
ponticulus ponticus is closely related to the certebral artery as it passes
onto the posterior ring of C1. The incidence is common on plain ilms at
about 15%.

Cervical pedicle screws may be placed more safely at C6 or
C7. he screws are started about 2 to 3 mm inferior to the
superior articular facet and slightly lateral to the midline of
the lateral mass. he screws should be angled medially 35
degrees at C6 or 30 degrees at C7. he C1–C2 technique,
which is least likely to risk injury to the anterior vertebral
artery, is the modiied technique of C1 lateral mass screws and
C2 intralaminar crossed screw ixation described in the literature.100 In about 15.5% of patients, a false bony bridge called
the ponticulus ponticus covers the vertebral artery as it passes
onto the posterior C1 ring. his is easily noted on lateral cervical plain ilms (Fig. 97.11). It is important to recognize this
common variant to avoid injury to the vertebral artery by
dissection or C1 transosseous screw ixation.101
Vertebral artery injury posteriorly oten occurs during
lateral mass screw placement either from penetration or laceration by the drill, tap, screw, or probe. However, any technique that begins near or slightly inferior to the midline of the
lateral mass and angles laterally and cephalad 15 to 30 degrees
and uses screws that are 14 to 16 mm in length are unlikely to
injure the vertebral artery or veins.73,97 Of note, the average
reported screw size for women was 14 × 3.5 mm compared
with 16 × 3.5 mm for men. As with C2 screw placement,
drilling should be done by hand and not under power. Also,
caution should be used with the depth gauge. Care should be
taken to not plunge and possibly pinch the vertebral artery
with the curved end of the depth gauge.
C1 lateral mass ixation has proven to be safe, stable, and
efective. he relationship of the vertebral artery at C1–C2 and
its location to the triangular window of the pedicle of C1 have
been emphasized in the literature (Figs. 97.12 and 97.13).70-73
Primary clinical challenges are to identify the C2 root and the
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FIG. 97.14 Axial view through the superior aspect of the atlas (C1).
Dissection of the superior aspect of the posterior rim of the C1 arch should
remain within 8 mm of the midline.
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FIG. 97.13 Anatomic measurements and markings for the atlas and
internal carotid artery. A, Shortest distance between C1 anterior cervical
surface and the internal carotid artery. B, Shortest distance between C1
anterior cervical surface and the internal carotid artery on virtual screw (VS)
trajectory line. C, VS line from the ideal screw entry point to the virtual exit
point. D, Width of the C1 lateral mass. C, Distance from the C1 midsagittal
line to the inner line of the transverse foramina; the angle made between
the sagittal axis and the virtual axis line is labeled as alpha.

vertebral artery and to identify and control the venous plexus,
which may project inferiorly between the vertebral artery and
the posterior C2 dorsal ramus. Typically, the vertebral artery
penetrates the ligamentum lavum 8 mm from the C1 tubercle
and passes cephalad to the margin of the C1 posterior rim
(Fig. 97.14). he level of the C1 lateral mass screw insertion
at the inferior border of the C1 arch is typically 12 to 14 mm
from the midline (Fig. 97.15). he ponticulus ponticus is a
harbinger of injury to the vertebral artery along the cephalad
margin, especially if the ponticulus ponticus is not appreciated
during placement of C1 lateral mass screws (see Fig. 97.11).
C1 lateral mass screws should be started in the “window”
of the lateral mass deined on the superior border by the C1
arch and the vertebral artery superior and on the inferior
border by the C2 dorsal root ganglion (Fig. 97.16). his
window is covered by a plexus of veins that should be coagulated and controlled. Removal of the inferior edge of the C1

Posterior midline

12 mm

Medial-most edge of the
vertebral artery groove on the outer
cortex of the posterior ring
FIG. 97.15 Posterior view of the occipitocervical junction. Dissection on
the posterior aspect of the posterior rim of C2 should remain within 12 mm
lateral to the midline.

arch oten assists the placement of the C1 lateral mass or
pedicle screw. he medial-most extension of the vertebral
artery cephalad to the C1 ring is usually about 8 mm from the
C1 tubercle but about 4 more mm lateral and caudal to the C1
ring; this is the optimal starting point for a C1 lateral mass
screw.
Image guidance, including luoroscopic or CT-based
systems, increases patient safety during C1 lateral mass screw
positioning given the high rate of vertebral artery anomalies
in this area.102 For example, one study found that 3.1% of
patients lacked a vertebral artery on the right and 1.8% lacked
a vertebral artery on the let, and 9.7% of patients had a signiicantly narrowed vertebral artery on the right and 5.7% had
signiicant narrowing on the let.66 his study also found two
cases in which the vertebral artery branched directly into the
posterior internal cerebellar artery.66 Numerous minor and
major variations are known to occur; for this reason surgeons
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FIG. 97.16 Lateral mass ixation at C1 is safe, stable, and efective. Lateral
mass screws at the C1 level should be started in the “window” of the lateral
mass, the superior border of which is deined by the inferior aspect of the
arch of C1 and the vertebral artery and the inferior border is deined by the
C2 dorsal root ganglion. In this image, the starting point of the left C1
lateral mass screw is indicated by the top left circle with an “x” within it, the
plexus of veins that covers the starting point has been removed, and the C2
dorsal root ganglion is retracted inferiorly.

are strongly encouraged to order preoperative magnetic resonance imaging (MRI) or CT with reconstruction to identify
the vertebral artery and its foramen because some variation
may preclude screw placement on a given side.103

Internal Carotid Artery
he internal carotid artery is also at risk with instrumentation
of C1 as the lumen of the internal carotid artery is within close
proximity of the anterior aspect of C1.104,105 Anatomic studies
have shown that the mean distance from the internal carotid
artery to C1 is on average 2.9 to 3.7 mm.105,106 One study of
160 angiograms found that the internal carotid artery is never
medial to of the lateral mass of C1, and with regard to the
transverse foramen it was less oten medial caudally than
cranially.106 For this reason some authors suggest that lateral
mass screws that are angulated inferomedially are safer with
respect to the internal carotid artery than screws placed in
other trajectories. However, because of the risk of injury to
this artery that is posed by a drill bit or the tip of a bicortical
screw, some authors have recommended preoperative CTA
before procedures in which C1 will be instrumented. If the
internal carotid artery is found to be in close proximity to the
anterior aspect of C1, it has been suggested that either a unicortical screw should be used or an alternative technique
should be considered.105

Thoracic Spine
Anterior Thoracic Vascular Complications
Anterior exposure of the thoracic spine is well established and
has many applications.9,39,46,107-128 his can be done through

2
1

FIG. 97.17 Anastomoses of the dorsal branches of the spinal artery. 1,
Intercostal artery; 2, dorsal branches of spinal artery; 3 and 3′, posterior
anastomoses; 4, vertebral anastomosis; 5, retrovertebral anastomosis; and 6,
perimedullary anastomosis. Segmental vessels are shown exiting from the
posterior aspect of the aorta. The vessels lie along the thoracic spine, across
the midportion of the vertebral bodies. (From Lazorthes G, Gouaze A, Sadeh
JO, et al. Arterial vascularization of the spinal cord: recent studies of the
anastomotic substitution pathways. J Neurosurg. 1971;35:253–262.)

open or thoracoscopic approaches for the treatment of a
variety of disorders but is oten used for scoliosis release,
fusion, and instrumentation. he absolute incidence of vascular injuries from anterior thoracolumbar surgery may be as
low as 1%. One retrospective review of 1262 consecutive
patients from 1998 to 2010 found that injury to a major vessel
occurred in 1.1% of cases.27 Another review reported a 5.8%
incidence of vascular complications in 207 open anterior
thoracolumbar surgeries, with a mortality rate of 1%.16 his
report found a 3.4% incidence of direct vascular injuries of the
segmental or intercostal vessels. Most had a delayed onset of
sequelae, and one death occurred.
Among the potential vascular-related complications are
injuries to the major vessels and their branches and the
sequelae of interruption of the blood supply to the thoracic
spinal cord (Fig. 97.17). Paraplegia secondary to unilateral
vascular interruption of the thoracic segmental vessels is
extremely uncommon. Bilateral disruption of the segmental
blood supply, however, as in aortic surgery or dissection of
aortic aneurysms, does confer a real risk of paraplegia.24,129-134
here are many reports in the thoracic and vascular literature
of the consequences of bilateral disruption of the blood low
to the thoracic cord during complex thoracic and thoracolumbar aneurysm reconstructive surgery. One study has shown
that autoregulation of smooth muscle of the tunica media of
the lower anterior spinal artery may further reduce blood low
to the cord ater aortic cross clamping.17
Other procedures associated with spinal cord infarction
include bilateral sympathectomies20; open thoracoscopy with
pulmonary lobectomy135; open anterior surgery for tuberculosis
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Segmental Arteries
he relative importance of individual blood vessels that supply
the spinal cord has been debated.87 It was not until 1939 that
it was determined that the segmental vessels that supply the
spinal cord are indeed end arteries and that there are no
anastomoses between the capillary beds.37 he vessels that
travel with the spinal nerve into the spinal canal do not seem
to be important, as evidenced by a report in which three to 16
ipsilateral segmental arteries in a single patient were ligated
without neurologic loss.110
heoretically, the thoracolumbar spinal cord tolerates
transient and permanent unilateral segmental blood low disruption. However, bilateral segmental disruption, transient or
permanent, is much more likely to cause spinal cord ischemia
and consequent paraparesis or paraplegia. he precise incidence of spinal cord infarction and paraplegia due to vascular
occlusion is not known, but the real incidence is very low.
Morbidity and mortality statistics from the Scoliosis Research
Society described an incidence of paraplegia of 1% due to
indirect vascular compromise in more than 10,000 deformity
cases.65,142 Paraplegia rates are greater in adult patients and
those treated with posterior instrumentation and fusion for
severe scoliosis, kyphosis, kyphoscoliosis, or congenital scoliosis and kyphosis.143 One case of vascular-induced paraplegia
was reported in a series of more than 400 cases of anterior
spinal surgery for tuberculosis,133 and there is a cumulative
series of more than 3000 extensive open anterior discectomies
or partial corpectomies with unilateral ligation of thoracic
segmental arteries without any cases of paraplegia.110,116,119
he transthoracic approach to the anterior thoracic spine
usually requires mobilization of segmental arteries and veins
over several vertebral levels.69,110,116,119,144 A right-sided approach
is recommended to avoid the pericardial structures because in
75% of people the artery of Adamkiewicz originates on the let
side of the aorta between T8 and L1.145 In cases of deformity,
however, it is most advantageous to approach the convexity of
the deformity, regardless of the side involved. he parietal
pleura must be divided to gain access to the thoracic segmental
and intercostal arteries.146 his dissection should begin over
the disc space because there are no vessels there. he individual
vessels are identiied and isolated with a right-angle hemostat
and ligated, occluded with vascular clamps, or spared.147 About
1 cm of segmental vessel should be maintained from the

thoracic aorta or vena cava to avoid tearing injury to either of
these large vessels. Although it has been shown that better
collateralization and anastomotic substitution can occur as the
segmental vessels are ligated or disrupted closer to the major
vessels, the risk of catastrophic injury to the aorta or vena cava
demands caution.145 Inadvertent laceration or avulsion of the
segmental vessels from the aorta or vena cava can result in
rapid, voluminous bleeding. Bleeding should be immediately
controlled by direct pressure proximal and distal to the defect,
and repair of the aorta or vena cava should be assisted by a
surgeon experienced in vascular surgery. It should also be
noted that segmental vessels can also be injured by inadvertent
avulsion or stretching,16 and vascular injuries may present late
(i.e., postoperative hemothorax).
It should be noted that unilateral ligation of thoracolumbar
segmental arteries may be acceptable on the convexity of the
deformity, but perhaps only in primary surgeries as certain
complex revision surgeries may mimic bilateral ligation.119
Cases in which there is signiicant kyphosis or kyphoscoliosis—
especially in cases of multiple posterior procedures or prior
surgeries—may increase the risk of paraplegia with unilateral
ligation of particular segmental arteries. For this reason some
authors have advocated spinal cord monitoring up to 20
minutes ater ligation or clamping of a key segmental artery
when the cord is at risk.119 Winter and colleagues119 describe
a case of revision anterior scoliosis surgery in which the
convexity was approached ater prior anterior surgery from
the concavity. he authors clamped a segmental artery and
observed loss of somatosensory evoked potentials (SEPs). he
spinal cord monitoring changes were reversible and the anterior discectomy was performed between the segmental vessels
to spare spinal cord blood low. his circumstance illustrates
that bilateral thoracolumbar segmental vessel occlusion is
associated with a small but deinite risk of spinal cord infarction and permanent neurologic deicits. In any case, actual or
indirect segmental vessel injuries should be avoided between
T8 and L1 on the let. Spinal cord monitoring should be
considered routine; motor evoked potentials (MEPs) are oten
used for this purpose. For monitoring on the anterior spinal
cord MEPs are more precise than SEPs which primarily
monitor the function of the dorsal columns of the spinal cord.

Artery of Adamkiewicz
Great attention has been given to the artery of Adamkiewicz,
which is the largest of the segmental arteries supplying the
thoracolumbar spinal cord (Fig. 97.18).40,148-150 It originates on
the let side in 80% of patients between T7 and L4 and is most
oten between T8 and L1 (92%).150-153 Another study found
that the artery of Adamkiewicz originates between T9 and T12
in 80% of patients and 100% of originations were between T8
and L2.154 It is important to emphasize that in 10% to 12% of
cases the artery of Adamkiewicz originates at L1–L2.145,155 he
artery of Adamkiewicz appeared between T5 and T8 in 15%
of cases.145 When the artery of Adamkiewicz appears in the
midthoracic level, there is oten a supplemental artery referred
to as the arteria conus medullaris supplying the thoracolumbar
cord. he thoracolumbar spinal cord has a rich anastomotic

S E C T I O N

in which bilateral vascular ligation or disruption occurs133;
revision anterior scoliosis surgery, especially if approaching
the previously undissected side of the anterolateral spine or if
the curve has a signiicant kyphotic component134,136; and spinal
angiography or magnetic resonance angiography (MRA) using
the thoracic or abdominal aorta.38,60,131 Video-assisted thoracoscopy (VAT) has been used for a variety of thoracic spine
conditions.111,112,117,137 One European meta-analysis found no
vascular complications or paralyses associated with VAT.138 A
singular case of profound epidural bleeding occurred, but no
incidence of segmental artery, aorta, or azygos vein injury was
noted. Other studies of thoracoscopy have validated the utility
and safety of VAT.114,117,139-141
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FIG. 97.18 Major arterial vessels supplying the spinal cord through the
anterior spinal artery. The artery of Adamkiewicz is usually found in area 4. I,
Superior or cervicothoracic area; II, intermediate or midthoracic area; III,
lower or thoracolumbar area. 1, Anterior spinal artery; 2, artery of the
cervical enlargement; 3, posterior spinal artery; 4, artery of the lumbar
enlargement; 5, anastomotic loop of the conus medullaris. (From Lazorthes
G, Gouaze A, Sadeh JO, et al. Arterial vascularization of the spinal cord:
recent studies of the anastomotic substitution pathways. J Neurosurg.
1971;35:253–262.)

blood supply formed by both the anterior and posterior spinal
arteries. he anterior spinal artery in the region of T4 to T9,
however, is oten small and can be incomplete.145 he spinal
canal was also the most narrow in the T4–T9 region, which
could predispose to surgical complications, particularly in the
face of a chronic low-reserve state of spinal luid circulation.30
Helical CT scans, MRA, and more contemporary spinal cord
angiographic techniques have supported these prior anatomic
studies.134,150
An elaborate study of the contributions of unilateral and
bilateral vessel occlusion to paraplegia used a high-powered
laser Doppler source with a Doppler low meter placed in
the vertebral body. Changes in the vertebral body blood low
were measured ater ligation and occlusion of the segmental
vessels.156 Vertebral body low may or may not correlate with
the segmental vessel low and is at best an indirect measurement, but this unique study is worth mention nonetheless. In

10 cases segmental vessels on one side were ligated as part of
the index procedure and then the contralateral vessels were
occluded or tamponaded from T7 to L3. A small decrease in
blood low of about 13% was recorded with ligation on one
side, but there was a 75% loss of blood low with bilateral blood
low disruption and all occlusions returned to baseline almost
immediately ater the patency of the vessels was restored. At
T8, T10, T11, and L3 the authors noted there was no change
in blood low ater bilateral occlusion; they attributed this
to signiicant collateral circulation. he variability of spinal
arterial vasculature underlies the importance of preserved
blood low with bilateral occlusion at any particular level
in this study, but these indings highlight the relative safety
of unilateral segmental artery occlusion relative to the risk
of bilateral occlusion. A study of bilateral segmental vessel
ligation in the watershed area of dogs found that paraplegia
developed 100% of the time.157 he human watershed area is
T4 to T9. he artery of Adamkiewicz may be ligated in Rhesus
monkeys without complications, but paraplegia follows when
the anterior spinal artery (arterial median longitudinal artery)
is simultaneously ligated.148 hese animal studies also emphasize the risk of paraplegia with bilateral segmental artery
disruption.
Despite these reports, the artery of Adamkiewicz can be
occluded under most circumstances. It is not uncommon in
some scoliosis procedures that involve anterior instrumentation to perform an extensive ipsilateral sacriice of these segmental arteries without signiicant sequelae.110 No vascular or
neurologic complications due to vascular injury were reported
in 278 cases involving unilateral segmental ligation for anterior
kyphotic deformity reconstructive surgeries with anterior
Kostuik-Harrington instrumentation.158 he authors of a
report of more than 1200 consecutive anterior spinal cases
with no cases of paraparesis or paraplegia related to the ligation of segmental vessels unilaterally recommend (1) vessel
ligation unilaterally, (2) ligation on the convexity of the
deformity, (3) ligation at the mid-body level, and (4) avoidance of hypotensive anesthesia.119,159
he risks of paraplegia and paraparesis in cardiothoracic
surgery have been reduced by (1) limiting cross clamping
times,24,129 (2) avoiding hypotension,24,129 (3) draining cerebrospinal luid (CSF),130,132 and (4) maintaining distal aortic perfusion by cardiopulmonary bypass.24,130 CSF drainage or
cooling has been proven to decompress the intradural space
and improve blood low to the cord via the artery of Adamkiewicz and other segmental vessels.130,132 Other authors have
noted that the keys to protecting neurologic function in regard
to aortic surgery are to limit cross clamp time of the aorta to
less than 30 minutes, reanastomose key intercostals, and cool
the CSF.154 Although there has been some debate about how
to best prevent paraplegia, some general recommendations are
to minimize cross clamping time and identify the artery of
Adamkiewicz preoperatively. Spinal angiography or MRA
may be used to identify this artery.
Most acute major vascular injuries during anterior thoracic
or thoracolumbar surgery are direct injuries with immediate
and profound blood loss that demands immediate attention.
If the injury occurs during a minimally invasive approach the
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case should be converted to an open procedure. However,
vascular complications may have a delayed presentation. For
example, there has been a report of a delayed aortic rupture
due to erosion of the aorta from a T12–L1 smooth rod anterior
implant.160 his occurred 20 months ater a T11 burst fracture
and repair in a middle-aged man presenting with nonspeciic
gastrointestinal symptoms. he tips of bicortical screws used
in anterior instrumentation for thoracic scoliosis may also
pose risks of major vessel injury because these vessels oten
closely approximate in the concavity of the curve of the
spine.118 hese bleeding complications are due to excess length
or depth gauging of the vertebral body screw hole. A calf
model was used to study the placement of anterior thoracic
vertebral body screws relative to the aorta at T6–T11 and to
monitor at 3, 6, and 12 months. here were a number of
penetrations into the aorta. Postmortem histology showed
thinning of the aorta in 52%, and 60% had scarring with a
trend of greater scarring with greater impregnation. In 96% of
the cases with some screw contact, the aorta showed some
cicatrix. he authors concluded that this histopathology was
worrisome for late development of complications if the screw
tip approached or entered the thoracic aorta.161 Complications
involving the aorta, however, are more characteristic of pedicle
screw instrumentation ater posterior approaches to the thoracic spine.
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FIG. 97.19 Vascular complications during posterior thoracic spine surgery
are rare. The most signiicant of these are iatrogenic injury to the structures
of the posterior mediastinum by pedicle screws that breach the anterior
cortex of the vertebral body. In this sagittal slice of a computed
tomographic image with contrast, the tip of a thoracic pedicle screw (at the
vertebral level indicated by the arrow) is seen in close proximity to the
descending thoracic aorta.

Posterior Thoracic Vascular Complications
Typically, no major vessels are at risk during direct posterior
midline thoracic exposure per se,143,162 but the great vessels
on the anterior aspect of the vertebrae may be placed at risk
by instrumentation of the pedicles. If the anatomy is atypical,
however, as in idiopathic right thoracic scoliosis, posterior
exposure either during rib resection or aggressive posterolateral exposure may injure the intercostal arteries. Injury to
an intercostal artery could lead to hemothorax with clinical
dyspnea and hypoxia; in these cases thoracoscopy to ligate
the vessel and drain the chest cavity could be considered.
Although routine midline posterior cervical or thoracolumbar
exposures may risk injury to segmental arteries anterior to
the transverse processes, these complications are rare, and
the characteristic vascular complication of this approach is
iatrogenic injury to the great vessels by the tip of a pedicle
screw.
Although studies have shown that the use of thoracic
pedicle screws is safe,163,164 their use is not universally accepted
due to concerns about safety and complications,165 and the
reported rate of pedicle screw malpositioning is surprisingly
high. Although one report of 4600 screws found a malpositioning rate of only 1.5%,166 a more recent review of 4570
pedicle screws in 1666 patients who underwent corrective
surgery for adolescent scoliosis found that 518 screws were
malpositioned (5.2%). In studies that included systematic
postoperative CT the rate of screw malposition was found to
be as great as 15.7%167 In this review 10 vascular complications
were reported, but there were no irreversible sequelae. In fact,
most reports of malpositioned pedicle screws describe no
permanent consequences for the patient.165-167

Aorta
he range of complications related to pedicle screws include
transient paresis, dural tear, infection, pneumothorax, pleural
efusion, pedicle fracture, and screw loosening. Vascular
complication during posterior thoracic spine surgery are rare.
he most signiicant of these is iatrogenic injury to posterior
mediastinal structures by screws that breach the anterior
cortex of the vertebral body (Figs. 97.19 and 97.20).168 Since
instrumentation of the thoracic pedicles with pedicle screws
has been recognized as the state of the art in the treatment
of scoliosis,169 multiple authors have reported injuries to
the thoracic aorta; many of these are pseudoaneurysms,
erosions, and otherwise delayed perforations of the thoracic
aorta.170-174 As pedicle ixation in the thoracic spine has
become commonplace, the position of the screws relative to
the canal and anterior vascular structures must be carefully
considered.175
In the event of aortic disruption by a thoracic pedicle screw,
endovascular repair of the aorta has been widely shown to
be efective (Fig. 97.21).176-180 Elective thoracotomy181 and
combined endovascular-thoracotomy procedures have also
been described.182,183 Even the use of biologic glue has also
been reported to be successful in a few cases.184 In any case of
iatrogenic disruption of the vascular structures of the posterior mediastinum, consultation with an experienced vascular
or cardiothoracic surgeon is advisable. he best strategy for
these injures is to avoid them by selecting pedicle screws of
appropriately short length that are placed using meticulous
technique.163
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FIG. 97.20 The most signiicant of vascular injuries during posterior
thoracic spine surgery are iatrogenic injuries to the structures of the
posterior mediastinum by pedicle screws that breech the anterior cortex of
the vertebral body. In this axial image of a computed tomographic scan, the
tip of a left thoracic pedicle screw (on the right) is seen lateral to the cortex
of the body of the vertebra; the screw tip is clearly impinging upon the
descending aorta. If the position of this screw tip does not cause acute
extravasation, then pseudoaneurysm, erosion, or otherwise delayed
perforation of the thoracic aorta may occur.

FIG. 97.21 In the event of aortic disruption by a thoracic pedicle screw,
endovascular repair of the aorta has been shown to be efective. In this
sagittal image an endovascular stent is visible in the arch of the aorta and
the descending aorta at the level of the most superior thoracic pedicle
screw.

FIG. 97.22 Anatomic relationships among lumbar vessels, the aorta, and
the inferior vena cava and the course in the retroperitoneum. In case of
bleeding from lacerated lumbar vessel, the distal portion can be controlled
by pressure exerted on the vessel between the overlying psoas muscle and
spinal column (inset).

Lumbar Spine
Anterior Lumbar Vascular Complications
Anterior exposure of the lumbar and lumbosacral spine is
oten accomplished by a lateral retroperitoneal approach,39,185
a transperitoneal approach,186,187 or a paramedian hypogastric
(mini-open, rectus-splitting, or minimally invasive anterior
lumbar) retroperitoneal approach.188 All these approaches
directly address the vascular structures of the anterior lumbar
spine and are best used for L1–L3 exposure185,189-191; for this
reason some surgeons monitor let great toe pulse oximetry
during these procedures to identify early and reversible let
iliac artery occlusion. he rectus-splitting anterior or paramedian exposure, however, is limited to exposures from L3 to S1
due in large part to the branching of the renal arteries from
the abdominal aorta (Fig. 97.22). Anatomic variants are
common among these structures, especially the iliocaval
bifurcation and the segmental vessels (Fig. 97.23). As with all
anterior approaches to the spine, an appreciation for the
prevalence and variety of vascular variations is the most
important consideration for prevention of vascular injury.
One review article emphasizes four key vascular components
and considerations for anterior lumbar exposure that must be
addressed: (1) the iliolumbar vein, (2) the let iliac vein, (3)
the middle sacral vessels, and (4) the type of arterial retraction
to optimize exposure but minimize the risk of blood low
alteration or displacement of plaque.192
he incidence of vascular injuries from anterior lumbar
spinal surgery varies and is still believed to be underreported.
Some case series have reported no complications, whereas one
series of 102 consecutive cases performed by fellowshiptrained vascular surgeons reported a 15.6% incidence.35 Vascular injuries and complications during anterior lumbar
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FIG. 97.23 Anatomic distribution of lumbar arteries and veins in the
retroperitoneum. Numbers denote frequency (percent) of inding a certain
branch among 102 consecutive retroperitoneal lymph node dissections. Ao,
aorta; IVC, inferior vena cava.

exposures rarely result in serious sequelae unless the injury
results in total disruption of the vascular supply to the lower
extremity or viscera,57 but depending on the spine surgeon’s
level of expertise and hospital credentialing, a collaborative
efort with a surgeon experienced in vascular surgical techniques should be considered, especially in the ever more
common anterior lumbar revision cases.35,193,194 Prompt recognition and repair remain paramount and are the standard of
care, and blood conservation techniques such as a Cell Saver
with or without autologous blood donation have been recommended in anticipation of possible anterior thoracolumbar
vascular complications.195
As anterior lumbar interbody fusion and arthroplasty
techniques have gained wide acceptance, laparoscopic or
rectus-splitting approaches have become less favored, especially for lateral exposure at levels L4–L5 and below.1,39,133,186
,188,192,194,196-200
his is partly because laparoscopic exposure of
L3–L4 has been found to require signiicant aorta retraction,
which has been demonstrated in more than nine out of 10
angiographically studied patients.201 Multiple authors have
found it possible, however, to access levels L3–L4 and above
using a mini-open rectus-splitting exposure.188,202 Although no
diference in vascular complications was reported in a comparative study between a limited retroperitoneal approach and
laparoscopic approach,40 the rate of retrograde ejaculation was
much greater in the laparoscopic cohort. Other studies conirm
that the rates of postoperative ileus and retrograde ejaculation are reportedly greater with laparoscopic approaches than
with open retroperitoneal techniques.194 Bowel and bladder
injuries have also been reported at a rate of 1.4%.194 Due to

these distinct disadvantages, laparoscopic and transperitoneal
approaches have fallen out of favor.197,203
Although prevention is the primary objective, vessel injury
during anterior lumbar surgery is not uncommon. In a review
of 102 consecutive cases of anterior lumbar spinal surgery
performed for a wide variety of lumbar spinal conditions and
assisted by fellowship-trained vascular surgeons, the overall
incidence of vascular injury was 15.6%.35 All these injuries
involved venous structures. here were 11 common iliac vein
injuries, four inferior vena cava injuries, and one iliolumbar vein injury. All were identiied and repaired primarily
without any reported clinical signiicance. he incidence of
venous injury difered by the extent of surgical approach. he
hypogastric rectus-splitting approach was associated with
a vascular complication rate of 18.4% versus a 7.7% injury
rate with an anterolateral muscle-dividing retroperitoneal
exposure. Multiple reviews of lumbar total disc replacement
have found that the most common vascular complications are
let common iliac vein laceration (5%), vena cava laceration
(2%), and thrombosis of the let common iliac vein or let
common iliac artery (<1%).204 hese studies emphasize that
vascular problems may be relatively common with anterior
lumbar spinal cases.
It is still somewhat controversial whether less-invasive
approaches pose a greater or lesser risk of vascular injury. A
series of 686 exposures reported a 1% incidence of arterial and
venous injuries using a mini-open technique with minimal
morbidity and mortality.202 Many other authors have reported
large series of anterior interbody fusions of the lumbar spine
for degenerative disc disease and spondylolisthesis without
major vascular injuries.1,149,188,193,196,205–210 Regardless of the
speciic approach to the anterior lumbar spine, the rates of
vascular injury are likely underreported and are best prevented
with caution and a thorough understanding of the anatomy. If
any of these approaches is chosen, it may be helpful to perform
preoperative digital subtraction angiography or abdominal
ultrasonography to conirm the level of the bifurcation of the
aorta and vena cava, which may be particularly important for
preoperative planning of total disc replacements.

Aorta and Vena Cava
Exposure of the L4–L5 level and above requires mobilization
of the vena cava and aorta by sacriicing and ligating segmental
vessels and the recurrent let iliolumbar vein. On the basis of
MRI studies and clinical experience, some authors have suggested that there are three general anatomic patterns that are
“best windows” to the L4–L5 interspace (Fig. 97.24A–C).194
he aorta and vena cava, as well as the let common iliac vein
and artery, may be mobilized together or independently to one
side or the other in a caudal to cephalad manner, depending
on the level of the iliocaval bifurcation (Fig. 97.25A–C).194 For
example, in cases with a low iliocaval bifurcation, the let
common iliac vein is mobilized from let to right and the
window to the L4–L5 disc is obtained by mobilizing the let
common iliac artery to the let (see Fig. 97.25C). Given the
relative frailty of the vena cava and the potential for tearing,
laceration, or avulsion, there is no case in which the aorta,
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FIG. 97.24 (A) Axial magnetic resonance imaging (MRI) slice of the aorta
(white A) and vena cava (white V). At this level, superior to the bifurcation of
the aorta and the vena cava, surgical exposure of L4–L5 should be from the
left side of the aorta. (B) Axial MRI slice of the arteries (white A’s) and veins
(white V’s). At this level the aorta and vena cava have both bifurcated. In this
case surgical exposure of L4–L5 is at the level inferior to the bifurcation of
the aorta and vena cava. (C) At this level superior to the bifurcation of the
vena cava and inferior to the bifurcation of the aorta, the vena cava (white
V) and arteries (white A’s) are indicated. Surgical exposure of L4–L5 in this
case is between the left common iliac artery and the vein. (From Kleeman
TJ, Michael Ahn U, Clutterback WB, et al. Laparoscopic anterior lumbar
interbody fusion at L4-L5: an anatomic evaluation and approach
classiication. Spine. 2002;27:1390–1395.)

vena cava, or common iliac vessels are mobilized from right
to let. As one extends the exposure to levels superior to L4–L5,
the aorta and vena cava are almost always mobilized together
from let to right.
here may be times in which a window needs to be created
between the aorta and vena cava. A review of 139 cases warned
that transperitoneal laparoscopic release and mobilization of
the let segmentals of the aorta at L4–L5 were associated with
a 16% rate of retrograde ejaculation.194 For this reason the

authors recommend an alternative exposure for the L4–L5
interspace between the aorta and vena cava in low iliocaval
bifurcations (see Fig. 97.25D). In contrast, another series
reported only one case of retrograde ejaculation in 684 patients
using a mini-open rectus-splitting anterior approach from L2
to S1.211 Cases with multilevel anterior lumbar interbody
fusions that extend from L5–S1 to L3–L4 will require that
anterior exposure be achieved via multiple approaches. Retroperitoneal exposures that mobilize the sympathetics with the
peritoneum have the least risk of retrograde ejaculation. In
comparison, transperitoneal exposures have a sevenfold
increased risk of retrograde ejaculation.212
As mentioned, the lateral or anterolateral exposure of the
lumbar spine may be most appropriate for pathology at or
superior to the L3–L4 level. Due to the relative durability of
the aorta compared with the vena cava, the let side is oten
chosen if all else is equal. However, the side of exposure is most
oten determined by the pathology. Considering the lateral or
lank exposure of the retroperitoneum, the psoas major can
be relaxed by lexing the hip and knee. his positioning allows
safer and easier vascular dissection. he incision is placed
according to the vertebral level of interest and the approach is
carried to the retroperitoneal space. he psoas major is the key
landmark guiding the deep dissection. Each segmental vessel
is independently isolated over the vertebral body with a rightangle hemostat and is either clipped or ligated. Double ligation
or clipping is preferred nearer the great vessels, leaving at
least 1 cm of lumbar segmental vessel to minimize the risk of
inadvertent injury to the aorta or vena cava. he use of clips
versus suture ties is largely dependent on surgeon preference.
Segmental vessels should be ligated over the center of the
vertebral body because posterior ligation of the segmental
vessels risks interference with foraminal or collateral blood
low. Furthermore, it is technically easier to control the vessels
in this anatomic location. Regardless of the type of anterior
exposure, access to the vertebral bodies and intervertebral
discs requires identiication, mobilization, control, and ligation or protection of the arteries and veins that cover the
anterior lumbar spine.1,22,39,94,133,186,188,192,194,196–201,213–231
Retraction is always necessary ater ligation and control of
the let segmental vessels and the recurrent or ascending
lumbar vein. Many surgeons use a retractor that aixes to the
operating room table. It is important that this retractor be able
to move with the patient and that the retractor adequately
retract the peritoneal contents without undue stress on the
great vessels.232 Multiple factors aid in determining whether
the great vessels may be safely incorporated into a ixed retractor setup, including patient age, weight, history of peripheral
vascular occlusive disease, and vessel pliability. In most cases,
the great vessels should not be incorporated into a ixed
retractor because this may lead to complete occlusion of the
aorta, vena cava, or common iliac arteries and veins.
Other possible events include laceration, embolization,
vasospasm, and delayed deep vein thrombosis (DVT), which
may also lead to signiicant complications. Although some
authors have suggested Steinmann pin retraction (Fig. 97.26),
some studies have found that this technique may increase the
incidence of thrombosis.233 With this technique, the incidence
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FIG. 97.25 (A) At this level, superior to the bifurcation of the aorta and the vena cava, surgical exposure of
L4–L5 should be from the left side of the aorta. (B) At this level the aorta and vena cava have both bifurcated.
In this case surgical exposure of L4–L5 is at the level inferior to the bifurcation of the aorta and vena cava. (C)
At this level, superior to the bifurcation of the vena cava and inferior to the bifurcation of the aorta, surgical
exposure of L4–L5 in this case is between the left iliac artery and the vein. (D) Proposed surgical exposure of
L4–L5 at a level superior to the bifurcation of both the aorta and the vena cava with the aorta retracted to the
left and the vena cava retracted to the right. (From Kleeman TJ, Michael Ahn U, Clutterback WB, et al.
Laparoscopic anterior lumbar interbody fusion at L4-L5: an anatomic evaluation and approach classiication.
Spine. 2002;27:1390–1395.)
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FIG. 97.26 Nonthreaded Steinmann pin retractors used to expose L3–L4.
Note that the aorta and common iliac artery are under a great deal of
tension and edge loading. This technique was originally described for
exposure of the anterior vertebral body for discectomy maintaining stable
ixation, but because of the tension placed on the arteries, this has been
abandoned due to risk of thrombosis of the arterial blood low.

of thrombosis nearly doubled if the pins were used for more
than 30 minutes. Handheld retractors (Fig. 97.27) should have
blunt tips and concave edges, so that they may be placed deep
to the vessels and retraction can be gentle, variable, and readily
adjusted. At times the use of handheld retractors will necessitate working in steps, oten working side to side at the disc.
his is readily accomplished using handheld retractors, and
this technique both avoids prolonged, continuous retraction
and minimizes the total time of arterial retraction.
At the conclusion of the procedure and once all retractors
are removed, the vessels should be inspected for any obvious
bleeding that may have been tamponaded by the retraction.
he vessels may be directly palpated to exclude occlusion or
thrombosis from retractor positioning. he choice of vascular
retractor system is a balance between the risk of overstretching
the vessels and providing adequate exposure.234 Vascular
retraction is usually accomplished safely using handheld
retractors (e.g., Wiley retractors; see Fig. 97.27).
A large volume of blood may be rapidly lost if the segmental
lumbar vessels, aorta, or vena cava are lacerated or torn. Bleeding should always be initially controlled by direct pressure.
Ligation of the segmental vessels is assisted by carefully
compressing the aorta and vena cava medially to identify the

A

B

C

D

FIG. 97.27 (A) Two Wiley retractors with the handles to the right and the retracting components to the left. (B)
Curved tips of the Wiley retractor allow for positioning under the artery while ensuring gentle retraction from
side to side. (C) Retractor face showing that it is concave with smooth edges both at the tip and along the
sides. (D) Wiley retractors are visualized with the retracting elements. The retracting ends are somewhat
bulbous. They are concave toward each retractor and convex away from each retractor. There is a small, angled,
blunt tip that allows it to be positioned under the vessel and mobilized safely of of the vertebral body or
intervertebral disc. The major beneits of these retractors are that the amount of retractive force can be easily
and immediately varied and they can be positioned without attachment to the table and without undue
pressure on the arterial or vascular structures.
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FIG. 97.28 (A–B) Direct measurements obtained from the cadaver. (A) A, Width of the L5–S1 disc; B, height of
the L5–S1 disc at midline; C, distance from the bifurcation to the superior margin of the L5–S1 disc; D, the middle
sacral artery at the L5–S1 disc; E, distance from the left side of the disc to the middle sacral artery at the superior
margin of the L5–S1 disc. (B) F, Distance from the left side of the disc to the middle sacral artery at the inferior
margin of the L5–S1 disc; G, distance from the left side of the disc to the left common iliac vein at the top of the
L5–S1 disc; H, distance from the left side of the disc to the left common iliac vein at the bottom of the L5–S1
disc; I, distance from the left side of the disc to the right common iliac artery superior to the L5–S1 disc; J,
distance from the left side of the disc to the right common iliac artery at the inferior margin of the L5–S1 disc.
The dotted line represents the left side of the L5–S1 disc. (C) Calculated measurements. A, Middle sacral artery to
midline at the superior margin of the L5–S1 disc; B, middle sacral artery to midline at the inferior margin of the
L5–S1 disc; C, left common iliac vein to midline at the superior margin of the L5–S1 disc; D, right common iliac
artery to midline at the superior margin of the L5–S1 disc; E, left common iliac vein to the right common iliac
artery at the superior margin of the L5–S1 disc. (D) Accessibility to the L5–S1 disc space. The distance from the
left common iliac vein to the right common iliac artery averaged 33.5 mm (range, 12 to 50 mm). The distance
from the left common iliac vein to midline averaged 12 mm (range, –4 to 19.5 mm), whereas the distance from
the bifurcation to the top of the L5–S1 disc space averaged 18 mm (range, 7 to 38 mm). (From Tribus CB,
Belanger T. The vascular anatomy anterior to the L5-S1 disk space. Spine. 2001;26:1205–1208.)

bleeding source. Repair of the abdominal aorta and vena cava
requires expertise in vascular surgery. While awaiting intraoperative vascular surgery consultation, bleeding should be
controlled by direct pressure with a sponge or clamp. Primary
repair is the standard of care except for segmental vessels,
which can generally be sacriiced unilaterally. Successful repair
oten does not lead to any further complications, although the
incidence of lower extremity DVT may be greater ater vessel
injury and repair.

Inferior
vena cava
Abdominal
aorta

L1
L2

L3
Ureter
L4
L5

Iliolumbar Vein
In anterior approaches to the lumbar spine the surgeon must
work at the bifurcation of the abdominal aorta and at the
formation of the common iliac veins from the vena cava (Figs.
97.28 and 97.29). he middle sacral vessels must be sacriiced
for exposure of L5–S1. he let common iliac vein is vulnerable to laceration and tearing as it passes dorsal to the aortic
bifurcation and becomes ventral and inferior to the let
common iliac artery. If the bifurcation of the major vessels is
more caudal at the L5–S1 disc level or if exposure above the

FIG. 97.29 Structures at risk during anterior approaches to the lumbar
spine. (From Montorsi W, Ghiringhelli C. Genesis: diagnosis and treatment of
vascular complications after intervertebral disc surgery. Int Surg.
1973;58:233–235.)
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L4–L5 disc level is desired, mobilization of the vessels will be
necessary.
It is important for the spine surgeon to be knowledgeable
about the nuances of this component of the anterior procedure.35 It is especially important to identify the let recurrent
iliolumbar vein of the let common iliac vein. he let common
iliac vein and iliolumbar vein are the vessels most at risk in
lower let-sided retroperitoneal spinal dissections. his vessel
is of variable size and anatomic origin from the common iliac
vein. he let recurrent iliolumbar vein may branch from the
let common iliac vein posteriorly or from the superior lateral
margin of the let common vein.

Left Common Iliac Artery or Vein Thrombosis
Most vascular complications in anterior lumbar surgery are
exposure related. hese are mostly lacerations of venous
structures that may be easily identiied and repaired. he
major risk to life and limb, however, is the secondary formation of an arterial thrombosis. Although one series showed
that all thromboses occurred either intraoperatively or within
2 hours of surgery,233 surgeons should be aware that the presentation of let common iliac artery thrombosis ater anterior
lumbar surgery has been reported to be delayed by hours to
up to 13 days.235 his type of occlusion may initially be mistaken for vasospasm.
hrombosis of the let common iliac vein or artery is the
most common vascular complication in single cases of total
disc arthroplasty that involve two spinal levels.236 his may be
due to the relative immobility of the aorta and vena cava as
they branch into the common iliac artery and vein at or near
the L4–L5 disc space.71 hrombosis may occur secondary to
any anterior lumbar procedure, but the risk may be greater
in total disc arthroplasty because the entire anterior margin
of the intervertebral disc must be visualized. At L5–S1, this
may be accomplished relatively easily, but it is more diicult
to achieve at L4–L5 and L3–L4 while preserving arterial
and venous blood low.237 Arterial occlusions are also more
common in smokers in whom the risk of thrombosis is
increased by 80%.233
hrombosis of the let common iliac artery or vein is a
surgical emergency, but unfortunately thrombosis is not
always present at the time of closure, nor is it apparent by pulse
oximetry monitoring. For this reason it is recommended that
pulses be evaluated ater retraction and before closing and that
neurovascular assessment of the let leg should continue in the
postanesthesia care unit.232,235
Despite close monitoring, most cases of let common iliac
artery thrombosis are diagnosed on a delayed basis. Restoring
circulation is the priority; treatment should therefore include
prompt thrombectomy or arterioplasty. However, these treatments may not be able to adequately prevent complications
depending on multiple factors such as embolization, delay to
diagnosis, and prolonged warm ischemia times of 6 to 8 hours
or longer. In cases of prolonged warm ischemia, there are
likely to be varying degrees of rhabdomyolysis and elevated
compartment pressures for which prophylactic fasciotomy
should be considered to prevent reperfusion syndrome and

multiple organ dysfunction. he consequences may be catastrophic, as reperfusion syndrome could lead to leg amputation or death.
Common iliac artery occlusion or thrombosis is a rare but
true spinal vascular emergency. For this reason some surgeons
have adopted pulse oximetry monitoring of the let toe for
early diagnosis of arterial thrombosis.211 A case of thrombotic
occlusion of the let common iliac artery in a 59-year-old
man with peripheral vascular occlusive disease ater anterior
spinal surgery has been reported.238 Vascular insuiciency of
the patient’s let leg followed the let lateral retroperitoneal
exposure and was noted on a delayed basis postoperatively.
Iliac-iliac open revision bypass grating was required with
resolution of the patient’s postoperative neurologic complaints.
Another case of let iliac artery occlusion presented immediately on awakening in a 67-year-old woman ater a four-level
anterior lumbar discectomy and fusion.3 She presented with
let leg paralysis, loss of pulses, and loss of sensation hours
ater her surgery, detected in the postanesthesia care unit.
Ater arteriography the patient returned to surgery and a
bypass grat was necessary ater thrombectomy was unsuccessful. In the event of arterial thrombosis the goal should be
prompt diagnosis, with a goal muscle ischemia time of less
than 6 to 8 hours. If an iliac artery occlusion is suspected,
emergent exploration or diagnostic angiography should be
prioritized in the interest of minimizing warm ischemia time.
Intraoperative angiography can be useful if the level or degree
of occlusion is not apparent.
If an aortic or common iliac artery occlusion is surgically corrected, reperfusion syndrome may occur. Lower leg
compartment syndromes are to be expected with reperfusion
ater warm ischemia durations of greater than 6 to 8 hours.
Reperfusion syndrome is deined as an altered blood low or
ischemia that can further cause tissue and organ damage.239
Exam indings may include early lower extremity sensory and
motor deicits below the knee. In the initial phase, weakness in
the L5 and S1 distributions is common. Ultimately there will
be a pale, mottled, cool extremity, but pain to passive stretch
of the compartments precedes these late indings and should
greatly raise the suspicion for development of compartment
syndrome.
Rhabdomyolysis with reperfusion is a potentially fatal late
complication. In its most severe presentation, reperfusion
syndrome can lead to multiple organ dysfunction with complicated interactions between antioxidants, complement, and
serologic factors due to physiologic reactions to uncontrolled
oxidative stress. Clinical efects of reperfusion syndrome
include arrhythmias and myocardial stunning, strokes,
gastrointestinal bleeds or infarction, and renal failure. he
occurrence of many of these in combination is known as
multiple organ dysfunction. Risk factors for multiple organ
dysfunction include sepsis, major trauma, septic shock, aortic
cross clamping, lower extremity ischemia, burns, circulatory
shock and collapse, pancreatitis, and immunologic disorders.
Multiple organ dysfunction has a high mortality rate. Optimal
treatment may mitigate these efects. Ideally, reperfusion ater
arterial occlusion should occur in a controlled and closely
monitored fashion and postoperative compartment pressure
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Posterior Lumbar Vascular Complications
Vascular complications in posterior lumbar spinal surgery are
most oten associated with lumbar discectomy.229 However,
there is a single case report of a vascular complication resulting in death ater a lumbar laminectomy without discectomy
for acquired spinal stenosis.43 In that case a 62-year-old man
developed high-output cardiac failure and hypovolemic shock
with an expanding right retroperitoneal hematoma due to
laceration of a segmental vessel caused by neuroforaminal
probing. A blunt-tip gallbladder probe was used at L3–L4,
tearing the right fourth segmental artery. Similarly, an
84-year-old patient undergoing kyphoplasty sufered an L4
segmental bleed requiring segmental angiographic embolization.240 Notwithstanding these few cases, the majority of
vascular complications in posterior lumbar spinal surgery
occur during discectomy.
he incidence of lumbar vascular complications associated
with lumbar discectomy is not known, but more than 300
cases of vascular complications associated with discectomy
have been published, usually as case reports, or in small retrospective series.2,12,15,28,29,36,41,57,129,150 hese appear in periodicals of vascular and cardiovascular surgery, general surgery,
orthopaedic surgery, neurosurgery, urology, and internal
medicine; this variety emphasizes the complexity and spectrum of vascular and visceral injury that may complicate
lumbar discectomy.
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FIG. 97.30 Anatomic structures in the immediate vicinity, anteriorly, of the
lower lumbar spine. (A) L3–L4 disc space. (B) L4 vertebral body. (C) L5
vertebral body. (D) Inferior end plate of L5. CIA, common iliac artery; EIA,
external iliac artery; IIA, internal iliac artery; CIV, common iliac vein. (From
Montorsi W, Ghiringhelli C. Genesis: diagnosis and treatment of vascular
complications after intervertebral disc surgery. Int Surg. 1973;58:233–235.)

Aorta, Vena Cava, and Common Iliac Vessels
Vascular injury during lumbar discectomy occurs most commonly at the L4–L5 level, followed by the L5–S1 level. his
relects the frequency of symptomatic disc herniations at these
levels, but the proximity of the anterior L4–L5 interspace to
vascular structures also contributes to the incidence of vascular injury at this level. At the L4–L5 interspace the aorta, vena
cava, common iliac vessels and branches are all at risk, but the
let common iliac artery is the vessel most commonly injured
(Fig. 97.30).230 here are also reports of injury to the let recurrent iliolumbar vein and the superior rectal artery.226,241 Vascular complications associated with lumbar discectomy occur
in six categories: (1) laceration of the aorta or vena cava with
immediate hypovolemic shock, (2) lacerations of the iliac
vessels with or without immediate hypovolemic shock, (3)
partial avulsion of a vessel wall with delayed hemorrhage or
thrombosis, (4) injury incident to preexisting vascular disease
such as an abdominal aortic aneurysm or atherosclerotic
vessels, (5) false aneurysm and infected hematoma, and (6)
arteriovenous istula.29 he instrument most commonly implicated in these injuries is the pituitary rongeur (Fig. 97.31).9,119,242
Risk factors for vascular injury during lumbar discectomy
include (1) preexisting degenerative disc disease, (2) retroperitoneal inlammatory processes leading to adhesions between
the vessels and the disc, (3) aggressive “total” discectomy,
(4) increased intraabdominal pressure that may force vessel

FIG. 97.31 Pituitary rongeur transgressing the anterior anulus and anterior
longitudinal ligament, creating an injury to the anterior vascular structures.
(From Montorsi W, Ghiringhelli C: Genesis: diagnosis and treatment of
vascular complications after intervertebral disc surgery. Int Surg.
1973;58:233–235.)

or viscera against or close to the disc (especially if anterior
annular tears exist), and (5) revision discectomy when annular
tears are common.230 Annular tears are also a factor in primary
discectomy and commonly occur anteriorly or laterally as part
of degenerative disc disease.243 Failure to appreciate disruption
of the anterior anulus ibrosus may contribute to vascular
injury during discectomy.243-245 Adhesions may occur in anterior disc herniations and degenerative disc disease without
prior anterior surgery, especially at L4–L5 and L3–L4 disc
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FIG. 97.32 Transverse prevertebral vascular anatomy at the L5–S1 disc
level. Schematic representation of the vessel positions in 50 patients. (From
Anda S, Aakhus S, Skaanes KO, et al. Anterior perforations in lumbar
diskectomies. Spine. 1991;16:54–60.)

levels. Despite these multiple reports, injuries to the retroperitoneal vessels or viscera still occur (Fig. 97.32).
Prior surgery as a risk factor for vascular injury during
discectomy is more important now than ever. As the rates of
anterior lumbar surgeries have increased, it is not uncommon
to ind adhesion or inlammation changes around an unoperated intervertebral disc with degenerative disc disease. It is
common to observe some peridiscal inlammation, especially
at L4–L5 with anterior disc herniations. his peridiscal ibrosis
has been implicated in injury to the let common iliac vein in
patients with prior surgery.36 Before 1990 the ages of patients
who sustained vascular injuries associated with lumbar discectomy ranged from 20 to 58 years, but in more recent reports
the patients afected have been mostly in the ith and sixth
decades of life.2,12,15,28,29,36,57,129,137,160,242,246-255
Because of the incidence and severity of bleeding sequelae
in lumbar discectomy, recognition and prompt treatment of
lumbar vascular injuries are essential.2,247 Deinitive intraoperative indings include (1) brisk bleeding or blood welling
up in the disc space, (2) hypotension with associated tachycardia, and (3) abdominal rigidity or palpable mass. Other
suspicious indings include fat or mucosa in the pituitary
rongeur during discectomy, which suggests violation of retroperitoneal adipose tissue, a vessel, or the visceral wall.2
However, other than brisk arterial or venous bleeding from
the disc space, there are no pathognomonic signs of vascular
injury.247 Furthermore, less than 50% of reported cases noted
bleeding from the disc space,2 and fewer than 50% of vascular
injuries during lumbar discectomy are recognized early.256
Shevlin’s test is an intraoperative test for a potential large
anterior annular defect, especially in the face of unexplained
hypotension during posterior lumbar discectomy. he test is
performed by illing the wound with saline; if it escapes rapidly
anteriorly, then an anterior disc defect is highly likely and may
indicate a retroperitoneal vascular or visceral injury.257 he test
is not pathognomic but highly suggests an anterior annular
defect allowing the low of luid into the retroperitoneal space.
Intraoperative hypotension unexplained by anesthetic
efects is the most sensitive and early diagnostic inding. If
bleeding from the disc space occurs intraoperatively in

association with hypotension, pack the interspace, cover the
wound with a sterile dressing, and start volume expanders or
blood replacement immediately. A vascular or general surgeon
should be called emergently, the patient should be turned to
the supine position, and the abdomen should be prepped and
draped for an extensive transperitoneal laparotomy. A generous longitudinal extensile abdominal incision has been suggested.29 Options to surgically address the vascular injury
include (1) direct suture repair, (2) resection of a damaged
segment and grat or side-to-side repair, or (3) bypass grat or
anastomosis when the injured segment of the vessel is ligated.
If ligation of a major vein such as the internal or external iliac
is required, thrombosis, lower extremity swelling, venous
congestion, and thromboembolism are possible sequelae.249
It is not uncommon, however, for these injuries to go
undetected during the procedure, only to be discovered in the
recovery room. herefore the surgeon should be vigilant for
unexplained hypotension, tachycardia, and abdominal signs
and symptoms during the perioperative period in order to
promptly diagnose vascular injury.247 he clinical presentation
may mimic postoperative ileus, which is much more common;
for this reason the surgeon must regard these symptoms with
a high level of suspicion. he signs of shock, however, distinguish hemorrhage from paralytic ileus. Periodic education of
recovery room staf has been recommended to help identify
cases not apparent until ater surgical lumbar discectomy, as
well as other vascular complications such as iliac artery
thrombosis and a pulseless or cold extremity. Unexplained
hypotension, unusual abdominal symptoms, lower extremity
pulse changes, leg swelling or engorgement, unexplained
tachycardia, or a patient who appears in shock without a good
explanation should represent warning signs of possible signiicant vascular injury. Using these principles, the incidence of
vascular complications from routine and revision discectomy
may be minimized.
To minimize the risk of a major vessel injury during lumbar
discectomy, careful positioning and meticulous surgical
technique are recommended.8,229,258-260 Operations should be
performed with adequate illumination and magniication. An
operative microscope or loupes of ×2.5 to ×3.5 magniication
are recommended. A limited or subtotal discectomy should be
performed in most cases because the results of partial lumpectomy or discectomy are equivalent to a more aggressive and
complete discectomy.8 If not torn already, the posterolateral
anulus is incised in a cruciate pattern with a scalpel blade
inserted no more than 4 to 5 mm deep. he pituitary rongeur
is inserted only under direct vision and limited to less than
2.5 cm in depth in most cases. More important than a depth
measurement, however, is the feel of the instrument against
the endplates before opening and closing the jaws of the
pituitary rongeur.2,28,250
here is no clear consensus, however, as to the “safe” depth
of penetration by a Kerrison or pituitary rongeur; recommendations range from 2.5 to 4.5 cm. Due to the oval geometry
of the intervertebral disc, the angle and direction of insertion
into the disc space also afect the safe depth of insertion (Fig.
97.32).28,250 hese depths also vary by the sex and build of
the patient, the intradiscal pathology, and the interspace level
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FIG. 97.33 Spontaneous hematic hyperdensity between cava and aorta (E). A hematoma is iniltrating the
caudal aspect of the pararenal space. Arrows indicate air in the muscular tissue; arrowhead indicates air in the
spinal canal at the hemilaminectomy site as a result of the recent surgical treatment (30 minutes).

because disc and endplate size vary by spinal level.250 For
example, instruments should not be inserted more than 2.5
to 3.75 cm below the posterior margin of the vertebral body
at L2–L3 through L4–L5 and not more than 4 cm below the
posterior vertebral margin at L5–S1. he marking scales on
instruments by centimeters may improve the precision of this
maneuver. Some authors have further suggested taking an
intraoperative radiograph during the surgery for determination
of depth as well as for documentation reasons.2,250 Finally, and
perhaps most importantly, the disc should be removed deliberately and patiently, and forceful or abrupt maneuvers should
be avoided. Routinely, tactile perception should conirm that
the pituitary rongeur is in contact with the vertebral endplates
to ensure that the instrument is contained in the intervertebral disc space. Typically, the distance from the hinge jaw
to the tip of the pituitary is about 1 cm. he surgeon should
remember that the goal of discectomy is to relieve tension
or compression of the nerve root, not to perform a total or
subtotal discectomy per se; a 5% recurrence rate is preferable to even a single vascular injury during posterior limited
discectomy. he potential for catastrophe resulting from direct
vascular injury demands that the surgeon exercise careful and
meticulous technique.
In summary, vascular injuries resulting from lumbar disc
surgery are serious complications. Mortality rates vary and
depend on the type of vascular injury248,249,255 and the temporal
relationships among injury, recognition, and treatment.256
Early recognition and repair are not a guarantee of survival,
especially in acute lumbar vascular injuries. hese complications tend to manifest early and require emergent attention.
Even if patients survive, long-term morbidity may occur from
ischemic injury to cerebral or renal parenchyma, reperfusion
injury, persistent pain with or without radiculopathy,28,250 or
even high-ouput cardiac failure in the case of arteriovenous
istula.251

Other Vascular Complications of Spine Surgery
Other vascular complications are less common or not
necessarily characteristic of spine surgery, but are no less

important; the relatively more common of these are discussed below.

Thrombosis and Thromboembolism
hromboembolic disease in patients undergoing complex spinal
surgery is being increasingly recognized.16,35,65,127,158,159,194,261–269
Patients with thromboembolic disease or DVT may present
asymptomatically or with lower extremity signs of calf pain,
swelling, tenderness, positive Homans sign, or redness and
induration along the course of the vein. Recent studies have
attempted to quantify the incidence of thromboembolic disease
in patients undergoing elective spinal surgery.11,16,35,65,159,194,234,261–264
Using Doppler ultrasound imaging, one study found a 14%
incidence of asymptomatic DVT 1 day ater major adult spine
surgery.264 Pulmonary embolism (PE) can occur as well and
may be present despite a negative venous Doppler ultrasound
of the lower extremity. he diagnosis of DVT may be established deinitively by invasive venography or secondarily by
Doppler ultrasound. With high speciicity and sensitivity,
spiral CT of the chest has replaced the ventilation perfusion
scan as the diagnostic test of choice for PE,263,270 although
the ventilation perfusion scan is still useful for patients with
poor renal function who cannot tolerate intravenous contrast.
Key factors in controlling postoperative thromboembolism
include early mobilization, elastic stockings, and sequential
compressive devices.
he risks of DVT and PE are associated with the type of
surgery and operative time. Patients who undergo complex
spinal reconstructive surgery—which oten occurs in two
stages—experience a greater incidence of lower extremity
thromboembolism and PE. One study identiied several
factors that increase the risk of thromboembolism or PE in
spine surgery.242 hese risk factors include inactivity, recumbency, increasing age, obesity, cigarette smoking, anterior
spinal procedures, and iliac crest bone harvest. he authors
of this study also reported that two-thirds of lower extremity
DVTs occurred on the same side as the bone grat.242 Another
series found a 5.6% incidence of thromboembolic disease in
134 cases of cervical spine surgery compared with 26.5% of
thoracolumbar cases.263 A series of 686 anterior lumbosacral
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exposures found only a 1% incidence of thromboembolic
disease,202 which was similar to an incidence of 2% reported in
another series of 60 anterior lumbar interbody fusion cases.271
he pharmacologic prevention of thromboembolic disease
in patients undergoing spinal surgery must be balanced with
the risk of bleeding complications. Traditional antithrombotic
agents such as heparin, fractionated heparins, antiplatelet
drugs, and warfarin are relatively contraindicated ater spinal
surgery due to the risks of epidural bleeding and epidural
hematoma; these increased risks persist up to 4 weeks postoperatively. he use of aspirin (acetylsalicylic acid), however, is
still debated.11,262,270,272,273 A systematic review of the literature
found that the overall risk of thromboembolism in patients
not receiving chemical prophylaxis was 2.3% for degenerative
conditions, 5.3% for deformity, and 6.0% for trauma.274 his
review also found that the risks of major bleeding with anticoagulation were low and varied from 0.0% to 4.3% depending
on anticoagulant type.274 he optimal timing of administration
of anticoagulation is also unknown.
It is universally recommended, however, that intermittent pneumatic compression sleeves with elastic stockings
be applied preoperatively and should be a primary mode
of prophylaxis in patients undergoing all types of spinal
surgery.11,261,262,272,275 One study compared low-dose heparin
with mechanical compression and alternating-day dextran
and found both regimens reduced the incidence of thromboembolic disease by a factor of four.261
Patients with proven lower extremity thromboembolic
disease or patients with symptomatic pulmonary emboli may
best be managed with the placement of an inferior vena cava
(IVC) ilter.264,275 Patients undergoing complex anterior spinal
reconstruction who have two or more of the routine risk
factors, such as obesity, sedentary lifestyle, and history of prior
DVT or PE, may be considered candidates for prophylactic
preoperative placement of a removable IVC ilter.
It is ever more common that elderly patients presenting
with surgical spinal disease will be taking oral anticoagulation
agents such as warfarin for long-term anticoagulation ater
prosthetic heart valve, for chronic atrial ibrillation, or for
other prophylactic reasons such as a history of transient ischemic attacks or other thromboembolic event. Novel oral anticoagulation agents such as the factor Xa inhibitors rivaroxaban
and apixaban and the direct thrombin inhibitor dabigatran are
also increasingly common and present unique challenges in
perioperative reversal and monitoring.276 Perioperative anticoagulation and the balance of risks of bleeding complications
and thromboembolic events are complex issues and should
be managed in consultation with the patient’s medical and
cardiac physicians. he biologic half-life of warfarin is 20 to 60
hours, and it is almost exclusively renally excreted. In general,
warfarin should be stopped 5 to 7 days prior to surgery, allowing the prothrombin time and international normalized ratio
to normalize, but this interval may vary dramatically in elderly
patients with impaired renal function. Interim coverage with
low-molecular-weight heparin is usually recommended to
within 12 hours of surgery; heparin bridging may be appropriate in patients at high risk for thromboembolic events. When
to restart warfarin is controversial, and opinions vary from a

few days to a few weeks ater surgery; epidural hematomas
have been known to form long ater spine surgery277 in patients
on warfarin278 and low-molecular-weight heparin.279
he optimal timing of perioperative anticoagulation is
unknown and the appropriateness of anticoagulation can
be controversial.274 For example, anticoagulation may be
safer in shorter or limited surgical cases that do not involve
laminectomy or corpectomy, but this intuition is not supported by evidence. A survey of 94 spine surgeons based on
the perceived risk-to-beneit ratio of anticoagulation found
that among surgeons who gave any prophylaxis, 12% did so
within 24 hours, 15% ater 24 hours, 22% ater 48 hours, 13%
ater 72 hours, and 10% ater 96 hours.266 his study also
identiied a trend of placing IVC ilters before surgery, and
77% of survey respondents would place an IVC ilter in a
high-risk patient in lieu of low-molecular-weight heparin.266
his practice is supported by a study that implanted IVC
ilters in high-risk patients with (1) a history of DVT, (2)
thrombocytophilia, or (3) malignancy; or those who had (4)
been bedbound for more than 2 weeks, (5) were undergoing
two- to three-stage multiple-day procedures, (6) anterior and
posterior same-day surgery, (7) any procedures that would
continue longer than 8 hours, or (8) who were experiencing
signiicant intraoperative blood loss. In that study only one
out of 74 patients in this high-risk group developed a PE.280 A
study of 100 circumferential cervical cases with only mechanical compression prophylaxis compared to historical controls
anticoagulated with heparin found 1% PE and 1% DVT rates.
Corpectomy cases had a slightly greater DVT rate of 2%, with
a 7% PE rate. All thromboembolic events were nonfatal. he
authors concluded that in high-risk cases IVC ilters should be
placed before surgery and intermittent stockings or sequential
compression boots should be used during surgery.281 Multiple
studies support the use of IVC ilters in high-risk patients.282,283

Epidural and Subdural Hematomas
Epidural hematomas can be catastrophic postoperative
complications that may present with acute paraparesis or
acute paraplegia.9,90,277,285 Subdural hematomas may be similarly catastrophic and may occur without surgery. Subdural
hematomas are generally the result of small arterial bleeding
into the subarachnoid space, whereas epidural hematomas
result from venous bleeding into the epidural space. For this
reason subdural hematomas are more likely to be expansile.
Risk factors for epidural and subdural hematomas include
coagulopathy, thrombocytopenia, use of anticoagulation
agents, poor intraoperative hemostasis, prolonged length of
surgery, corpectomy, greater number of spinal levels treated,
and ankylosing spondylitis.65,67,284,286 Immediate evacuation
of the hematoma and decompression of the neural elements are the gold standard of treatment. he prognosis of
spinal epidural hematomas depends on the spinal level of
the hematoma, the degree of deicit, and deinitive surgical
decompression occurring within 36 hours.285-287 Hematomas
with incomplete neurologic deicits may be delayed in treatment up to 48 hours.288 Except in cases of vascular malformations, the degree of pressure and compression were the most
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anterior-inferiorly from the aorta at about the L1 spinal level
at an acute angle such that the third part of the duodenum
crosses between the aorta and the superior mesenteric
artery. Corrective deformity surgery may further reduce
the angle at which the superior mesenteric artery branches
from the aorta, directly compressing the duodenum between
the aorta and superior mesenteric artery (Fig. 97.34A).294
hese patients present with an upper gastrointestinal bowel
obstruction (Fig. 97.34B).294 his syndrome also has been
described in adult paraplegics on a delayed basis or in adult
hyperkyphotic corrections.295
A high index of suspicion is required to recognize this complication because most anterior spinal procedures are followed
by some pain and at least some degree of ileus. SMAS may
afect adults with kyphosis but is primarily seen in pediatric
deformity cases. Low body mass index and a high degree of
deformity correction are key risk factors for the development
of SMAS.295 Adult cases occur with signiicant corrections of
kyphosis and have been reported as late as 24 days ater the
surgery.296 Evaluation and diagnosis are usually established
with abdominal ilms, CT, or MRI. Diferential diagnoses
include (1) postoperative ileus, (2) a large bowel obstruction,
and (3) Ogilvie syndrome—a spastic pseudoobstruction.297
Initial treatment should include a nasogastric tube, restriction of oral intake, intravenous luids, and electrolyte balance
with or without hyperalimentation.297,298 hese patients may
beneit from positioning let lateral decubitus with a slight
Trendelenburg posture. Although the vast majority of cases
resolve in 2 to 3 days with supportive measures, if the obstruction persists then intravenous hyperalimentation should be
provided to prevent malnutrition with its attendant risk of
wound problems. Most cases of SMAS resolve with this management, but direct surgical decompression may be necessary
in cases that do not. If any external compressive device such
as a cast or brace is present, a trial of compressive device
removal should be attempted before surgical intervention is
considered. Surgical decompression may include a duodenojejunostomy with or without release of the ligament of Treitz.30
Gastrojejunostomy is an alternative.

Superior Mesenteric Artery Syndrome

Blindness via Indirect Vascular Injury

he estimated incidence of superior mesenteric artery syndrome (SMAS) is 0.2% in deformity cases.290 Wilkie syndrome
and nutcracker syndrome are distinct varieties of SMAS.
Wilkie syndrome occurs in patients with extreme malnutrition and weight loss that likely leads to external compression
of the superior mesenteric artery.291 Nutcracker syndrome is
a rare condition characterized by the entrapment of the let
renal vein between the superior mesenteric artery and the
aorta. his discussion focuses on SMAS of the “cast syndrome”
variety.
In cast syndrome the third part of the duodenum is
compressed by the superior mesenteric artery, which causes
intestinal obstruction.292 Although cast syndrome is rare,
it almost exclusively occurs in orthopedic patients who
have had spinal surgery or who are in hip spica body
casts.293 he superior mesenteric artery classically branches

Indirect vascular complications may result from patient positioning during spinal surgery, but these are infrequent relative
to the more common positioning-related injuries to peripheral
nerves such as the ulnar nerve at the cubital tunnel or stretch
injuries of the brachial plexus.10,136,192 Sudden blindness may
occur secondary to vascular complication in the retina and
has been reported with prone positioning in posterior spinal
surgery.10,299,300 he etiologies of sudden blindness include
thromboembolism to the retina, central retinal artery occlusion, and retinal vein thrombosis.299 Embolism of clot, plaque,
or air is rarely reported.301
Blindness secondary to these vascular complications of the
retina are catastrophic and most oten irreversible. Central
retinal artery occlusion is directly related to pressure on the
eye, whereas posterior ischemic optic neuropathy is associated
with increased blood loss, prone position, and sustained
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important prognostic factors. In vascular cases, the extent of
the arteriovenous malformations determined the volume of
the bleed and subsequent amount of pressure induced.
Diagnosis is primarily made on clinical presentation. In a
nonurgent clinical setting the diagnosis may be conirmed by
ultrasound, CT, MRI, or myelography.289 Spinal epidural
hematomas typically present as severe back pain with or
without radicular pain, and the thoracolumbar area is more
involved than the cervical area. MRI is the diagnostic test of
choice. he classic appearance of subdural and epidural hematomas on MRI is an isointense area on T1-weighted imaging
that appears iso-high intensity on T2-weighted imaging. As
the hematoma matures to become a clot, it loses water content
and the T2-weighted images concomitantly decrease in intensity. A spontaneous epidural hematoma that is not associated
with progressive or signiicant neurologic deicit can be
managed nonoperatively. Any anticoagulation should be
reversed and the hematoma should be monitored by serial
imaging. Most symptomatic subarachnoid hematomas that
are surgically decompressed within 12 hours will demonstrate
neurologic improvements.
Coagulation studies should be ordered and corrected as
needed with vitamin K and fresh-frozen plasma. Patients
receiving warfarin, aspirin, heparin, factor Xa inhibitors,
direct thrombin inhibitors, or any anticoagulation may experience subdural or epidural hematoma, especially if a laminectomy has been performed. Due to the risk of epidural
hematoma, routine administration of warfarin, heparin, or
low-molecular-weight heparin is not routine prophylaxis, but
low-dose aspirin (81 mg) may be used with low risk of epidural
hematoma.284 Prevention of life-threatening consequences of
PE is the most crucial issue in the management of thromboembolic disease. Mechanical compression devices are unlikely
to cause bleeding problems, and along with early mobilization
they are common prophylaxis for thromboembolic prevention
in spinal surgery.263 Removable IVC ilters should be implanted
preoperatively in high-risk cases or in patients who develop
venous thrombosis above the popliteal fossa in the perioperative setting.272,275
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FIG. 97.34 Vascular compression of the duodenum. (A) Diagram of the third part of the duodenum showing
the site of the duodenal compression. The third part of the duodenum passes between the superior mesenteric
artery (SMA) anteriorly and the aorta and vertebral column posteriorly. Any reduction of the angle between the
SMA and aorta will compress the duodenum. (B) Radiograph of a 16-year-old girl with idiopathic scoliosis and a
60-degree right thoracic curve. In a preoperative cast this was corrected to 19 degrees, and on the day of
surgery the correction was 20 degrees. One week later a postoperative cast was applied and she ambulated. A
day later she presented with nausea and vomiting. A Gastrograin swallow showed obstruction of the third part
of the duodenum. The cast was removed, and the patient was kept supine with nasogastric suction to
decompress the stomach. The obstruction resolved with this therapy, and a second postoperative cast was
applied without recurrence of the obstruction. (A, From Skandalakis JE, Akin JT, Milsap JH, Gray SW. Vascular
compression of the duodenum, part 2. Contemp Surg. 10:33, 1977.)

hypotension. Risk factors include (1) prolonged length of
surgery, (2) increased intraoperative blood loss, (3) hypotension, and (4) direct ocular or periorbital pressure.299,300 Preventive measures include eye protection, sot foam facial padding,
managing intraoperative hypotension, and 20-degree reverse
Trendelenburg positioning. If this complication does occur,
ophthalmologic evaluation and treatment are recommended.
he prognosis for restoration of sight, however, is very poor.

Iliac Crest Bone Graft
Autologous iliac crest bone grat is commonly used for
arthrodesis of the cervical, thoracic, and lumbosacral
spine.80,143,158,186,193,200,202,206,207,209,302,303 Vascular injuries associated with concurrent iliac crest bone grat harvest most
commonly involve the superior gluteal artery and vein in the
sciatic notch71 and less commonly the deep circumlex iliac
artery.304 Injury to the superior gluteal artery during harvest
of a posterior iliac crest grat has been reviewed in the literature.305 he incidence of this vascular injury is reportedly low
but may be underreported.303 Injury to these vessels is oten
the result of aggressive deep subperiosteal exposure of the
gluteus maximus muscle from the posterior third of the iliac
crest at the sciatic notch.

Injury to these vessels is usually direct, and bleeding can be
profuse. Management options include packing, direct repair,
ligation, or selective angiography and embolization. When
possible, ligation is performed. his requires further exposure
of the vessels by resection of the bone around the sciatic notch
or rarely via exposure within the pelvis. An unrecognized or
irreparable superior gluteal vessel injury may best be managed
by selective endovascular embolization techniques postoperatively.252,305 Partial injury of a vessel wall may result in an
aneurysm.304 In the case of aneurysm, selective endovascular
embolization of the artery may be required if direct repair
and hematoma evacuation are unsuccessful. Prevention of
vessel injury is of course preferable to any post facto treatment
option; therefore an understanding and appreciation of the
vascular and anatomic relationships associated with the iliac
crest bone grat harvest technique is the most efective strategy
for managing the risk of these complications.

Conclusions
he risk of vascular complications during spinal surgery can be
greatly reduced with thoughtful surgical planning and careful
execution. Despite this, reports of vascular complications in
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PEARLS
1. The vascular anatomy of the spine has numerous known
anatomic variations and is prone to anatomic anomalies,
especially in the upper cervical and at the lumbosacral junction.
These vascular variations can signiicantly impact surgical
planning in these areas; for this reason some surgeons have
suggested careful review of preoperative axial imaging.
2. The vertebral artery is at greatest risk as it passes through the
upper cervical spine. The vertebral artery passes through the
foramen of C2 as it extends cranially, then through the C1
foramen before coursing medially toward the midline on the
superior aspect of C1. The vertebral artery occupies a groove on
the posterior aspect of the posterior arch of C1 that is on
average 18 mm lateral of midline. Due to this unique anatomy
of the vertebral artery in the superior cervical spine, some
authors have recommended limited dissection in this area.
Dissection of the posterior aspect of the posterior arch of C1
should begin with identiication of the posterior tubercle of the
atlas and should remain within 12 mm of midline and the
dissection should not extend beyond 8 mm from midline on
the superior aspect of the arch.
3. Anterior exposure of the lumbar and lumbosacral spine may be
accomplished by a lateral retroperitoneal approach, a
transperitoneal approach, or a paramedian hypogastric (miniopen, rectus-splitting, or minimally invasive anterior lumbar)
retroperitoneal approach. All these approaches directly address
the vascular structures of the anterior lumbar spine and are best
used for exposure of L1–L3 levels. For this reason some surgeons
monitor left great toe pulse oximetry during these procedures to
identify early and reversible left iliac artery occlusion.
4. Some surgeons prefer hand-held retractors in the anterior
approach lumbar spine. Hand-held retractors should have blunt
tips and concave edges so that they may be safely placed deep
to the vessels. Retraction should be gentle, variable, and readily
adjusted. At times the use of hand-held retractors will necessitate
working in steps, often working side to side at the level of the
disc. This technique avoids both prolonged, continuous
retraction and minimizes the total time of arterial retraction.
5. During an anterior approach to the lower lumbar spine, the
middle sacral artery and vein must be ligated. The surgeon
should not use these vessels as a central landmark because
these vessels do not represent the midline of the L5–S1
intervertebral disc.
6. Vascular complications in posterior lumbar spinal surgery are
most often associated with lumbar discectomy. The disc should
be removed deliberately and patiently, and forceful or abrupt
maneuvers should be avoided. Routinely, tactile perception
should conirm that the Kerrison or pituitary rongeur is in
contact with the vertebral end plates to ensure that the
instrument is contained in the intervertebral disc space. The
surgeon should remember that the goal of discectomy is to
relieve tension or compression of the nerve root, not to perform
a total or subtotal discectomy per se; a 5% recurrence rate is
preferable to even a single vascular injury during posterior
limited discectomy. The potential for catastrophe resulting from
direct vascular injury demands that the surgeon exercise careful
and meticulous technique.
PITFALLS
1. In about 15.5% of patients, a false bony bridge called the
ponticulus ponticus covers the vertebral artery as it passes onto
the posterior C1 ring. This is easily noted on lateral cervical plain
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cervical, thoracic, and lumbar surgery continue to increase in
number. Knowledge of the vascular anatomy and common
anatomic variants are the most important preventive measures.
In the cervical spine, the common carotid artery should
be repaired if injured. Treatment of vertebral artery injuries
is controversial; repair is preferred but is not always possible.
As the availability of endovascular procedures expands, the
standard of care is shiting toward endovascular repair with
internal covered stents that plug the leak but maintain patency.
In the thoracic spine, the segmental vessels should be preserved
if possible or sacriiced only on one side as dictated by the
pathology and approach. he artery of Adamkiewicz should
be preserved if at all possible. he aorta is at particular risk for
perforation by breach of the anterior cortex by a pedicle screw.
In anterior lumbar surgery, the aorta, vena cava, common iliac
vein, and iliolumbar vein are most at risk. Careful handling
and meticulous technique will minimize the risk of venous
injury. In the posterior lumbar spine, injury to the aorta,
vena cava, and their branches should be avoided with careful
surgical technique, especially in lumbar discectomy. If injuries
occur to the abdominal aorta, vena cava, or the branches of
the great vessels, early recognition and direct suture repair
are the standard. his chapter emphasizes aspects of vascular
anatomy, choice of approach, retractor placement, dissection
planes, operative technique, and the importance of cooperation between the vascular surgeon and spine surgeon to aid in
the prevention and treatment of these potentially serious and
life-threatening vascular complications. Although the risks of
these vascular complications or injuries can be minimized,
they are still not uncommon even in the operating theaters
of the most careful and prepared spine surgeons. For this
reason adequate preparation should include preparation with
the expectation that these vascular insults will occur. By
preparing for these vascular complications, morbid or mortal
sequelae may be prevented. Most spine surgeons understand these issues well and with the aid of vascular access
surgeons they rarely encounter negative short- or long-term
sequelae.
In summary, vascular complications of spinal surgery are,
in fact, relatively common. In addition to the risks and injuries
discussed above, harvesting bone grat from the iliac crest
places the superior gluteal artery at risk. hromboembolic
complications ater spine surgery are a particular area of
concern, and much patient morbidity and mortality could be
spared if these common complications could be efectively
prevented. Epidural and subdural hematomas, superior mesenteric artery syndrome, and posterior ischemic optic neuropathy are unique vascular complications characteristic of
spine surgery, and deserve special attention. he eforts of
surgeons, clinicians, researchers, and health systems should
approach these and all vascular complications with the
primary goal of prevention.
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ilms. It is important to recognize this common variant to avoid
injury to the vertebral artery by dissection or C1 transosseous
screw ixation. The ponticulus ponticus is a harbinger of injury
to the vertebral artery along the cephalad margin, especially if
the ponticulus ponticus is not appreciated during placement of
C1 lateral mass screws (see Fig. 97.11).
The vertebral artery is the main artery at risk in cervical spine
surgery. As long as you stay medial to the uncinate process, it is
highly unlikely that any injury will occur. Injury is likely to occur
if the uncinate process is violated (usually by high-speed
burring) or aggressively undercut during a foraminotomy.
Theoretically, the thoracolumbar spinal cord tolerates transient
and permanent unilateral segmental blood low disruption.
However, bilateral segmental disruption, transient or permanent,
is much more likely to cause spinal cord ischemia and
consequent paraparesis or paraplegia. It should be noted that
unilateral ligation of thoracolumbar segmental arteries may be
acceptable on the convexity of the deformity, but perhaps only
in primary surgeries, as certain complex revision surgeries may
mimic bilateral ligation. Due to the well-known importance of
the artery of Adamkiewicz, actual or indirect segmental vessel
injuries should be avoided between T8 and L1 on the left.
Ligation of segmental vessels along the thoracolumbar spine is
best accomplished by tying the artery in the middle of the
vertebral body and along the convexity of a curve. If it is tied
too close to the spine, the artery can retract and bleeding can
be excessive, or it may in turn damage the blood supply to the
neural elements. Conversely, if it is tied and cut too close to the
vessel, an avulsion injury could occur. This would result in
profuse bleeding and require expert vascular surgical repair.
Given the relative frailty of the vena cava and the potential for
tearing, laceration, or avulsion, there is no case in which the
aorta, vena cava, or common iliac vessels are mobilized from
right to left. As one extends the exposure to levels superior to
L4–L5, the aorta and vena cava are almost always mobilized
together from left to right. In the anterior approaches to the
lumbar spine, multiple factors aid in determining whether the
great vessels may be safely incorporated into a ixed retractor
setup. In most cases, the great vessels should not be
incorporated into a ixed retractor; this may lead to complete
occlusion of the aorta, vena cava, or common iliac arteries and
veins. Many surgeons use a retractor that aixes to the
operating room table. It is important that this retractor be able
to move with the patient and that the retractor adequately
retract the peritoneal contents without undue stress on the
great vessels.
Although injury to the venous structures is more common
during anterior lumbar surgery, the major risk to life and limb is
the secondary formation arterial thrombosis. Although one
series showed that all thromboses occurred either
intraoperatively or within 2 hours of surgery, surgeons should
be aware that the presentation of left common iliac artery
thrombosis after anterior lumbar surgery has been reported to
be delayed by hours to up to 13 days. This type of occlusion
may initially be mistaken for vasospasm. Thrombosis of the left
common iliac artery or vein is a surgical emergency. For this
reason it is recommended that pulses be evaluated after
retraction and before closing and the neurovascular assessment
of the left leg should continue in the postanesthesia care unit. If
the diagnosis is suspected, there is no need to proceed to
arteriography. A pulseless left lower extremity can be assumed
to be an occluded iliac artery, and urgent thrombectomy with
or without further reconstruction should proceed.

7. Vascular complications in posterior lumbar spinal surgery are
most often associated with lumbar discectomy. It is not
uncommon, however, for these injuries to go undetected during
the procedure, only to be discovered in the recovery room.
Therefore the surgeon should be vigilant for unexplained
hypotension, tachycardia, and abdominal signs and symptoms
during the perioperative period in order to promptly diagnose
vascular injury. The clinical presentation may mimic
postoperative ileus, which is much more common; for this
reason the surgeon must regard these symptoms with a high
level of suspicion. The signs of shock, however, distinguish
hemorrhage from paralytic ileus. Periodic education of recovery
room staf has been recommended to help identify cases not
apparent until after surgical lumbar discectomy.

KEY POINTS
1. In the discussion of vascular complications of spine surgery,
prevention should be the primary focus. Prevention of vascular
complications is assisted by knowledge of the normal vascular
anatomy and common variants, including a knowledge of the
relationships between particular blood vessels and bony
landmarks. Through careful preoperative planning and the use
of gentle intraoperative techniques with appropriate
illumination and magniication, many of these complications
can be avoided.
2. Vascular complications during posterior thoracic spine surgery
are rare. The most signiicant of these is iatrogenic injury to
posterior mediastinal structures by pedicle screws that breach
that anterior cortex of the vertebral body. The best strategy for
these injures is to avoid them by selecting pedicle screws of
appropriately short length that are placed using meticulous
technique.
3. Arterial and venous complications occurring in spinal surgery
occur directly as a result of surgical dissection or indirectly as a
result of manipulation or forces applied to soft tissues or spinal
motion segments. Unrecognized vein injury tends to involve
acute blood loss, whereas arterial injury tends to have subacutechronic sequelae (thrombosis, embolization, istulae, and/or
aneurysm).
4. Most arterial and venous injuries in spinal surgery that occur
from direct injury can be treated by ligation, primary repair,
endovascular stenting, or selective embolization.
5. Arterial and venous injuries and vascular-related complications
are increasingly reported in spinal surgery. This is due in large
part to the increasing rates of anterior thoracolumbar spinal
surgery. The most common vascular complication sequela is
acute blood loss anemia.
6. Multiple reviews of lumbar total disc replacement have found
that the most common vascular complications are left common
iliac vein laceration (5%), vena cava laceration (2%), and
thrombosis of the left common iliac vein or left common iliac
artery (<1%). These studies emphasize that vascular problems
may be relatively common with anterior lumbar spinal cases,
but these rarely result in serious sequelae unless the injury
results in total disruption of the vascular supply to the lower
extremity or viscera. Depending on the spine surgeon’s level of
expertise and hospital credentialing, a collaborative efort with a
surgeon experienced in vascular surgical techniques should be
considered, especially in the ever more common anterior
lumbar revision cases.
7. Prior surgery as a risk factor for vascular injury during lumbar
discectomy is more important now than ever. As the rates of
anterior lumbar surgeries have increased, it is not uncommon to
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C H A P T E R

Instrumentation Complications
Eeric Truumees

Introduction
he evolution of spinal instrumentation from simple wiring, to
segmental, rigid ixation, to motion-preservation and dynamic
implants has been powered by an improved understanding of
spinal disease and its impact on the biomechanics of the spine.
Coincident with that understanding have been improvements
in metallurgy, perioperative spinal imaging, and a wealth of
clinical outcomes data. Technical advances have also improved
surgeons’ ability to place implants in a safer and less morbid
manner. hese advances include imaging modalities from
luoroscopy to navigation to intraoperative axial imaging.
Neurologic monitoring and tubular and minimally invasive
retractor systems have also afected the incidence of sot tissue
complications ater spinal implant surgery. Overall, these
advances afect the types of problems that can be addressed,
procedural morbidity and the potential for medical complications, postoperative bracing or activity restrictions, and
duration of muscle and overall surgical recovery.
hese new implant categories ofer a host of potential
beneits to the patient. However, in some cases, our reach for
more powerful spinal stabilization has exceeded our grasp and
subjected our patients to a host of oten unforeseen complications. More frequently, though, the plethora of treatment
options has challenged surgeons’ in-depth understanding of
the speciic goals for which the implant was designed. Simply
put, even perfect placement of the wrong device will not aford
the patient the optimal chance at recovery. Additionally, new
tools have allowed us to treat conditions or patient populations previously considered unsuitable for surgery. he combination of higher-risk conditions, older and sicker patients,
and a logarithmic increase in the number of implants placed
ensures that implant-related complications remain an important topic for spine surgeons and learners.
his chapter highlights changing our evolving understanding of means to prevent and address these complications. For
example, previous generations of spine surgeons were taught
that “exposure is key.” When diiculties in implant placement
were encountered, increased dissection to improve access to
and visualization of the surgical ield was the most immediate
means to reduce the risk of misplacement. While proper

exposure and knowledge of spinal anatomy remain key features of a successful surgery, new tools have allowed safe
implantation with a more limited exposure using image guidance. Additionally, the surgeon is assumed to have a general
understanding of human spinal anatomy; however, optimal
implant strategies increasingly require a detailed preoperative
assessment of the speciic patient’s anatomy as gleaned from
planar and axial imaging and oten incorporating several
modalities (e.g., radiographs and magnetic resonance imaging
[MRI] or computed tomographic [CT] myelography and
angiography). Another evolving critical concept in complication avoidance lies in suitable selection of the operative candidate, followed by preoperative optimization of that patient.
Weight loss, smoking cessation, blood sugar control, and
osteoporosis management are far more efective means of
reducing global complication rates than any single change in
intraoperative technique or modality.

Deinitions and Classiication
Complication can be a loaded term. It has diferent technical
and emotional import for the patient, the surgeon, the medical
board, the legal community, and other stakeholders.1 While a
number of deinitions are readily available, most are inadequate, from a technical perspective, to demarcate issues along
a spectrum from normal sequelae of the procedure to criminal
negligence.
For example, some issues, while unfortunate, are a necessary correlate to the implant itself. hese include sot tissue
dissection and displacement. Even here, however, surgical
morbidity may be afected by patient vulnerability, surgical
technique, and implant bulk and placement. Most spinal
implants span motion segments decreasing overall motion
and increasing the loading on adjacent segments. However,
proper surgical decision making may minimize the number of
fusion levels. Intraoperative technical factors may afect the
impact on adjacent segments (e.g., placement of the implant
too near the adjacent disc space anteriorly or violation of the
superior facet joint posteriorly by a pedicle screw). Interestingly, however, postoperative complaints of stifness are not
common in patients undergoing surgery for degenerative or
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deformity conditions.2 In fact, in patients undergoing singlelevel fusion for degenerative disease, most reported less stifness postoperatively.
In the pediatric population, spanning a motion segment
may impact subsequent growth. In the context of congenital
and early-onset deformity correction, arthrodesis and implant
placement may impact later growth, including the crankshat
phenomenon, uneven growth of the trunk, and especially
restrictive lung disease from inadequate thoracic growth.3
Recently, increased attention has been focused on growing
rods and VEPTR (Vertical Expandable Prosthetic Titanium
Rib; DePuy Synthes). One recent study found that addition of
a cross-link did not afect spinal canal area.4 Another recent
study found acceptable cervical alignment and growth within
the fused areas in 40 children undergoing rigid atlantoaxial or
occipitocervical fusion.5
Some issues are not ubiquitous but are extremely common
and diicult to avoid, such as occipital numbness ater placement of C1 lateral mass screws. Many are less frequent occurrences over which the treating physician may have limited
control. A common example here is deep vein thrombosis
ater implant-related spine surgery in general, but also more
speciically ater placement of anterior lumbar cages or disc
replacements. Careful exposure and handling of the iliac veins
reduces, but does not eliminate, this risk. Wound infections
and pseudarthrosis also fall into this category.
No spine surgeon likely has a 100% accuracy rate with
transpedicular ixation in the lumbar spine. At some point,
however, the “miss rate” exceeds an acceptable level. hat level
has changed as newer technologies, such as intraoperative
navigation, have become available to assist the surgeon in
diicult cases with limited landmarks. What is “acceptable”
also varies by venue. In a medicolegal setting, a community
standard is oten used. But do we really have good data about
these miss rates in a community setting?
Technical misadventures may also occur with inadvertent
injury to the surrounding neurologic or vascular structures
during implant placement. Some issues exceed even the term
“complication.” Major failures in surgical planning or technique, operating outside the scope of one’s training, recommending surgeries for inancial gain when little patient beneit
can be expected, and an absence of informed consent may all
reach the level of assault. Certainly, attorneys have been using
pathways other than malpractice claims at an increasing rate.
To avoid this type of conlation, Sokol and Wilson describe
a four part deinition of “surgical complication”1:
1. A surgical complication is any undesirable and unexpected
result of an operation. A scar need not be a complication.
his will depend on whether it was expected. Our revised
deinition, however, does not specify the subject of the
unpleasant result; hence a surgeon’s needlestick injury
would constitute a surgical complication. he solution is to
specify the recipient of the surgical complication.
2. A surgical complication is any undesirable and unexpected
result of an operation afecting the patient.
3. A surgical complication is any undesirable and unexpected
result of an operation afecting the patient that occurs as a
direct result of the operation.

4. A surgical complication is any undesirable, unintended,
and direct result of an operation afecting the patient that
would not have occurred had the operation gone as well as
could reasonably be hoped.
Most spinal implant-related complications arise from failures in biology or biomechanics or from errors in surgical
strategy or technique. Oten, the most severe complications
arise from a combination of these issues. Some complications
require a failure in more than one area. In others, a deicit in
one area can increase the risk of a complication in another.
Ultimately, implant failure rates are tied to the patient’s
underlying diagnosis. In one series of 289 patients treated
for spinal metastatic disease, a 10.7% reoperation rate was
reported. Of these, instrumentation failure accounted for
26%.6 Another recent study found that durotomy was associated with a 2.2 times higher risk for pseudarthrosis.7
Implant-related complications vary with diferent patient
demographics, including osteoporosis, spinal deformity, and
previous surgery. Fujimori and others compared the safety and
complication rates of pedicle screw placement between
patients in three age-based cohorts: 0 to 5 years, 5 to 10 years,
and 10 to 15 years of age.8 In total, 5054 screws were placed,
although far more were placed in the older age group (4219)
than in the two younger cohorts. Although there were no
neurologic complications associated with screw placement in
this study, the overall complication rate ranged from 0.1% to
0.6% per screw, with the rates increasing as patient age
decreased. Here, too, risk factors may span several of the
groups in the failure taxonomy above. For example, osteoporosis or other bone quality issues, which are increasingly
common in the aging population, confer risks across the
spectrum from the biology of bone healing to the mechanics
of spine ixation to technical issues encountered intraoperatively (poor bone quality limits tactile feedback and challenges
intraoperative imaging, thereby increasing the risk of implant
misplacement).

Biologic Failure
Biologic failure implies a disruption in the physiologic processes associated with healing from surgery. his disruption
afects the ultimate success of the procedure and subjects the
patient to possible revision surgeries or abject surgical failure.
Common biologic issues complicating spinal implant surgeries include infection and other inlammatory issues, osteoporosis, and vascular issues. hese issues may, singly or in
combination, increase the risk of several adverse outcomes,
including pseudarthrosis, implant loosening, bone failure and
fracture, and adjacent-segment problems. hese biologic risk
factors are oten driven by the individual patient’s medical
history. However, choices in spinal implants also have an efect
on some of these phenomena (Fig. 98.1).

Infection and Inlammatory Conditions
In terms of direct impact, all surgeries expose the patient to
the risk of infection. Surgeons typically are most concerned
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with wound infections and their sequelae, but urinary tract,
pulmonary, and gastrointestinal (e.g., Clostridium diicile
colitis) complications are also worrisome. he placement of
foreign material into the patient’s body has been shown to
increase both the immediate postoperative infection rate and
the risk of late, hematogenous implant seeding.9
Because spine surgeries incorporating implant placement
are larger operations, it stands to reason that the incidence of
infection and medical morbidity issues would be increased.10,11
Certainly, the location of an infection has major consequences
in terms of surgical accessibility and the risks of revision
surgery. For example, abscess formation around anterior
thoracolumbar implants may incorporate the major vessels.12
Infections may have an indirect impact on patient outcomes
in that wound infections may lead to arachnoiditis, pseudarthrosis, correction loss, spondylodiscitis, adverse neurologic
sequelae, and even death.9
Increasingly, the spine surgeon’s implant selection may
have an impact on the risk of infection. Bacterial adherence
to spine implants (and even allograt bone) may generate
bioilms that limit the ability of antibiotics or even open
debridement procedures to eradicate the infection. he risk of
bacterial adherence may vary depending on the implant material. Steel may carry higher risk than titanium for bacterial
adhesion.13 Titanium metal debris, in particular, excites an
inlammatory reaction that either mimics or invites an
infection.14,15
Loose or motion-preserving implants may exhibit fretting
with wear debris or metal ion release. Metal-on-metal (MOM)
bearing surfaces have recently received a great deal of

attention. MOM total hip systems have been removed from
the market due to metal debris–related osteolysis and implant
loosening. MOM cervical and lumbar disc systems have been
under investigation, but those systems have not progressed to
market in the United States and are not marketed aggressively
abroad.
Fusion systems may also lead to metal ion release, particularly when loose. One recent report found that in adolescent
idiopathic scoliosis (AIS), increased serum metal ion levels
were found immediately ater surgery as part of the “putting
in” rather than “wearing in” phase. he authors recommended
thorough irrigation of the operative site prior to wound
closure.16 he same group reported that the surface area of the
implants was directly related to postoperative serum levels of
titanium and niobium in a series of 33 children.17
Serum ion levels may help identify radiographically subtle
pseudarthrosis or other issues. For example, in long-term
follow-up of AIS patients who underwent fusion with stainless
steel implants, a serum chromium level above 0.6 ng/mL
indicated a high risk of implant failure.18 Use of positron emission tomography (PET)/CT has been reported to be efective
in identifying postoperative infection in patients ater instrumented spine procedures.19,20 Newer generations of implants
have sought to reduce this risk with changes in surface
topography, eluting antibiotics, and even direct sintering of
antibiotic molecules to the implant surface.
A common controversy relates to the retention or removal
of spine implants in patients with wound infections. he presence of a bioilm on the implant may challenge the host’s
immune system and antibiotics to eradicate the infection
while the implant remains in place. On the other hand, some
authors suggest that mechanical stability is even more important as a predictor of ultimate healing.
In one recent study, a 51-patient cohort that had undergone
posterolateral instrumented fusion complicated by wound
infection was reported.9 A total of 92.2% had at least one other
medical problem. As with previous reports, the “most common
infective culprit was Staphylococcus spp. found in 35 of 60
(58.3%) isolates, including 20 methicillin-resistant species.
Gram-negative bacilli and polymicrobial infection were found
signiicantly in patients presenting early-onset, deep-site
infection and myonecrosis.”9 he infection was eradicated
while preserving the implants in 41 of 51 cases (80.4%). he
authors attributed this success to an early, aggressive approach.
he implants were removed in 10 cases (19.6%). his
removal was attributed to delayed treatment and uncontrolled
infection with implant loosening, correction loss, or late infection with spondylodesis. Delayed treatment, in this context,
was typically more than 3 months. he authors did not correlate the number of debridement procedures with implant
preservation. Poor outcomes were also reported in patients
with signiicant comorbidities, malnutrition, severe trauma,
neurologic deicits, and long-level instrumentation. Nearly
one-third of the infected patients progressed to pseudarthrosis. Half of these patients were symptomatic and underwent
successful revision surgery.
he authors concluded, in concert with most common
recommendations, that retention of mechanically sound
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FIG. 98.1 Lateral cervical spine radiograph demonstrating anterior allograft
bone displacement after fracture of resorbable anterior cervical plate with
segmental collapse.
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implants in early-onset infection permits fusion to occur,
whereas delayed treatment, severe malnutrition, and multiple
comorbidities will most likely result in a lack of efectiveness
in eradicating the infecting pathogens.9 Loose screws, on the
other hand, can cause peridiscal erosion and incapacitating
motion pain.
In another study of 817 consecutive patients undergoing
instrumented lumbar fusion for degenerative disease, 37
(4.5%) developed postoperative infections at a median of 0.6
months.21 Older age, diabetes, obesity, prior spine surgery, and
length of hospital stay were each independently associated
with an increased risk of developing infection. Only 3 (8%)
required implant removal. Hikata and colleagues found that
patients with high hemoglobin A1c levels had a 16.7% rate of
postoperative infection compared to a 3.2% rate in patients
without diabetes mellitus.22 he authors recommended preoperative glucose control to reduce hemoglobin A1c to less than
7.0% before elective instrumented spine surgery. Proper
nutritional support will also aid healing.23
he decision to place metallic implants during an initial
debridement for osteomyelitis has also been controversial. A
number of studies have suggested elevated but acceptable
levels of postoperative surgical site infection or recurrent
infection.24-26 One recent study reported single-stage, singlelevel transforaminal interbody fusion for lumbar disciitisosteomyelitis in 28 patients.27 Good corrections of preoperative
kyphosis and an 82.1% fusion rate were reported. Two recurrent infections were discovered, both in the irst 2 months.
Bydon and colleagues compared the reoperation rate in 118
patients who underwent decompression alone versus decompression and instrumentation placement.28 he reoperation
rates (19.44% and 17.07%, respectively) were similar between
the groups. he authors concluded that instrumentation of the
infected spine is safe and should be considered when spinal
integrity is compromised.
Arnold and others reported 94 patients with osteomyelitis
who required implant placement during the initial treatment
of the osteomyelitis. Of those, 23% failed at a median of 4
months postoperatively.29 Addition of rifampin to the wound
and chronic, suppressive antibiotics did not afect the failure
rate. On the other hand, vancomycin powder is increasingly
being placed in the wound as additional prophylaxis.30
Implant removal continues to be recommended for late
(ater 1 year) infection.31,32 In one recent paper, implant retention was recommended in pediatric patients with both early
and late infectons due to a lower pseudarthrosis and curve
progression rate.33
One recent review recommended prophylactic lap coverage for high-risk implant cases.34 Hyperbaric oxygen treatment
has also been recommended.35
In patients with other spinal inlammatory diseases, typically spondyloarthropathies, the most important issues surround proper identiication of the disease state, perioperative
disease management, and a recognition that disease-modifying
agents may adversely afect bone healing.36 In addition, many
spondyloarthropathies, such as ankylosing spondylitis, have
a marked impact on spinal biomechanics. he bone is oten
demineralized due to aberrant loading patterns.37 Autofusion

leads to long lever arms that both increase the risk of unstable
fracture and challenge successful operative restabilization.

Bone Quality and Osteoporosis
As with infection, poor bone quality can increase the risk of
implant-related complications in several ways. Most importantly, poor bone quality requires careful consideration of
operative strategy. Osteoporotic patients, for example, are
oten more fragile and not good candidates for larger, multisegmental spinal reconstructions. Unfortunately, from a
mechanical point of view, these patients oten require multipoint ixation and more aggressive correction of spinal alignment problems to avoid kyphotic collapse, adjacent-segment
fracture, or implant failure.
With the aging of the population, type 2 osteoporosis is
becoming more common. However, changes in hormone
replacement practices have also increased the incidence of
postmenopausal (type 1) osteoporosis. Oten ignored are secondary causes of bone loss from other medications or medical
problems (steroids, hyperparathyroidism). Such causes of type 3
osteoporosis are less responsive to medication management.38
Although newer medications ofer patients better bonebuilding ability, these agents have among the highest noncompliance rates of any medication class. Even ater the
“bone decade,” a sizable proportion of at-risk patients still
make it to surgery without a preoperative assessment of bone
mineralization.39
At a minimum, at-risk patients should have a dual-energy
absorptiometry scan, although surgeons should carefully
consider the trabecular architecture and cortical thickness on
a preoperative CT scan as well. Surgeries can oten be delayed
to allow bone building. Perioperative administration of
bisphosphonates, denosumab, and teriparatide have been
studied in spinal fusion patients.40,41 Teriparatide has been
found to be most efective and can ofer clinically relevant
improvements in bone quality over 6 to 12 months of use.42-44
With a sense of the patient’s bone quality in mind, potential
changes in surgical strategy should be undertaken. In some
elective conditions, the decision to move forward must be
tempered by a realistic appraisal of the impact of fragility on
the intended procedure’s risk/beneit balance. In others, a
delay to address bone quality is recommended. Such a delay
is not likely to provide net gains for patients markedly incapacitated or nonambulatory due to their spinal pathology. In
these patients, modiications to the surgical strategy must
be considered. hese considerations include types of bone
anchors, number of anchors used, polymethylmethacrylate
augmentation of screws, and avoidance of anterior/interbody
procedures.45-50
Bone quality will limit the surgeon’s ability to achieve distraction intraoperatively; in general, in the face of signiicant
deformity, a spinal column–shortening approach is favored.
Signiicant preload on bone anchors must be avoided (Fig.
98.2). Selection of motion-sparing approaches is compromised
by early failure of the bone-implant junction.51,52
Intraoperatively, radiographic visualization may be compromised as well. he surgeon must be ready to abandon
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FIG. 98.2 (A) Lateral radiograph demonstrating a hook construct added to a previous transpedicular lumbar
construct for an adjacent-segment osteoporotic burst fracture. (B) Intraoperative image of the displaced cranial
hooks. In this case, greater anterior load sharing through corpectomy or polymethylmethacrylate augmentation
could have been considered. Alternatively, a longer, more rigid cranial extension may have also prevented the
failure.

percutaneous procedures if the proper landmarks cannot be
visualized. Osteoporotic bone is vascular.53 Late decortication,
bone wax, blood product support, Cell Savers, and other
techniques have been recommended to support these patients.
Postoperative concerns in osteoporotic patients include
activity restriction and bracing to reduce implant stress.
Osteoporotic bone likely progresses to union more slowly than
healthy bone, but, even when fused, may be subject to higher
bending forces. Implant removal is therefore discouraged, as
late deformity progression and compression fractures have
been described even within solid arthrodeses.54,55

Dysvascular Change
Vascular injury is a concern with implant misplacement, but
subtler vascular embarrassment may lead to biologic failure of
a spinal construct. Implant placement typically requires
greater exposure and devascularization than decompressiononly procedures. his devascularization may be particularly
important in smokers and in surgeries in a previously irradiated bed (Fig. 98.3).56-60

Biomechanical Failure
As with biologic failure, biomechanical failure exists at the
nexus between the patient’s pathophysiology and the goals of
the reconstructive procedure. hus, this failure can arise from
errors in surgical planning or from patient comorbidities.
Biomechanical failure is typically expressed through one of
several modes of failure, such as cage subsidence, rod fracture,
or screw loosening or fracture.

Cage subsidence occurs when the loads through the cage
exceed the carrying capacity of the bone on which it rests.
Frequently, this failure is seen in patients with poor cancellous
bone quality or when a hard cage subjected the host bone to
a marked modulus of elasticity mismatch. Preoperatively,
prevention may include selection of a wider cage supported
by a larger portion of the vertebral endplate, especially the
cortical ring. However, subsidence is seen even with wide
lateral interbody fusions. In one recent study, 30% of patients
had either grade I or II subsidence.61
Intraoperatively, careful endplate protection during preparation and placement will prevent the cage from sitting on
soter subchondral bone. Postoperative loading should also be
considered at each stage. Greater activity restrictions or
bracing may be considered in larger patients. Cage failure is
also more likely when there is ongoing instability in planes
other than axial loading.62 For example, posterior tension
band failure leads to unloading of the posterior load-bearing
columns and overloading of the endplate. his could be
addressed with separate, posterior instrumentation.
Although late implant failure occurs because of failure
of fusion or bone healing, early failure typically occurs for
implant overloading. As such, early implant failure is typically
related to failure to understand the direction or degree of
spinal instability or errors in surgical strategy. For example,
rod fractures are most common in stif, adult spinal deformities at the level of spinal osteotomy (Fig. 98.4). In one recent
series of 75 adults undergoing fusion for adult spinal deformity, 9.3% of those who had a pedicle subtraction osteotomy
had a rod fracture compared with 2.6% of those who had a
Smith-Petersen osteotomy.63 he authors identiied the following additional risk factors: pseudarthrosis at 1 year, sagittal
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FIG. 98.3 Two patients with soft tissue coverage and healing problems. (A) Wound dehiscence and exposed
implants. (B) Surgeon turning a lap to cover wound dehiscence after instrumented stabilization of a pathologic
fracture in a previously irradiated wound bed.

FIG. 98.4 Anteroposterior radiograph revealing rod fracture at the site of a
previous fusion extension across the thoracolumbar junction. This
high-stress area is more vulnerable to both slow fusion mass maturation
and increased stress on the implants, especially where the rods meet the
rod-to-rod connector. Potential solutions include attempts at anterior/
interbody fusion and outrigger (or four-rod) constructs.

rod contour greater than 60 degrees, presence of dominoes
and/or parallel connectors, and fusion construct crossing both
thoracolumbar and lumbosacral junctions.
Unlike rods, bone anchors may fracture, loosen, or displace
from the bone. In addition, polyaxial pedicle screws can
exhibit disengagement between the screw and its tulip. Oten
motion or a 1-mm radiographic halo around the screw is used
to deine loosening. One recent study found that a change of
1.9 degrees of angulation between the pedicle screw axis and
cranial endplate was 75% sensitive and 89% speciic in detecting screw loosening on 6-month radiographs (Fig. 98.5).64
In late failure, bone healing and ixation failure are typically
described in terms of a “race.” Pseudarthrosis is oten a

multifactorial problem that involves the patient’s biology and
pathomechanics as well as the mechanical attributes of the
ixation methodologies used. In some cases, the issue lies in
the patient’s biologic ability to heal in a reasonable time frame.
he surgeon may choose to address this issue by adding
autologous bone grat or bone morphogenetic protein (BMP).65
BMP may be more efective in some areas compared with
others. A higher than expected fusion failure rate of 10.8%
was reported using recombinant human bone morphogenetic
protein 2 (rhBMP-2) in a pediatric cohort undergoing occipitocervical and C1–C2 fusion surgery.66 he same author group
reported no increase in the risk of cancer at 4-year follow-up
in 57 consecutive cases of rhBMP-2 use.67
In other patients, the problem lies in adequate stabilization
of the motion segment. Depending on the patient population,
pseudarthrosis leading to implant failure has become less
common as ixation methods have evolved. In a series of 227
AIS patients undergoing posterior spinal fusion, a 2% rate of
implant failure was noted.31 Oten, conversion to a more rigid
form of ixation, such as transpedicular instrumentation or
interbody cage placement, will successfully address the pseudarthrosis (Fig. 98.6).68 Similarly, ater anterior cervical discectomy, a posterior wiring or clamping procedure will oten lead
to union anteriorly.69
Even in challenging clinical scenarios, properly designed
implant schemes exhibit low failure rates. In a cohort of 318
patients with spinal metastases undergoing separation surgery
(which seeks to restore mechanical stability and remove only
that part of the tumor in contact with the spinal cord). In
this series, only 2.8% exhibited symptomatic implant failure
that required revision.70 Of those, failure was more common
in women, in cases involving more than six contiguous
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FIG. 98.5 (A) Loosening of cortical screws placed into the sacrum. The often-limited bone stock of the sacrum
may challenge use of cortical trajectory screws. Transpedicular trajectories, particularly through the promontory
anterior, might be considered. (B) Lateral radiograph performed shortly after surgery of an anterior cervical
discectomy and fusion at C5–C6, C6–C7, and C7–T1. (C) This patient developed pseudarthrosis at the C6–C7
level with collapse and failure of the locking mechanism between the screw and plate, as evidenced by the
screw backing out of the plate. The plate is also lifting of the spine. This patient developed recurrent neck pain
and dysphagia. The complication includes biologic failure of the fusion and biomechanical failure of the
plate-screw interface.

levels, and in patients who required concomitant chest wall
resection.
Screw loosening is not necessarily diagnostic for fusion
failure. Screws can loosen as part of a “dynamization” process.
Additional issues complicate the biology of the bone-implant
junction. For example, diabetics carry a higher risk of aseptic
implant loosening.71 hese issues are more critical in dynamic
stabilization approaches and likely decrease with solid segmental fusion.72 Loose or fractured implants may migrate into
other anatomic regions. Implant migration into the retroperitoneal space has been reported 6 years ater instrumentation
without fusion.73 he authors cautioned against implant
placement without concomitant spinal fusion.
hese studies are complicated by the limitations of radiographic diagnosis of pseudarthrosis. Spinal implants oten
impede clear visualization of bone healing, especially stainless
steel or trabecular metal. A recent review noted the limitations
of radiographic studies in identifying pseudarthrosis due to
the high rate of asymptomatic pseudarthroses and the number
of conditions, such as adjacent-segment degeneration, that
may mimic the symptoms of pseudarthrosis.74 Dickson and
colleagues, in a series of 171 consecutive pedicle subtraction
osteotomy patients, identiied 18 pseudarthroses, with two
diagnosed more than 5 years ater the index surgery.75

Errors in Surgical Strategy
Errors in surgical strategy are the easiest for the surgeon to
remedy, but the remedy requires an in-depth understanding

of spinal biomechanics and how various pathologies afect
normal force transfer through the spine.
he surgeon must also estimate the degree to which
intraoperative maneuvers will further afect the spine mechanically. From simple extensor muscle stripping to decompressive
procedures (especially if the facets are resected), to more
aggressive bone removal such as corpectomy or osteotomy,
each step will further compromise “native” stability.
To properly select a reconstruction technique, the successful surgeon considers how various implant systems work to
address those mechanical deicits. It has been noted that surgeons are oten included in the “procedural” rather than
“cognitive” group of physicians. his is unfair. While making
a proper diagnosis in spine care is not always challenging,
designing the correct treatment approach for the patient might
be. All too oten today, careful selection has given way to
“more is better.” But, “more” adds costs, time, and morbidity.
Does every patient need a bone anchor at every level? Are
lateral mass screws required, or will wiring suice? Does every
patient need an interbody cage?
Before surgery, the templating process for a surgeon
anticipating an instrumented spinal reconstructive procedure
must include the patient’s goals and expectations, ability to
participate in postoperative rehabilitation or bracing (if
needed), and various pathologies as well as close assessment
of the patient’s regional anatomy. For example, the need for
immediate loading and the advisability of bracing may be very
diferent in spinal cord–injured or polytrauma patients. A
two-level posterior cervical fusion at the occipitocervical
junction for trauma requires a very diferent degree of
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operative immobilization and grating than a similar procedure performed as a two-level subaxial procedure in a patient
with marked spondylosis.
In other patients, especially in regard to the upper lumbar
spine, the surgeon should ensure that the bone is large enough
to safely contain a pedicle screw, for example. As with any
surgery, a back-up plan must be ready in case the initial plan
cannot be executed.

A

C

Aside from patient size and anticipated postoperative
loading, regional mechanical considerations and overall spinal
balance must also be considered. For example, stabilization
across the thoracolumbar junction may require more levels of
ixation than one at L4–L5.76
Independent of the surgical indication, the implant should
seek to reverse the instability pattern presented by the pathophysiology. Typically, if a distraction force risks spinal column

B

D

E

FIG. 98.6 (A) A 67-year-old osteopenic patient presented with back and leg pain associated with stenosis and
a mobile anterolisthesis at L4–L5, as seen on lateral radiograph. Operative intervention included posterior
decompression and fusion with interbody cage placement at L4–L5. (B–C) Follow-up radiographs revealed
cage retropulsion into the canal. (D–E) Computed tomographic myelogram demonstrated the anterolisthesis
with recurrent stenosis due to the slip and the cage.
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FIG. 98.6, cont’d (F) Parasagittal computed tomographic scan from another osteoporotic patient in whom
unilateral ixation was used to treat a degenerative L4–L5 spondylolisthesis. A wide decompression with
near-complete facetectomy was undertaken bilaterally and a pars fracture occurred postoperatively. (G–H)
Revision surgery included bilateral instrumentation and extension cranially to L3 and caudally to the L5–S1
level. Given this patient’s bone quality and signiicant, segmental instability, prevention might have included
additional ixation at the time of the index surgery, protection of the midline elements or facets at L4–L5, or
screw augmentation with polymethylmethacrylate.

stability, a tension band construct is used to convert those
distraction forces into compression forces across the segment.
hese compression forces maintain alignment as well as
promote bone healing.77-79 he simplest of these constructs is
posterior interspinous wiring. When the facets and anterior
load-bearing column are intact, this method will be both least
morbid and most cost efective.78 However, facet injury or pars
fracture subject the spine to additional shear loading, which
a tension band wire cannot resist. In this setting, more rigid
ixation, such as segmental screw-rod constructs, should be
considered.
With increasing disruption of the vertebral body, load
bearing is compromised. In this setting, even short-segment
rigid screw-rod constructs may fail. Options include longer
posterior constructs functioning in a bridging mode (e.g., an
intramedullary nail when a bone defect is present) or direct
restoration of anterior load-bearing capacity through corpectomy and cage or grat reconstruction.80
he degree of comminution requiring this type of extended
construct continues to be debated; however, the involved
region of the spine has a signiicant impact.81,82 For example,
in the cervical spine, depending on the level, nearly two-thirds
of the load is borne through the articular pillars posteriorly.83
hus, if the lateral masses are intact, a corpectomy may only
be required when additional canal decompression is desirable.

Similarly, in the upper thoracic spine, an intact ribcage and
sternum may act as a “fourth column” of the spine and transfer
axial load bearing away from the compromised vertebral
body.84
While bridging and tension band constructs may also be
applied to the vertebral body anteriorly, the most common
implant mode is a buttress. Here, axial forces are supported
through partial conversion into a laterally directed force into
the intact vertebral bodies into which the plate has been
screwed. he buttress plate typically requires some ongoing
anterior load-bearing capacity, either through fracture reduction or corpectomy and grat/cage placement. In this setting,
the structural bone grat or cage acts as a strut to directly
transfer load from the intact vertebral body above the injury
to the intact vertebral body below (Fig. 98.7).
A inal issue in complication avoidance through surgical
strategy arises through the relationship between implant
holding power and spinal alignment. It has been long established that implant failure rates increase when the spine is out
of balance. he further from the patient’s center of gravity, the
greater the lever arm of body weight becomes on the construct.85 Recently, considerable attention has been paid to
concepts surrounding proper assessment and reconstruction
of spinal alignment, especially sagittal balance.86,87 Guler and
others found a high rate of implant failure in S2 iliac screws
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FIG. 98.7 A 56-year-old woman underwent posterior decompression with spinous process clamp
stabilization for L4–L5 degenerative spondylolisthesis with stenosis. (A–C) Postoperative radiographs at 2
years, including lexion and extension views, reveal ongoing mobility. (D–E) Computed tomographic
myelography revealed spinous process fracture of L4, ongoing stenosis, and no clear attempt at fusion.
(F–G) The patient underwent surgery, which included removal of the fractured spinous process and
loosened implant, revision decompression, and instrumented fusion with transpedicular instrumentation
and an interbody cage. This complication could have been avoided by using the implant under its
labeled indications.
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FIG. 98.8 A 72-year-old osteoporotic woman was referred from an outside hospital after reporting marked,
lower extremity weakness (right greater than left) and thoracic radicular pain after a vertebroplasty procedure.
(A) Computed tomography (CT) scan revealed polymethylmethacrylate (PMMA) incursion into the canal. (B) The
patient was taken urgently to the operating room, where PMMA was found on the right side of the canal from
anterior to posterior. (C) A wide decompression and pediculectomy were performed and the PMMA was
removed. Due to the width of the decompression, a short-segment fusion was also performed. (D)
Postoperative CT revealed a capacious canal. The risk of this complication is reduced by ensuring adequate
intraoperative radiographic visualization of the posterior elements. When adequate radiographic images cannot
be obtained, the procedure should be abandoned.

in long deformity cases, especially in older patients and those
in whom lumbar lordosis restoration was inadequate.88 In
addition, the increased stresses to which the spine is subjected
when out of balance may also afect rates of adjacent segment
degeneration. A higher risk of subadjacent degeneration was
reported below scoliosis fusions when the thoracic spine was
fused in hypokyphosis (Figs. 98.8 and 98.9).89

Technical Error in Implementation of
Surgical Strategy
he best conceived, optimal surgical strategy can be undone
by imperfect execution. Several factors may inluence this
execution, including obscured landmarks, im proper lighting,
lack of surgeon skill and experience, and inadequate exposure
or fascial release. Although decompression procedures may
sufer from technical complications from dural injury or
inadequate decompression, instrumentation procedures are
typically complicated by misplacement of the cage or screw.
Less-frequent technical errors include improper length or
poor contouring of the rod, failure to properly torque the

locking screws, material mismatch leading to a galvanic
response, or failure to properly prepare or place the grat.

Screw and Wire Misplacement
Even in the hands of careful, experienced spine surgeons,
implants may inadvertently be misplaced (Fig. 98.10). Such
misplacement carries several direct and indirect risks for the
patient. At worst, catastrophic cord or vascular injury may
occur. At best, the screw simply ofers less mechanical holding
power than properly placed implants. Of course, most minor
pedicle breaches are asymptomatic and may not afect healing
or outcome.90
While less oten performed as a stand-alone procedure
today, wiring continues to be used as an adjunct to more
rigid forms of ixation. Over time, younger surgeon familiarity
with the technical nuances of wiring may be lost. Key issues
include canal incursion when placing sublaminar wires
and cut-through of the bone when overtensioning the
wire.91 Braided cables, while thicker, may reduce the risks of
cut-through.
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FIG. 98.9 A patient referred for new-onset lower extremity weakness after vertebroplasty. Although there was
some polymethylmethacrylate in the canal, the apparent Jamshidi needle trajectory appeared to pass through
the central canal. The patient was noted to be improving neurologically. Given the likelihood of direct cord
trauma, the neurologic improvement and the patient’s medical comorbidities, a nonoperative approach was
selected. In patients with poor bone quality, adequate imaging must be available for percutaneous procedures
to be safely performed. The surgeon must be ready to abort the procedure if adequate images are not
available.

FIG. 98.10 This patient underwent anterior screw-rod reconstruction after
a thoracic corpectomy. Clear incursion of the screw into the spinal canal
was noted on postoperative computed tomographic scan. In these cases,
careful attention to intraoperative position may decrease the risk of poor
screw trajectory.

With screw placement, the risks vary widely by the type of
screw and the level of the spine into which it is inserted. For
example, although C2 and C7 pedicle screws have become
commonplace, subaxial cervical pedicle screws between C3
and C6 continue, in most centers, to be reserved for revision

or special cases only. Even a leading proponent of this technique, Kuniyoshi Abumi, recently wrote: “Even ater surgeons
became familiar with placement of cervical pedicle screws,
screw malposition rate by freehand technique is high for
patients with severe spondylotic conditions.”92 Reinhold and
others92a noted that “several cadaver studies, even utilizing
computerized image-guided systems, still showed high perforation rates from 18% up to 87.5%.”
Cervical lateral mass screws, on the other hand, enjoy a
relatively low rate of symptomatic misplacement. A recent
large series of 430 patients with diferent cervical spine disorders who were treated with a total of 2500 lateral mass polyaxial
screws were followed for up to 8 years.93 No neurologic or
vascular injury occurred, but ive screws were repositioned.
horacic pedicle screws carry moderate risk, especially in
patients with spinal deformity. One recent study of 218 thoracic pedicle screws placed for trauma in 28 patients found a
15.5% misplacement rate.94 Pedicles less than 7 mm (and in
particular those <5 mm) in diameter had higher misplacement rates, as did screws placed between T4 and T9.
As the most frequently placed spinal implants, lumbar
pedicle screws are most familiar to spine surgeons. However,
wound depth, spinal deformity, and level-to-level anatomic
diferences continue to challenge their accurate placement. A
recent systematic review found that, despite intraoperative
neurologic monitoring and intraoperating imaging, a 5.7%
rate of new, postoperative neurologic deicits was reported.95
When examining posterior decompression and fusion cases
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Evolving Accuracy and Means of Detection
Regardless of the type of screw placed, a few tools are commonly used to improve accuracy. Historically, the intended
screw track was sounded with a ball-tipped probe prior to
screw insertion. Although this technique is still recommended,
it is less frequently used alone. One study found that the
accuracy of direct manual palpation of pedicle screw tracks
with a ball-tipped probe was “disturbingly low.”96
Radiographic conirmation of screw placement before
wound closure also remains a commonly used measure. Plain
radiographs are obtained ater the implants have been placed.
Acceptable accuracy rates continue to be reported for this
technique.97
Direct placement under luoroscopy or intermittent luoroscopic assessment during the implantation process is more
typically used today. In some centers, radiopaque markers are
placed in the intended screw tracks before inal implant placement.98 Because these markers are much smaller than the
screws, the pedicle itself is more readily appreciated on en face
imaging (Fig. 98. 11). In addition, if a breach has occurred, it
is typically much smaller than a screw diameter breach. hese
smaller fenestrations are less likely to cause nerve injury and
allow more facile redirection.
he number of surgeons frequently using percutaneous
screw placement techniques has increased over the past several
years. One recent large series used postoperative CT imaging to
assess placement of 724 open and 885 percutaneously placed

FIG. 98.11 When in doubt about the placement of spinal instrumentation,
small markers can be placed into the proposed trajectory before large
screws are inserted. This both reduces the risk of injury to the neural
elements and decreases any violation of the pedicle that might compromise
ultimate ixation. Particularly in scoliotic patients, a true en face view of the
pedicle can ensure proper placement.

screws.4 he rate of breach was higher in the open group at
7.5% compared with 4.7% for the percutaneous group. he
magnitude of breach was higher for the percutaneous group at
5.4 versus 3.7 mm. he authors concluded that percutaneous
placement was adequately accurate when compared with open.
Similarly, the availability of intraoperative axial imaging
and computerized navigation systems has increased. he relative beneit derived from these systems depends on the surgical
indication. One recent series found no beneit in single-level
instrumented fusions for degenerative spondylolisthesis.99 On
the other hand, a study of 260 patients found that navigation
improved accuracy and pedicle illing, particularly in more
complex reconstructions.100 Another study of 145 patients
found that the time required to use CT navigation systems and
the accuracy of screw placement with those systems improved
with time.101
Newer true-CT imaging has been reported. In one study of
170 screws placed in 23 consecutive patients, 18 to 34 minutes
were added to the total operative time.102 Seven screws were
misplaced greater than 2 mm, resulting in an accuracy rate
of 95.9%.
As with postoperative CT and MRI imaging, intraoperative
imaging is distorted by metallic bloom artifacts. his bloom
increases with screw size, but it is less with titanium than stainless steel and cobalt-chrome implants.103 Certainly, intraoperative
axial imaging, whether from cone-beam imaging or true CT,
increases the radiation exposure to the patient compared with
luoroscopy.104 By limiting live, intraoperative luoroscopy,
radiation exposure to the surgical team may be decreased.

Prevention
Several techniques can be used to decrease, but probably not
eliminate, the risks of implant misplacement. First, prepare for
the procedure with as complete an understanding of general
spinal anatomy and the patient’s individual anatomy as possible. Regional variations, autofusion, and congenital anomalies should be noted and understood before the skin incision.
For example, any exposure of the posterior cervicocranium
requires an understanding of the path of the vertebral artery.
However, in some patients an aberrant course will increase the
risk of certain types of screw placement. In addition, the
disease state itself may impose additional risk to spinal instrumentation procedures. With severe, spondylotic collapse, the
vertebral artery’s course becomes tortuous and may medialize
into the region in which a cervical corpectomy could be performed.105 Metastatic disease may attract marked neovascularization that could risk intraoperative exsanguination if not
recognized and addressed.
Proper implant sizing also requires a detailed knowledge of
the host anatomy. Previously, various plastic templates could be
used over hard copy radiographs and CT scans. Today, digital
calipers can be used on picture archiving and communication
systems to directly measure the optimal grat width or screw
length. hese measures can be veriied intraoperatively.
Next, ensure proper intraoperative positioning. In the
prone position, slight rotation of the body, especially in heavier
patients, may result in improperly angled implants. In the
lateral position, a patient driting of true lateral may lead to
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excessively anterior implants that may direct screws into the
canal or lead to late vessel erosions.
Intraoperatively, ensure adequate exposure and/or radiographic guidance. Running electromyography may signal
implant misplacement, but directly stimulating the screws
ater placement may reduce the frequency with which patients
with medial misplacements leave the operating room with
implant impingement.106,107
New protocols combining navigation, intraoperative screw
stimulation and, when stimulation suggests a breach, repeat
CT scanning are being studied.108

Plate and Rod Issues
Technical errors may also afect plate or rod placement. In
deformity cases, rod length estimates may inadequately
account for contouring. Short rods risk screw-rod disengagement (Fig. 98.12).109 Overlong rods, on the other hand, may
cause impingement symptoms in the mobile regions of the
spine above or below the fusion.
Overcontouring or undercontouring a plate or rod may
also cause problems. Because most plates are placed in a
buttress mode, undercontouring decreases the mechanical
beneits of the plate. Undercontouring a posterior rod may
lead to hypolordosis or other sagittal balance concerns.

Although a rod can be contoured to the idealized spinal
alignment, the surgeon must ensure that adequate release (or
osteotomy) has been performed. Otherwise, forcing the rod
into the screw heads will excessively preload those screws and
risk pullout. his is particularly true in patients with
osteoporosis.
Especially in patients with complex deformities or staggered screw positions, the use of screw-rod connectors or
multiple rods is preferred over acute rod bends. hese rod
bends, or repeated bending of the rod, lead to notch sensitivity
and a greater chance of subsequent rod fracture.110,111
he surgeon must use caution when combining implants
made from diferent metals.112 Mixing stainless steel with
titanium could lead to a galvanic response and early corrosion,
although titanium has been used with cobalt-chromium alloy
without signiicant corrosion or complications.

Graft and Cage Issues
Although grating concerns are more pertinent to the larger
discussion of spinal fusion, there are several issues directly
relevant to complications of spinal instrumentation. First, as
discussed above, the placement of spinal implants restricts the
space available for bone grating. If the grat bed is prepared
ater bulky polyaxial screws have been inserted, for example,
optimal decortication may be diicult to achieve.
Second, in many settings structural allograts serve as
spinal implants. hese may be sophisticated, commercially
machined corticocancellous spacers with speciied degrees of
lordosis, or they may be simple ibular segments or femoral
rings. In this setting, the patient may be exposed to technical
errors during insertion, such as those encountered with metallic and polyetheretherketone (PEEK) cages.
A tight interference it for an interbody or corpectomy
spacer is important to segmental stability and to prevent subsequent cage migration. However, oversized implants may injure
the bony endplate or fracture on insertion. When harvesting
autologous bone as a structural grat, use of a saw is associated
with fewer grat failures than the use of osteotomes.113
Allograt handling depends on the form of the grat
(lyophilized vs. fresh frozen). Adequate time for grat soaking
is required to avoid brittle allograt splintering. Similarly,
nonbone materials, especially PEEK and carbon iber, may
also shatter from impact during insertion or chronic overloading in the setting of pseudarthrosis.114

Important Structures Afected by Spinal
Implant Impingement
FIG. 98.12 Anteroposterior lumbar radiograph demonstrating implant
failure from short rod placement. The locking screws did not adequately
capture the rods, which subsequently disengaged as the patient moved.
This complication can be avoided by ensuring at least a few millimeters of
rod protrusion beyond the screw head. In this case, segmental ixation into
L4 and L5 might also have decreased the stress on the screw-rod junction
at S1.

Although this chapter cannot exhaustively cover the speciic
anatomic structures at risk with each spinal implant, a few
general principles are important. Ultimately, spinal implants—
through design, failure, or migration—may afect a number of
perispinal tissues, including neurologic and vascular structures, the airway and esophagus, the bone and joints of the
spine, and the spinal musculature (Fig. 98.13).
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FIG. 98.13 This patient presented to the original surgeon with recurrent neck pain 1 year after
two-level anterior cervical discectomy and fusion. (A) Computed tomography (CT) scan
demonstrated pseudarthrosis. The patient was ofered a minimally invasive posterior approach
with facet joint spacers, as seen on the postoperative (B) anteroposterior and (C) lateral
radiographs. Unfortunately, not only did the pain not improve, new left C7 radicular symptoms,
including weakness, were reported. A later CT scan demonstrated anterior misplacement of the
left C6–C7 facet implant. (D) Coronal, (E) parasagittal, (F) oblique, and (G) axial views are shown.
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FIG. 98.14 (A) Anterior-posterior radiograph of an anterior interbody fusion with a pair of cages. Note that the
cage on the left is laterally positioned and extends farther lateral than the pedicle. (B–C) Axial computed
tomographic and sagittal reformatted images reveal that the laterally placed cage extends beyond the conines
of the disc space and extends into the neuroforamina. It also appears that a disc fragment may have been
pushed into the foramen.

Neurologic Structures
Avoidance of nerve or spinal cord injury is typically at the
forefront of the spine surgeon’s mind. However, even wellplaced implants used to achieve reduction or improve lordosis
may increase postoperative radiculopathy rates due to root
traction or foraminal narrowing. Historically, surgeons were
oten taught to fuse spondylolisthetic segments without
attempting reduction for fear of causing a nerve traction
injury.115 Over time, however, attempts to achieve better lordosis restoration and more anatomic reductions of spondylolistheses have been increaseing. With wide decompression of
the foraminae and restoration of disc height, recent studies
have reported acceptably low nerve injury rates (Fig. 98.14).116
Although any impingement or laceration of the spinal
nerves or cord must be avoided, spinal implants may frequently contact the dura. It is unknown how oten metallic or
other material contact with the dura leads to adverse consequences. here are reports, for example, of late erosion of a
cross-link into the dura.117 In other cases, scar or implant
encapsulation appears to protect the dura.
Medial screw misplacement frequently leads to a lateral
durotomy. his area is diicult to access for direct repair and

would typically require additional spinal destabilization and
facet resection to reach. In one series of 695 patients, bone wax
or simple screw placement was an adequate means of dural
repair.118 his is particularly important in the thoracic spine,
where the pedicles are oten narrow and the dura typically
abuts the medial pedicle border.
Although use of bicortical screw ixation in anterior cervical plating constructs has decreased, there are no reports of
late dural injury, perhaps due to the interposition of the posterior longitudinal ligament.

Vascular Structures
Ater cord injury, injury to one of the great vessels or vertebral
arteries is the next most dreaded intraoperative complication
of spine surgery. Potential injuries include laceration, impingement with late injury or istula formation, impingement with
vascular embarrassment of the vascular territory served by the
vessel, and pseudoaneurysm formation (Fig. 98.15).
In many cases, screws have remained in contact with major
vessels for long periods of time without sequelae. Foxx and
colleagues monitored 33 screws in contact with major vessels
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FIG. 98.15 This patient underwent anterior corpectomy with both anterior and posterior screw-rod
reconstruction for a complex, neglected thoracic fracture-dislocation. Eight months after surgery, vascular
symptoms consistent with an aortobronchial istula were encountered. (A–B) Computed tomography (CT)
demonstrated contact between the screw heads and the aorta. (C) The patient was taken to the operating
room for vascular repair and anterior implant removal. (D) Follow-up CT scanning shows an aortic stenting and
implant removal.

for a mean of 44 months without incident.119 It should be
noted that none of the screws penetrated or deformed the
vessel in which it was in contact. he authors suggested that
the “risk of repositioning a screw in contact with a major
vessel but causing no symptoms must be weighed against the
relative risk of leaving it in place.”
However, the impact of implant contact on anterior vascular structures continues to be debated. Individual cases of
acute hemorrhage, erosions, and pseudoaneurysm formation
have been reported. Vertebral artery injury with screw placement is a well-known complication in cervical spine procedures. In one case, ater resuscitation of massive intraoperative
hemorrhage, a 7.0 cm postoperative pseudoaneurysm was
reported.120
A case of lower extremity cyanosis beginning 15 days ater
transpedicular instrumentation placement for an L1 burst
fracture was recently reported.121 A 2.5 mm anterior perforation of the anterior cortex of L2 by the let pedicle screw was
noted in association with complete obliteration of the infrarenal aorta.
Removal of anterior thoracolumbar implants is considered
riskier due to the proximity of the major abdominal vessels.

Recently, 617 consecutive anterior approaches were reported.122
Implant removal cases, body mass index greater than 30, and
multilevel exposures were found to be related to deep vein
thrombosis, lymphedema, wound infection, and hospital
readmission. hese factors were not statistically related to
major vessel injury. he authors concluded that reapproach
of the thoracolumbar spine can be undertaken safely in
patients with a body mass index less than 30 (Figs. 98.16
and 98.17).
Although posterior approaches in the thoracolumbar spine
do not directly afect the vessels anteriorly, screw or cage
placement may cause injuries. hese injuries are very diicult
to control in the absence of direct exposure. Posterior upper
cervical approaches place the vertebral artery at risk, but screw
placement anywhere above C7 increases that risk. As previously discussed, vertebral artery anatomy may preclude safe
placement of some implant types in some patients or on some
sides.
Anterior approaches to the spine risk direct injury during
exposure or decompression. Although possible with any
implant-related spine surgery, sot tissue injuries incurred
during retraction, drilling, tapping, and placing screws or
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FIG. 98.16 (A) Lateral radiography of a patient who underwent a posterior fusion attempt at L4–S1 and then a
later anterior fusion for a posterior pseudarthrosis. Note the position of the pedicle screws at L4; they appear to
be set close to the mobile L3–L4 facet joint and traverse the pedicle parallel to its axis. (B–C) Axial computed
tomography images at the L3–L4 facet/L4 pedicle level of the same patient. Note that the L4 pedicle screws
violate the L3–L4 facet joints. Facet joint violation increases the patient’s risk for adjacent-segment
degeneration. The complication is an error in application and can be avoided by a more lateral entry point with
a more medialized trajectory.

other hardware are more likely with anterior approaches,
particularly anterior cervical approaches. Anterior thoracolumbar surgery oten relies on lateral approaches. Typically, an
approach from the let aortic side is favored due to the greater
toughness of that vessel. Prevention is the key; full release of
the sot tissues for proper exposure will decrease risk, as will
use of drill and tap guides.

Bone and Joint
Implants may cause late disturbance to any bone or joint
against which they abut. Four patients who underwent successful posterior C1–C2 fusion but reported pain on extension
or crepitus were recently reported. Imaging revealed erosion
of the occiput where the C1 ixation made contact with it.123

Another report recently described intradural migration of
posterior cervical rods in a patient ater open reduction and
internal ixation of a C5–C6 fracture-dislocation in which no
laminectomy had been performed.124
Screw placement may also afect adjacent-segment degeneration rates. In one recent study of 210 patents with a 9-year
follow-up, patients with screws placed farther from the facet
joint surface had lower rates of adjacent-segment degeneration (see Fig. 98.17).125

Other Soft Tissue Impingement
Spinal alignment can afect airway patency, especially with
occipitocervical fusion procedures. One recent study suggested close attention to the occiput–C2 ixation angle to avoid
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FIG. 98.17 During an attempt at removal of loose pedicle screws in the context of lumbar pseudarthrosis, one
of the screws was inadvertently dislodged anteriorly. General surgery performed a combined retroperitoneal
and transperitoneal removal of the screw.

airway obstruction, especially in patients with large tongues or
micrognathia.126 In this study, this angle tended toward lexion
of 5 to 18 degrees in cases of airway obstruction.
In one series of 1789 patients undergoing anterior cervical
discectomy and fusion, 74 underwent radiographic evaluation
for dysphagia. Hardware or bone grat displacement was
responsible for 18 of these cases and was more likely in the
mid and upper cervical spine.127
he prominence of posterior screw-rod systems relative
to the extensor compartment sot tissues of the spine has led
some surgeons to recommend elective implant removal ater
sot tissue healing. he beneits of this additional surgery
continue to be debated. In one recent series, implant removal
was reported to reduce pain, especially in patients with higher
pelvic incidence.128 Fascial dehiscence and wound healing
problems were reported in up to 9% of cases, however. One
recent small study reported a decrease, but not elimination
of, back pain in 80% of their heterogeneous patient cohort.129

Conclusions
Complications from spinal instrumentation are any undesirable and unexpected result stemming from placement of those
implants. To be a signiicant complication, it must afect the
patient and would not have occurred had implant placement
“gone as well as could reasonably be hoped.”1
Complication avoidance, and addressing complications
once they occur, require a detailed understanding of the
patient’s underlying biology and the pathophysiology of his
or her spinal condition. Expertise in spinal biomechanics and
the ways in which various constructs afect the load bearing
of the intact and diseased spine are required to select the
most appropriate implants for the patient’s condition. Once

a primary (and back-up) strategy are in place, meticulous
attention to detail during surgery will reduce the damage
to surrounding healthy tissue and minimize the rate of
implant malposition. A great surgeon will realize when
aborting the current plan is required due to the patient’s
intraoperative hemodynamics, visualization diiculties, or
unexpected indings.
Terriic tools, from intraoperative neurophysiologic monitoring to axial imaging and navigation, are now available.
hese will be helpful adjuncts, not mission-critical elements
required for the surgery to proceed. hese modalities have
limitations, and the surgeon’s instincts and deep understanding of spinal anatomy, mechanics, and physiology are key to
reduce the complication rate.

KEY POINTS
1. Not all suboptimal outcomes of surgery are related to a
complication.
2. Complication avoidance requires the following:
• Preoperative attention to the patient’s individual biology and
anatomy. Bone quality assessment, smoking cessation, and
perioperative glucose control, among other factors, can have
a marked efect on complication rates.
• Intraoperative attention to the patient’s homeostasis.
Support of appropriate hemoglobin levels and mean arterial
pressure will reduce cardiopulmonary and, in some cases,
neurologic complications.
• Intraoperative attention to the patient’s anatomy. Proper
exposure and/or imaging guidance allow proper implant
placement. The irst step is proper intraoperative positioning.
• Postoperative attention to the patient’s recovery. Close
attention to nutritional status, wound healing, spine loading
and, when necessary, radiographic implant position and
fusion progression allow early detection of minor problems
before major complications ensue.
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3. Avoiding late failure of spinal implants requires understanding
forces to which the spine will be subjected, planes in which the
spine is unstable, how the implants are meant to counteract
these forces, and how instrumentation afects forces passing
through structural grafts.
4. Most spine implants today are overengineered for their
intended purpose. Thus fracturing of the implant itself is most
likely a result of the following:
• Iatrogenic weakness through notching or overbending. This
can be reduced through consideration of bony anchor
placement relative to the levels above and below and
replacement of overbent rods.
• Failure to achieve bony union. This can be reduced by careful
attention to decortication and grafting technique and
material.
• Particularly high stress regions in a construct. This can be
reduced by using thicker rods or plates, doubling the rods, or
using hinged constructs at osteotomy sites, the
occipitocervical junction, and regions with unreconstructed
anterior load-bearing defects.
5. Most implant failure occurs in the bone or at the boneimplant junction. Methods to reduce this failure include
the following:
• Careful attention to fusion technique
• Anterior interbody grafting at high-risk zones (e.g.,
lumbosacral junction)
• Avoiding anterior interbody devices, when possible, in
markedly osteoporotic patients
• Augmenting the bone, when appropriate, with
polymethylmethacrylate or other materials
• Increasing the number of bone anchors (including hooks,
tape, and cables)
• Maximizing pedicle ill
• Judicious use of bicortical ixation
• Avoiding excessive preload on the implants
• When necessary, perioperative antiosteoporotic medications
and postoperative bracing

be an increasing challenge. Ohtori and coworkers have published
a number of studies examining postoperative antiosteoporotic
management with bisphosphonates or teriparatide. In this
study, 62 women undergoing one- and two-level decompression
and fusion for degenerative spondylolisthesis were divided into
three groups. These groups included teriparatide administration,
bisphosphonate administration, and a control group. As expected,
the slow mechanism of bisphosphonates did not yield appreciable
improvements in screw-holding power over the control group. The
teriparatide group, on the other hand, was found to have a much
lower rate of screw loosening. Spine surgeons must increasingly
be aware of bone density issues and address them preoperatively
when possible. When more urgent surgery is required, postoperative
antiosteoporotic management will likely reduce implant-related
complications.
4. Kassis SZ, Abukwedar LK, Msaddi AK, Majer CN, Othman W.
Combining pedicle screw stimulation with spinal navigation, a
protocol to maximize the safety of neural elements and
minimize radiation exposure in thoracolumbar spine
instrumentation. Eur Spine J. 2016;25(6):1724-1728.
Screw malposition remains a challenge in spine surgery. Aside from
simply reducing the mechanical beneits of the screw, permanent
nerve injury, durotomy, and unintended return to the operating
room are among the sequelae of misplacement. A number of tools
and techniques have been devised to improve screw placement
rates. The authors of this study used a worklow that combines
three-dimensional navigation and electromyographic screw
stimulation to optimize screw placement before wound closure.
5. He B, Yan L, Guo H, et al. The diference in superior adjacent
segment pathology after lumbar posterolateral fusion by using
2 diferent pedicle screw insertion techniques in 9-year
minimum follow-up. Spine. 2014;39(14):1093-1098.
Regardless of the initial indication for surgery, over the long term,
adjacent-segment problems remain a serious concern. This study
followed 210 patients with isthmic spondylolisthesis for a minimum
of 9 years. They found that pedicle screw trajectories that position
the implant farther from the joint surface signiicantly decrease the
rate of adjacent-segment problems.

KEY REFERENCES
1. Sokol DK, Wilson J. What is a surgical complication? World J Surg.
2008;32(6):942-944.
The term complication has always been loaded from a medicolegal
standpoint. When used incorrectly to include any adverse surgical
outcome or diferently by diferent caregivers, it can lessen trust and
weaken the therapeutic bond with the patient. In the era of surgeon
report cards and value-based payments, a reasonable, uniform
nomenclature has never been more important. This essay is a
must-read for all surgeons.
2. Radclif KE, Neusner AD, Millhouse PW, et al. What is new in the
diagnosis and prevention of spine surgical site infections? Spine
J. 2015;15(2):336-347.
Postoperative wound healing and infection problems remain
problematic. In this study, the authors discuss preoperative risk
stratiication and optimization, intraoperative prevention, and
postoperative infection detection strategies.
3. Ohtori S, Inoue G, Orita S, et al. Comparison of teriparatide and
bisphosphonate treatment to reduce pedicle screw loosening
after lumbar spinal fusion surgery in postmenopausal women
with osteoporosis from a bone quality perspective. Spine.
2013;38(8):E487-E492.
With the aging of the population and increased survivorship
among patients with metastatic disease and other conditions
that compromise bone quality, achieving satisfactory ixation will

REFERENCES
1. Sokol DK, Wilson J. What is a surgical complication? World J
Surg. 2008;32(6):942-944.
2. Hart RA, Marshall LM, Hiratzka SL, et al. Functional limitations
due to stifness as a collateral impact of instrumented arthrodesis
of the lumbar spine. Spine. 2014;39(24):E1468-E1474.
3. Cunin V. Early-onset scoliosis: current treatment. Orthop
Traumatol Surg Res. 2015;101(1 suppl):S109-S118.
4. Chapman TM, Blizzard DJ, Brown CR. CT accuracy of
percutaneous versus open pedicle screw techniques: a series
of 1609 screws. Eur Spine J. 2016;25(6):1781-1786. Erratum
2016;25(3):970.
5. Kennedy BC, D’Amico RS, Youngerman BE, et al. Long-term
growth and alignment ater occipitocervical and atlantoaxial
fusion with rigid internal ixation in young children. J
Neurosurg Pediatr. 2016;17(1):94-102.
6. Quraishi NA, Rajabian A, Spencer A, et al. Reoperation
rates in the surgical treatment of spinal metastases. Spine J.
2015;15(3 suppl):S37-S43.
7. Bydon M, De la Garza-Ramos R, Abt NB, et al. Durotomy is
associated with pseudoarthrosis following lumbar fusion. J
Clin Neurosci. 2015;22(3):544-548.
8. Fujimori T, Yaszay B, Bartley CE, Bastrom TP, Newton
PO. Safety of pedicle screws and spinal instrumentation

Chapter 98 Instrumentation Complications

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26. Talia AJ, Wong ML, Lau HC, Kaye AH. Safety of
instrumentation and fusion at the time of surgical debridement
for spinal infection. J Clin Neurosci. 2015;22(7):1111-1116.
27. Lu ML, Niu CC, Tsai TT, et al. Transforaminal lumbar
interbody debridement and fusion for the treatment of
infective spondylodiscitis in the lumbar spine. Eur Spine J.
2015;24(3):555-560.
28. Bydon M, De la Garza-Ramos R, Macki M, et al. Spinal
instrumentation in patients with primary spinal infections
does not lead to greater recurrent infection rates: an analysis
of 118 cases. World Neurosurg. 2014;82(6):e807-e814.
29. Arnold R, Rock C, Crot L, Gilliam BL, Morgan DJ. Factors
associated with treatment failure in vertebral osteomyelitis
requiring spinal instrumentation. Antimicrob Agents
Chemother. 2014;58(2):880-884.
30. Radclif KE, Neusner AD, Millhouse PW, et al. What is new in
the diagnosis and prevention of spine surgical site infections.
Spine J. 2015;15(2):336-347.
31. Garg S, LaGreca J, Hotchkiss M, Erickson M. Management of
late (>1 y) deep infection ater spinal fusion: a retrospective
cohort study. J Pediatr Orthop. 2015;35(3):266-270.
32. Lall RR, Wong AP, Lall RR, et al. Evidence-based
management of deep wound infection ater spinal
instrumentation. J Clin Neurosci. 2015;22(2):238-242.
33. Khoshbin A, Lysenko M, Law P, Wright JG. Outcomes
of infection following pediatric spinal fusion. Can J Surg.
2015;58(2):107-113.
34. Chieng LO, Hubbard Z, Salgado CJ, Levi AD, Chim H.
Reconstruction of open wounds as a complication of spinal
surgery with laps: a systematic review. Neurosurg Focus.
2015;39(4):E17.
35. Onen MR, Yuvruk E, Karagoz G, Naderi S. Eiciency of
hyperbaric oxygen therapy in iatrogenic spinal infections.
Spine. 2015;40(22):1743-1748.
36. Sawin PD, Dickman CA, Crawford NR, et al. he efects of
dexamethasone on bone fusion in an experimental model
of posterolateral lumbar spinal arthrodesis. J Neurosurg.
2001;94(1 suppl):76-81.
37. Lu ML, Tsai TT, Lai PL, et al. A retrospective study of treating
thoracolumbar spine fractures in ankylosing spondylitis. Eur J
Orthop Surg Traumatol. 2014;24(suppl 1):S117-S123.
38. Niimi R, Kono T, Nishihara A, et al. A retrospective analysis
of nonresponse to daily teriparatide treatment. Osteoporos Int.
2016;27(9):2845-2853.
39. Choma TJ, Rechtine G, McGuire RA, Brodke DS. Treating the
aging spine. Instr Course Lect. 2016;65:269-279.
40. Tu CW, Huang KF, Hsu HT, et al. Zoledronic acid infusion
for lumbar interbody fusion in osteoporosis. J Surg Res.
2014;192(1):112-116.
41. Ohtori S, Inoue G, Orita S, et al. Teriparatide accelerates
lumbar posterolateral fusion in women with postmenopausal
osteoporosis: prospective study. Spine. 2012;37(23):E1464E1468.
42. Niimi R, Kono T, Nishihara A, et al. he relationship of
BMD increases between the irst 12 months and the latter 12
months by daily teriparatide treatment. Calcif Tissue Int. 2016.
43. Ohtori S, Orita S, Yamauchi K, et al. More than 6 months
of teriparatide treatment was more efective for bone union
than shorter treatment following lumbar posterolateral fusion
surgery. Asian Spine J. 2015;9(4):573-580.
44. Ohtori S, Inoue G, Orita S, et al. Comparison of
teriparatide and bisphosphonate treatment to reduce
pedicle screw loosening ater lumbar spinal fusion surgery

S E C T I O N

9.

for pediatric patients: comparative analysis between 0- and
5-year-old, 5- and 10-year-old, and 10- and 15-year-old
patients. Spine. 2014;39(7):541-549.
Chen SH, Lee CH, Huang KC, Hsieh PH, Tsai SY.
Postoperative wound infection ater posterior spinal
instrumentation: analysis of long-term treatment outcomes.
Eur Spine J. 2015;24(3):561-570.
Weinstein MA, McCabe JP, Cammisa FP Jr. Postoperative
spinal wound infection: a review of 2,391 consecutive index
procedures. J Spinal Disord. 2000;13(5):422-426.
Massie JB, Heller JG, Abitbol JJ, McPherson D, Garin SR.
Postoperative posterior spinal wound infections. Clin Orthop
Relat Res. 1992;284:99-108.
Spivak JM, Petrizzo AM. Revision of a lumbar disc
arthroplasty following late infection. Eur Spine J. 2010;
19(5):677-681.
Arens S, Schlegel U, Printzen G, et al. Inluence of materials
for ixation implants on local infection. An experimental
study of steel versus titanium DCP in rabbits. J Bone Joint
Surg Br. 1996;78(4):647-651.
Wang JC, Yu WD, Sandhu HS, et al. Metal debris from
titanium spinal implants. Spine. 1999;24(9):899-903.
Cunningham BW, Orbegoso CM, Dmitriev AE, et al.
he efect of titanium particulate on development and
maintenance of a posterolateral spinal arthrodesis: an in vivo
rabbit model. Spine. 2002;27(18):1971-1981.
Cundy WJ, Mascarenhas AR, Antoniou G, Freeman BJ,
Cundy PJ. Local and systemic metal ion release occurs
intraoperatively during correction and instrumented spinal
fusion for scoliosis. J Child Orthop. 2015;9(1):39-43.
Cundy TP, Cundy WJ, Antoniou G, et al. Serum titanium,
niobium and aluminium levels two years following
instrumented spinal fusion in children: Does implant
surface area predict serum metal ion levels? Eur Spine J.
2014;23(11):2393-2400.
Savarino L, Greggi T, Martikos K, et al. Long-term systemic
metal distribution in patients with stainless steel spinal
instrumentation: a case-control study. J Spinal Disord Tech.
2015;28(3):114-118.
Inanami H, Oshima Y, Iwahori T, et al. Role of 18F-luoroD-deoxyglucose PET/CT in diagnosing surgical site
infection ater spine surgery with instrumentation. Spine.
2015;40(2):109-113.
Wang Y, Cheung JP, Cheung KM. Use of PET/CT in the early
diagnosis of implant-related wound infection and avoidance
of wound debridement. Eur Spine J. 2016;25(suppl 1):38-43.
Chaichana KL, Bydon M, Santiago-Dieppa DR, et al. Risk
of infection following posterior instrumented lumbar fusion
for degenerative spine disease in 817 consecutive cases. J
Neurosurg Spine. 2014;20(1):45-52.
Hikata T, Iwanami A, Hosogane N, et al. High preoperative
hemoglobin A1c is a risk factor for surgical site infection ater
posterior thoracic and lumbar spinal instrumentation surgery.
J Orthop Sci. 2014;19(2):223-228.
Klein JD, Hey LA, Yu CS, et al. Perioperative nutrition and
postoperative complications in patients undergoing spinal
surgery. Spine. 1996;21(22):2676-2682.
De la Garza-Ramos R, Bydon M, Macki M, et al.
Instrumented fusion in the setting of primary spinal infection.
J Neurosurg Sci. 2017;61(1):64-76.
Park KH, Cho OH, Lee YM, et al. herapeutic outcomes of
hematogenous vertebral osteomyelitis with instrumented
surgery. Clin Infect Dis. 2015;60(9):1330-1338.

1803

XIV

1804

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

COMPLICATIONS OF SPINAL SURGERY
in postmenopausal women with osteoporosis from a bone
quality perspective. Spine. 2013;38(8):E487-E492.
Truumees E, Demetropoulos CK, Yang KH, Herkowitz HN.
Failure of human cervical endplates: a cadaveric experimental
model. Spine. 2003;28(19):2204-2208.
Hasegawa K, Abe M, Washio T, Hara T. An experimental
study on the interface strength between titanium mesh cage
and vertebra in reference to vertebral bone mineral density.
Spine. 2001;26(8):957-963.
Jost B, Cripton PA, Lund T, et al. Compressive strength of
interbody cages in the lumbar spine: the efect of cage shape,
posterior instrumentation and bone density. Eur Spine J.
1998;7(2):132-141.
Mattei TA, Rehman AA, Issawi A, Fassett DR. Surgical
challenges in the management of cervical kyphotic deformity
in patients with severe osteoporosis: an illustrative case
of a patient with Hajdu-Cheney syndrome. Eur Spine J.
2015;24(12):2746-2753.
Goldstein CL, Brodke DS, Choma TJ. Surgical management
of spinal conditions in the elderly osteoporotic spine.
Neurosurgery. 2015;77(suppl 4):S98-S107.
Chang MC, Liu CL, Chen TH. Polymethylmethacrylate
augmentation of pedicle screw for osteoporotic spinal surgery:
a novel technique. Spine. 2008;33(10):E317-E324.
Glassman SD, Alegre GM. Adult spinal deformity in the
osteoporotic spine: options and pitfalls. Instr Course Lect.
2003;52:579-588.
Huang RC, Lim MR, Girardi FP, Cammisa FP Jr. he
prevalence of contraindications to total disc replacement in
a cohort of lumbar surgical patients. Spine. 2004;29(22):
2538-2541.
Guzman JZ, Feldman ZM, McAnany S, et al. Osteoporosis in
cervical spine surgery. Spine. 2016;41(8):662-668.
Dua K, Kepler CK, Huang RC, Marchenko A. Vertebral
body fracture ater anterolateral instrumentation and
interbody fusion in two osteoporotic patients. Spine J.
2010;10(9):e11-e15.
Kim SK, Chung JY, Seo HY, Lee WG. Vertebral compression
fracture within a solid fusion mass without trauma ater
removal of pedicle screws. Spine J. 2016;16(3):e219-e223.
Andersen T, Christensen FB, Laursen M, et al. Smoking as a
predictor of negative outcome in lumbar spinal fusion. Spine.
2001;26(23):2623-2628.
Hilibrand AS, Fye MA, Emery SE, Palumbo MA, Bohlman
HH. Impact of smoking on the outcome of anterior cervical
arthrodesis with interbody or strut-grating. J Bone Joint Surg
Am. 2001;83-A(5):668-673.
Glassman SD, Anagnost SC, Parker A, et al. he efect of
cigarette smoking and smoking cessation on spinal fusion.
Spine. 2000;25(20):2608-2615.
McPhee IB, Williams RP, Swanson CE. Factors inluencing
wound healing ater surgery for metastatic disease of the
spine. Spine. 1998;23(6):726-732, discussion 732-723.
Wise JJ, Fischgrund JS, Herkowitz HN, Montgomery D,
Kurz LT. Complication, survival rates, and risk factors
of surgery for metastatic disease of the spine. Spine.
1999;24(18):1943-1951.
Ahmadian A, Bach K, Bolinger B, et al. Stand-alone
minimally invasive lateral lumbar interbody fusion:
multicenter clinical outcomes. J Clin Neurosci. 2015;
22(4):740-746.
Pitzen T, Matthis D, Steudel WI. he efect of posterior
instrumentation following PLIF with BAK cages is

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.
75.

76.

77.

78.

79.

most pronounced in weak bone. Acta Neurochir (Wien).
2002;144(2):121-128, discussion 128.
Barton C, Noshchenko A, Patel V, et al. Risk factors for rod
fracture ater posterior correction of adult spinal deformity
with osteotomy: a retrospective case-series. Scoliosis.
2015;10:30.
Aghayev E, Zullig N, Diel P, Dietrich D, Benneker LM.
Development and validation of a quantitative method
to assess pedicle screw loosening in posterior spine
instrumentation on plain radiographs. Eur Spine J.
2014;23(3):689-694.
McAfee PC, Weiland DJ, Carlow JJ. Survivorship analysis of
pedicle spinal instrumentation. Spine. 1991;16(8 suppl):
S422-S427.
Sayama C, Willsey M, Chintagumpala M, et al. Routine
use of recombinant human bone morphogenetic protein-2
in posterior fusions of the pediatric spine and incidence of
cancer. J Neurosurg Pediatr. 2015;16(1):4-13.
Sayama C, Hadley C, Monaco GN, et al. he eicacy of
routine use of recombinant human bone morphogenetic
protein-2 in occipitocervical and atlantoaxial fusions of the
pediatric spine: a minimum of 12 months’ follow-up with
computed tomography. J Neurosurg Pediatr. 2015;16(1):14-20.
Chun DS, Baker KC, Hsu WK. Lumbar pseudarthrosis: a
review of current diagnosis and treatment. Neurosurg Focus.
2015;39(4):E10.
Toohey JS, Stromberg L, Neidre A, Ramsey M, Fogel GR.
Treatment of cervical pseudarthrosis ater Smith-Robinson
procedure with Halifax clamp ixation. J Surg Orthop Adv.
2006;15(4):201-202.
Amankulor NM, Xu R, Iorgulescu JB, et al. he incidence
and patterns of hardware failure ater separation surgery in
patients with spinal metastatic tumors. Spine J. 2014;14(9):
1850-1859.
Sanden B, Olerud C, Petren-Mallmin M, et al. he
signiicance of radiolucent zones surrounding pedicle screws.
Deinition of screw loosening in spinal instrumentation. J
Bone Joint Surg Br. 2004;457-461.
Wu JC, Huang WC, Tsai HW, et al. Pedicle screw loosening
in dynamic stabilization: incidence, risk, and outcome in 126
patients. Neurosurg Focus. 2011;31(4):E9.
Bayri Y, Eksi MS, Dogrul R, Koc DY, Konya D. Migration of
rod into retroperitoneal region: a case report and review of
the literature. Korean J Spine. 2014;11(4):241-244.
Gruskay JA, Webb ML, Grauer JN. Methods of evaluating
lumbar and cervical fusion. Spine J. 2014;14(3):531-539.
Dickson DD, Lenke LG, Bridwell KH, Koester LA. Risk
factors for and assessment of symptomatic pseudarthrosis
ater lumbar pedicle subtraction osteotomy in adult spinal
deformity. Spine. 2014;39(15):1190-1195.
Schreiber U, Bence T, Grupp T, et al. Is a single anterolateral
screw-plate ixation suicient for the treatment of spinal
fractures in the thoracolumbar junction? A biomechanical in
vitro investigation. Eur Spine J. 2005;14(2):197-204.
Segal D, Whitelaw GP, Gumbs V, Pick RY. Tension band
ixation of acute cervical spine fractures. Clin Orthop. 1981;
159:211-222.
Lowry DW, Lovely TJ, Rastogi P. Comparison of tension band
wiring and lateral mass plating for subaxial posterior cervical
fusion. Surg Neurol. 1998;50(4):323-331, discussion 331-322.
al Baz MO, Mathur N. Modiied technique of tension band
wiring in lexion injuries of the middle and lower cervical
spine. Spine. 1995;20(11):1241-1244.

Chapter 98 Instrumentation Complications

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

guidance techniques in the intact cadaveric spine. J Neurosurg
Spine. 2011;14(5):664-669.
Boon Tow BP, Yue WM, Srivastava A, et al. Does navigation
improve accuracy of placement of pedicle screws in
single-level lumbar degenerative spondylolisthesis? A
comparison between free-hand and three-dimensional
O-arm navigation techniques. J Spinal Disord Tech.
2015;28(8):E472-E477.
Luther N, Iorgulescu JB, Geannette C, et al. Comparison
of navigated versus non-navigated pedicle screw placement
in 260 patients and 1434 screws: screw accuracy, screw
size, and the complexity of surgery. J Spinal Disord Tech.
2015;28(5):E298-E303.
Ryang YM, Villard J, Obermuller T, et al. Learning curve of
3D luoroscopy image-guided pedicle screw placement in the
thoracolumbar spine. Spine J. 2015;15(3):467-476.
Hecht N, Kamphuis M, Czabanka M, et al. Accuracy and
worklow of navigated spinal instrumentation with the mobile
AIRO CT scanner. Eur Spine J. 2016;25(3):716-723.
Elliott MJ, Slakey JB. CT provides precise size assessment of
implanted titanium alloy pedicle screws. Clin Orthop Relat
Res. 2014;472(5):1605-1609.
Dabaghi Richerand A, Christodoulou E, Li Y, et al.
Comparison of efective dose of radiation during pedicle
screw placement using intraoperative computed tomography
navigation versus luoroscopy in children with spinal
deformities. J Pediatr Orthop. 2016;36(5):530-533.
Curylo LJ, Mason HC, Bohlman HH, Yoo JU. Tortuous
course of the vertebral artery and anterior cervical
decompression: a cadaveric and clinical case study. Spine.
2000;25(22):2860-2864.
Calancie B, Donohue ML, Harris CB, et al. Neuromonitoring
with pulse-train stimulation for implantation of thoracic
pedicle screws: a blinded and randomized clinical study.
Part 1: methods and alarm criteria. J Neurosurg Spine.
2014;20(6):675-691.
Calancie B, Donohue ML, Moquin RR. Neuromonitoring with
pulse-train stimulation for implantation of thoracic pedicle
screws: a blinded and randomized clinical study. Part 2: the
role of feedback. J Neurosurg Spine. 2014;20(6):692-704.
Kassis SZ, Abukwedar LK, Msaddi AK, Majer CN, Othman
W. Combining pedicle screw stimulation with spinal
navigation, a protocol to maximize the safety of neural
elements and minimize radiation exposure in thoracolumbar
spine instrumentation. Eur Spine J. 2016;25(6):1724-1728.
Gaines RW Jr. he use of pedicle-screw internal ixation for
the operative treatment of spinal disorders. J Bone Joint Surg
Am. 2000;82-A(10):1458-1476.
Abe Y, Ito M, Abumi K, et al. Scoliosis corrective force
estimation from the implanted rod deformation using
3D-FEM analysis. Scoliosis. 2015;10(suppl 2):S2.
Yamanaka K, Mori M, Yamazaki K, et al. Analysis of the
fracture mechanism of Ti-6Al-4V alloy rods that failed
clinically ater spinal instrumentation surgery. Spine.
2015;40(13):E767-E773.
Serhan H, Slivka M, Albert T, Kwak SD. Is galvanic corrosion
between titanium alloy and stainless steel spinal implants a
clinical concern? Spine J. 2004;4(4):379-387.
Jones AA, Dougherty PJ, Sharkey NA, Benson DR.
Iliac crest bone grat. Osteotome versus saw. Spine.
1993;18(14):2048-2052.
Tullberg T. Failure of a carbon iber implant. A case report.
Spine. 1998;23(16):1804-1806.

S E C T I O N

80. Benzel E. Biomechanics of Spine Stabilization: Principles and
Clinical Practice. New York: McGraw-Hill; 1995.
81. Benzel EC. Short-segment compression instrumentation for
selected thoracic and lumbar spine fractures: the short-rod/
two-claw technique. J Neurosurg. 1993;79(3):335-340.
82. Pellise F, Barastegui D, Hernandez-Fernandez A, et al.
Viability and long-term survival of short-segment
posterior ixation in thoracolumbar burst fractures. Spine J.
2015;15(8):1796-1803.
83. Yang K, King A. Mechanism of facet load transmission as a
hypothesis for low back pain. Spine. 1984;9:557-565.
84. An HS, Vaccaro A, Cotler JM, Lin S. Spinal disorders at the
cervicothoracic junction. Spine. 1994;19(22):2557-2564.
85. Wu SS, Hwa SY, Lin LC, et al. Management of rigid
post-traumatic kyphosis. Spine. 1996;21(19):2260-2266,
discussion 2267.
86. Luca A, Lovi A, Galbusera F, Brayda-Bruno M. Revision
surgery ater PSO failure with rod breakage: a comparison of
diferent techniques. Eur Spine J. 2014;23(suppl 6):610-615.
87. Smith JS, Shafrey E, Klineberg E, et al. Prospective
multicenter assessment of risk factors for rod fracture
following surgery for adult spinal deformity. J Neurosurg
Spine. 2014;21(6):994-1003.
88. Guler UO, Cetin E, Yaman O, et al. Sacropelvic ixation in
adult spinal deformity (ASD): a very high rate of mechanical
failure. Eur Spine J. 2015;24(5):1085-1091.
89. Bernstein P, Hentschel S, Platzek I, et al. horacal lat back
is a risk factor for lumbar disc degeneration ater scoliosis
surgery. Spine J. 2014;14(6):925-932.
90. Kast E, Mohr K, Richter HP, Borm W. Complications of
transpedicular screw ixation in the cervical spine. Eur Spine
J. 2006;15(3):327-334.
91. Sudo H, Abumi K, Ito M, Kotani Y, Minami A. Spinal cord
compression by multistrand cables ater solid posterior
atlantoaxial fusion. Report of three cases. J Neurosurg.
2002;97(3 suppl):359-361.
92. Abumi K. Cervical spondylotic myelopathy: posterior
decompression and pedicle screw ixation. Eur Spine J.
2015;24(suppl 2):186-196.
92a. Reinhold M, Magerl F, Rieger M, Blauth M. Cervical pedicle
screw placement: feasibility and accuracy of two new
insertion techniques based on morphometric data. Eur Spine
J. 2007;16(1):47-56.
93. Al Barbarawi MM, Allouh MZ. Cervical lateral mass
screw-rod ixation: surgical experience with 2500 consecutive
screws, an analytical review, and long-term outcomes. Br J
Neurosurg. 2015;29(5):699-704.
94. Gonzalvo A, Fitt G, Liew S, et al. Correlation between pedicle
size and the rate of pedicle screw misplacement in the
treatment of thoracic fractures: Can we predict how diicult
the task will be? Br J Neurosurg. 2015;29(4):508-512.
95. Ghobrial GM, Williams KA Jr, Arnold P, Fehlings M, Harrop
JS. Iatrogenic neurologic deicit ater lumbar spine surgery: a
review. Clin Neurol Neurosurg. 2015;139:76-80.
96. Donohue ML, Moquin RR, Singla A, Calancie B. Is in vivo
manual palpation for thoracic pedicle screw instrumentation
reliable? J Neurosurg Spine. 2014;20(5):492-496.
97. Parker SL, McGirt MJ, Farber SH, et al. Accuracy of free-hand
pedicle screws in the thoracic and lumbar spine: analysis of
6816 consecutive screws. Neurosurgery. 2011;68(1):170-178,
discussion 178.
98. Alhabib H, Nataraj A, Khashab M, et al. Pedicle screw
insertion in the thoracolumbar spine: comparison of 4

1805

XIV

1806

COMPLICATIONS OF SPINAL SURGERY

115. Schwend RM, Waters PM, Hey LA, Hall JE, Emans JB.
Treatment of severe spondylolisthesis in children by reduction
and L4-S4 posterior segmental hyperextension ixation. J
Pediatr Orthop. 1992;12(6):703-711.
116. Gandhoke GS, Kasliwal MK, Smith JS, et al. A multi-center
evaluation of clinical and radiographic outcomes following
high-grade spondylolisthesis reduction and fusion. Clin Spine
Surg. 2016. Epub ahead of print.
117. Rahmathulla G, Deen HG. Spine fusion cross-link causing
delayed dural erosion and CSF leak: case report. J Neurosurg
Spine. 2015;22(4):439-443.
118. Feng B, Shen J, Zhang J, et al. How to deal with cerebrospinal
luid leak during pedicle screw ixation in spinal deformities
surgery with intraoperative neuromonitoring change. Spine.
2014;39(1):E20-E25.
119. Foxx KC, Kwak RC, Latzman JM, Samadani U. A
retrospective analysis of pedicle screws in contact with the
great vessels. J Neurosurg Spine. 2010;13(3):403-406.
120. Guo S, Pan J, Li L, et al. Giant delayed pseudo-aneurysm
following screw placement in C1 lateral mass. Orthop
Traumatol Surg Res. 2014;100(6):691-694.
121. Blocher M, Mayer M, Resch H, Ortmaier R. Leriche-like
syndrome as a delayed complication following posterior
instrumentation of a traumatic L1 fracture: a case report and
literature review. Spine. 2015;40(22):E1195-E1197.
122. Ballard JL, Carlson G, Chen J, White J. Anterior
thoracolumbar spine exposure: critical review and analysis.
Ann Vasc Surg. 2014;28(2):465-469.

123. Arizumi F, Moriyama T, Tachibana T, et al. Erosion in the
occipital bone caused by the ixation instrument used for
posterior atlantoaxial fusion—report of 4 cases. Springerplus.
2015;4:137.
124. Pulhorn H, Kareem H, Ulbricht C. Intradural migration of
cervical posterior ixation rods. Eur Spine J. 2016;suppl 1:
6-10.
125. He B, Yan L, Guo H, et al. he diference in superior adjacent
segment pathology ater lumbar posterolateral fusion by
using 2 diferent pedicle screw insertion techniques in 9-year
minimum follow-up. Spine. 2014;39(14):1093-1098.
126. Huang M, Gonda DD, Briceno V, et al. Dyspnea
and dysphagia from upper airway obstruction ater
occipitocervical fusion in the pediatric age group. Neurosurg
Focus. 2015;38(4):E13.
127. Carucci LR, Turner MA, Yeatman CF. Dysphagia secondary
to anterior cervical fusion: radiologic evaluation and
indings in 74 patients. AJR Am J Roentgenol. 2015;204(4):
768-775.
128. Jentzsch T, Gomes de Lima V, Seifert B, Sprengel K,
Werner CM. he beneits of elective spinal implant
removal: a retrospective study of 137 patients. Eur Spine J.
2016;25(3):856-864.
129. Ak H, Gulsen I, Atalay T, Gencer M. Does the removal
of spinal implants reduce back pain? J Clin Med Res.
2015;7(6):460-463.

S E C T I O N

99

C H A P T E R

Postoperative Spinal Infections
Sohrab Pahlavan
Yu-Po Lee
Nitin N. Bhatia

Introduction
Postoperative spinal wound infections are relatively frequent
problems that treating spine surgeons must know how to
diagnose and address. Although strategies to reduce the occurrence of infection ater spine surgery have seen some success,
infection rates of up to 20% continue to be reported in the
literature. hese infections result in signiicant acute and
chronic morbidity to the patient and cause signiicant inancial
drain to the patient and the health care system. Because of the
relatively high incidence and diiculty in diagnosis, there
must be a thorough understanding of the diagnostic and
management principles in order to successfully treat these
patients. Current treatment strategies need to be continually
revisited in order to address commonly encountered microorganisms and potential resistance patterns that may develop.
Successful infection management begins preoperatively
with aseptic technique and proper antibiotic prophylaxis
administration. Additionally, a thorough preoperative workup
with careful attention to potential patient risk factors is essential. he astute surgeon must have keen examination skills and
the clinical sense to initiate the diagnostic workup for a
postoperative infection when there is any signiicant suspicion,
particularly with deep wound infections. he results from a
diagnostic workup are oten vague and diicult to interpret.
he decision to treat an infection solely with medical therapy
versus with aggressive surgical debridement continues to be a
relatively controversial topic. Prompt and successful infection
eradication has signiicant inluence on the success of the
original surgery and the ultimate patient outcome.

Incidence/Epidemiology
Postoperative wound infections are among the most common
complications following spinal surgery. he incidence documented in the literature has historically been quite variable,
with reported ranges from 0.5% to 20%.1–7 his discrepancy is
in part due to signiicant variation in case complexity, use of

instrumentation, the deinition of infection, and surgical
approach. In general, increasing the complexity and invasiveness of the surgery correlates with a higher incidence of
infection. More recently, however, a review of the Scoliosis
Research Society Mortality and Morbidity database revealed
supericial and deep infection rates to be 0.8% and 1.3%,
respectively.8 his contrast to older studies with higher infection rates underlines improvements in surgical technique and
prophylaxis protocols.
Historically, lower-risk spinal surgeries include those that
do not require instrumentation. Discectomy and laminectomy
have reported incidences of infection of less than 3%. With
the addition of instrumentation, however, the incidence of
postoperative infection increases to greater than 12% in some
studies.9–19 A recent series demonstrated that infection rates
in cases with implants were 28% higher than cases without
implants (2.3% vs. 1.8%).8 Speciically, lumbar discectomy has
had a reported incidence of 0.7%, and using a microscope
for the procedure increases the incidence to 1.4%. In the
United States, the National Nosocomial Infections Surveillance System, a voluntary performance-measurement system
orchestrated by the Centers for Disease Control and Prevention, has reported a 1.25% rate of surgical site infection following laminectomy and a 2.1% rate following laminectomy
with noninstrumented fusion.20 More recently, a large case
series demonstrated an infection rate of 2.4% in decompression cases, whereas fusion cases had a signiicantly higher
rate at 3.5%.21
Consistently throughout the literature, cases that require
more extensive sot tissue dissection, longer operative time,
greater blood loss, more signiicant sot tissue devitalization,
or the creation of dead space have an increased infection
rate.22–25 In one study, an index of surgical invasiveness was
found to be the strongest risk factor for infection, even when
controlling for comorbidities and other known risk factors.25
Another study comparing infection rates in patients undergoing discectomy alone and those undergoing discectomy and
fusion showed infection rates of 1% versus 6%, respectively. In
other reports, fusion without instrumentation has been
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associated with an infection rate ranging from 0.4% to 4.3%.26
Historically, a general consensus has been that the use of
devitalized bone grat material in fusions results in an infection rate from 1% to 5%. Olsen et al., however, found no
increase in infection rates with the use of bone grat27; a systematic review of the literature supported their indings.28
As the use of instrumentation has become more commonplace, attention must be paid to a possible associated
increased infection risk. Colonization of implanted devices
occurs in upward of 50% of patients, although most do not
display clinical symptoms of infection. Although implants
rarely act as the initial source of infection, they may become
a nidus for inoculation and subclinical growth of infectious
organisms. he implant provides an avascular surface upon
which bacteria can create a glycocalyx, which serves as a
barrier to the host immune response and antibiotic treatment. In addition, micromotion can create metallosis and
subsequent granulomas, which may become a potential site
for bacterial colonization. Other theories postulate that local
sot tissue inlammation and postoperative seromas may serve
as a potential cause for the increased infection risk seen with
instrumented fusions (Fig. 99.1). Historically, there has been
wide variation in infection rates, but more recent literature
reports elective instrumented surgical cases between 2.8% and
6%,9,29,30 with a recent review of retrospective studies showing
a rate between 2.1% and 8.5%.31 Many authors feel that the
actual infection risk with the use of spinal instrumentation is
between 5% and 6%.17–19,29,32
Spinal trauma patients represent a unique population that
have an increased risk for developing postoperative infections.
he signiicant sot tissue devitalization and devascularization
caused by the traumatic event result in local hypoxia, leading
to tissue necrosis, edema, acidosis, and hematoma formation.
his combination results in a medium optimal for bacterial
proliferation isolated from the host defenses.33 Systemically,
the patient sustaining major trauma shows a hyperinlammatory state with alterations in the normally tightly controlled
homeostasis of proinlammatory and antiinlammatory cytokine levels. he resultant imbalance leads to a state of immunosuppression that is thought to increase susceptibility to
infection.34 In addition, comorbid factors such as age,35 medical
conditions, poor nutritional status, and body habitus cannot
be controlled for in the same manner that they are in elective
surgery. he presence of complete neurologic injury signiicantly increases the risk of postoperative infection, while the
presence of an infection decreases functional neurologic
recovery.36 In the largest clinical series investigating 256 surgically treated traumatic spinal injuries, the rate of postoperative
wound infections was 9.4% compared with an infection rate
of 3.7% seen in patients undergoing elective spinal surgery
during the same time period at the same hospital.37 Interestingly, one multicenter cohort study demonstrated an infection
rate of 4.6%, concluding a similar rate to elective patients.38
Other reviews have found postoperative infection rates in
spinal trauma patients ranging from 9% to 15%,9,39,40 which is
greater than the previously discussed average infection rate
seen in elective spinal surgeries. Furthermore, a systematic
review demonstrated that the rate of nonsurgical infections

also are higher in trauma patients compared to nonoperative
controls.41
Anterior spinal procedures appear to be less susceptible
to infection than posterior procedures. Infection rates following anterior cervical spinal surgery have been reported in
the literature to be as low as 0% to 1%.42–44 Anterior thoracic
and lumbar surgery also display signiicantly less infection
risk than their posterior counterparts, with rates 50% lower
than those occurring ater posterior surgery. he infection
rates for anterior approaches are likely decreased by multiple
factors, including better vascularity of the spinal column and
decreased dead space creation. Combined anterior and posterior approaches are an independent risk factor for infection,8
especially in cases of staged surgeries.45
With the rise in minimally invasive surgery (MIS) in spine
surgery, several studies have examined its efect on surgical
site infection (SSI) rates. Several studies have shown decreased
rates of infections using MIS techniques. In one multicenter
study reviewing 1388 cases, the infection rate was 0.74% for
fusions, 0.10% for decompressions, and 0.22% overall.46 MIS
transforaminal lumbar interbody fusion procedures also have
been reported to have lower infection rates compared to open
procedures. Parker et al.47 demonstrated an SSI rate of 0.6% in
MIS compared to 4.0% with open techniques, while McGirt
et al.48 had a 4.6% SSI rate with MIS and 7% with open surgery.
Some studies, however, have shown no diferences in SSI rates
between MIS and open techniques.49,50 In a prospective series,
there was no diference in infection rates for single-level
transforaminal lumbar interbody fusion.49 Interestingly, in the
study by Parker et al.,47 in the subgroup of single-level fusions,
there also was no diference with MIS compared to open
techniques. In light of these indings, speciic conclusions
regarding the efects of MIS on infection risks cannot be made;
for multilevel fusions, however, there appears to be a beneit.51

Risk Factors
Patient risk factors play a pivotal role in inluencing postoperative spinal infections. Many of these risk factors are modiiable if addressed prior to surgery. Others are nonmodiiable
and have been shown to increase postoperative infection risk.
Careful attention to these factors must be made in the preoperative workup because correcting them may have a signiicant
impact on the ultimate outcome of the surgery.
Modiiable risk factors include smoking, obesity, surgery
length, prolonged indwelling catheter use, length of hospital
stay, and malnutrition. he patient and surgeon should work
together to address these risk factors preoperatively. Poorly
controlled diabetics are one of the highest-risk patient populations, with an estimated incidence of postoperative infections
of 17%. A recent systematic review demonstrated that there
was a statistically signiicant association between diabetes and
SSI in ive out of eight studies and in four out of ive studies
elevated blood glucose raised the risk of infection threefold.28
A level II study also showed a 4.10 adjusted relative risk of SSI
in diabetics.52 It is thought that elevated blood glucose concentrations, particularly those above 200 mg/dL, can inhibit
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FIG. 99.1 (A) Anteroposterior and (B) lateral radiographs in a patient who had increasing low back pain and
fevers following an anteroposterior lumbar decompression and fusion. (C) Sagittal T2 magnetic resonance
image (MRI) shows postoperative luid collection. (D) Axial T2-weighted MRI with loculated luid collections
posterior to the surgical site. (E) Sagittal T1-weighted MRI with contrast showing rim enhancement of the luid
collections, suggestive of infection. (F) Axial T1-weighted MRI with contrast with rim enhancement of the
posterior luid collection and difuse contrast involvement of the soft tissue, suggestive of infection.

host immune response, including cellular chemotaxis and
phagocytosis. In addition to creating a relatively immunocompromised state, poorly controlled diabetics are predisposed to chronic medical conditions, including hypertension,
cardiovascular disease, and renal insuiciency. hese medical
issues predispose to poor tissue vascularity and can further
increase postoperative infection and complication rates.
Careful preoperative attention to tight blood glucose control

and an assessment for other related factors may limit the risk
of local infection and systemic morbidity in diabetics. In
general, diabetics have increased complication rates, particularly with posterior lumbar surgery.
Malnutrition is an oten underrecognized contributor to
impaired healing potential of a patient. Approximately 25% of
all elective lumbar fusion patients are malnourished.53 In this
same study, 11 of 13 complications in a group of 114 patients
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undergoing elective lumbar fusion were in malnourished
patients, making them 15 times more likely to develop an
infection. Serum albumin levels less than 3.5 g/dL, arm circumference less than 80% of normal, total lymphocyte count
less than 1500/mm3, recent weight loss greater than 10 pounds,
transferrin levels less than 150 µg/dL, and abnormal skinfold
measurements are all methods to evaluate nutritional status.
Addressing the issue of malnourishment in the preoperative
period is oten underperformed and should be considered a
major modiiable factor to limit poor healing.
Obese patients are also considered at high risk for developing postoperative infections.54–56 Mehta et al. found that distribution of body mass actually is even more predictive of SSI
than absolute BMI, with magnetic resonance imaging (MRI)
measurements of skin-to-lamina distance and thickness of
subcutaneous adipose layer being signiicant risk factors.57
Overweight patients oten require more extensive dissection
through poorly vascularized adipose tissue. he resulting
tissue devitalization and fat necrosis result in an environment
favoring bacterial growth and proliferation. In addition, the
increased operative time and blood loss necessary with obese
patients increase their risk of infection. Obesity in itself is a
risk factor for malnutrition, diabetes, and other medical
comorbidities, further contributing to a poor healing environment with diminished immunogenic potential.
Smokers also have a signiicantly increased chance of
developing postoperative infections.22,23 Smoking cessation
counseling should be a routine part of the preoperative
meeting between surgeons and patients.
Nonmodiiable risk factors that may increase the susceptibility to infection must also be evaluated prior to surgery.
horough assessment of a patient’s medical history during the
preoperative evaluation may reveal systemic comorbidities
that should be identiied and optimized prior to surgery. In all
patients, preoperative infections, whether in the spine or
elsewhere, should be addressed and treated prior to undergoing elective surgery.11,29,42,58 Conditions such as rheumatoid
arthritis, acquired immunodeiciency syndrome, adrenocortical insuiciency, long-term corticosteroid use, and malignancy
may pose signiicant risk for developing postoperative
infections.59–61 A thorough discussion of potential complications associated with these confounding medical conditions is
important during preoperative counseling. Medical optimization of these conditions may limit potential postoperative
complications. Although age is not considered an independent
risk factor, older patients are more likely to have comorbidities
associated with an increased risk of postoperative infection.
Spinal surgeries for management of tumors are associated
with a signiicantly higher rate of postoperative infections.62,63
Patients treated with preoperative or postoperative local radiation are especially at risk.64 Surgery performed through previously irradiated tissue increases the risk of infection and can
make the surgery technically more challenging. It is generally
recommended that elective spinal surgery occur 6 to 12 weeks
following radiation of the surgical bed. In patients requiring
postoperative radiation around the operative site, therapy
should be delayed approximately 3 weeks to allow for adequate
sot tissue healing.

Microbiology
hree potential sources are hypothesized to be responsible for
postoperative infections: (1) direct inoculation during the
operative procedure, (2) contamination during the early
postoperative period, and (3) hematogenous seeding.65–69 Of
these, direct inoculation during the surgery is the most
common, making aseptic technique and the appropriate use
of prophylactic antibiotics of paramount importance.
Gram-positive cocci are the most common pathogens
responsible for acute postoperative infections. he most commonly reported organism in the literature is Staphylococcus
aureus, which causes greater than 50% of the infections in
some reports.29,43,55 Other common gram-positive species that
cause postsurgical infections include Staphylococcus epidermidis and β-hemolytic streptococci. Common gram-negative
organisms cultured from infected surgical sites include Escherichia coli, Pseudomonas aeruginosa, Klebsiella pneumoniae,
Enterobacter cloacae, Bacteroides, and Proteus species. In cases
of patients who are immunosuppressed, the surgeon must also
be aware of the possibility of fungal infections, the management of which can greatly difer from bacterial infections.70
he microbiology of an infection can be inluenced by the
anatomic location of the surgery. Fecal contaminants are more
likely to be involved in surgeries of the low lumbar or sacral
regions. Bladder or fecal incontinence may predispose to gramnegative lora, especially with posterior lumbosacral incisions.
Infections that present greater than 1 year ater surgery
are generally caused by low-virulence organisms such as
coagulase-negative staphylococcus, Propionibacterium acnes,
and diphtheroids.42,67 hese organisms can be present as
normal skin lora, and it is hypothesized that prolonged surgical wound drainage and inlammation may result in these
infections. hese low-virulent organisms are usually rapidly
cleared by the host immune response with appropriate treatment and generally do not result in a clinical sepsis. In a retrospective review of postoperative infections presenting
greater than 1 year ater surgery, 10 of 11 patients with cultures
incubated for greater than 1 week grew low-virulence skin
organisms.71 It is also critical to note that Proprionibacterium
acnes cultures need to be kept for a minimum of 13 days.72
Hematogenous spread can also cause surgical site infections. hese blood-borne infections are usually due to highly
virulent organisms, including gram-negative bacteria. hese
infections are oten associated with systemic illness and sometimes have grave consequences, such as multisystem organ
failure. Due to repeated cannulization of the venous system,
intravenous drug users have a higher incidence of gramnegative infections, as do patients who have prolonged hospital
admissions.55

Diagnostic Modalities
Clinical Presentation
he most common presenting complaint for postoperative
spinal infections is pain. Patients generally have an interval
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with minor drainage and skin changes, but fulminant infections leading to sepsis are not common in the anterior cervical
subgroup.

Laboratory Testing
Laboratory studies are one of the irst diagnostic tests used in
suspected cases of postoperative infection. he initial blood
workup should consist of a complete blood count including
white blood cell count (WBC) with diferential, erythrocyte
sedimentation rate (ESR), and C-reactive protein (CRP).
When used alone, many of these laboratory markers may be
of little use. When taken together and repeated over time to
display a trend, these markers quantify severity of infection
and allow the clinician to monitor the response to treatment.
An elevated WBC is not an absolute indicator of infection.
Pathogen virility and host response may cause variability in the
WBC response to infection. In the early postoperative period,
surgical stress can initiate intravascular leukocyte demargination that causes an increased WBC. Additionally, lack
of signiicant elevation in WBC does not necessarily rule out
an infection, especially in patients with immunosuppression.
he ESR elevates following spinal surgery and may not
normalize until several weeks postoperatively. Variations in
this time period to normalization have been reported. In one
study, the ESR rarely elevated to levels greater than 25 mm/h
and returned to baseline levels by the third postoperative
week.73 Another study showed that ESR elevation was prolonged and lasted up to 6 weeks postoperatively.74 Peak ESR
levels have been shown to correlate with the degree of invasiveness of the surgery, with more extensive surgeries causing
higher ESR elevations than less invasive procedures.75 he ESR
level is a sensitive marker for infection, with up to 90% of cases
of infections of the spine showing elevated values.76 Furthermore, Carragee et al. found that a 25% drop in its value ater
1 month of conservative treatment was an indicator for a good
prognosis.77
As with the ESR, CRP values rise sharply during the initial
postoperative period. Unlike the ESR, however, CRP decreases
to baseline levels more rapidly. CRP levels generally peak on
the third day postoperatively and return to baseline within 10
to 14 days. his rapid normalization makes CRP a more sensitive indicator of infection and a more useful diagnostic tool
when determining the presence of infection, especially in the
acute and subacute postoperative period.74,75,78–80 An elevated
ESR or CRP outside of this postoperative period can indicate
a developing infection and can be used to monitor the eicacy
of treatment.
When analyzed together, infectious laboratory markers
provide a vital diagnostic tool to complement the initial clinical picture. Results may indicate a more severe infection than
initially anticipated and dictate the need for a more aggressive
diagnostic or therapeutic protocol. In addition, ater the initiation of treatment, serial laboratory markers provide comparative interval data that indicate the response to treatment.
he precise and accurate identiication of the culprit organism is a critical step in the treatment of a postoperative spinal
infection. Cultures obtained from the supericial wound are
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pain-free period immediately following the surgery for
approximately 1 to 2 months and subsequently develop
increasing pain over several weeks. he pain is classically out
of proportion to what would be expected and may be associated with constitutional symptoms. Suspicion of a postoperative infection is frequently raised as the result of a change in
the patient’s clinical postoperative course from pain-free to
painful.
Supericial wound infections generally present within 2
weeks of surgery, with local pain, erythema, drainage, and
warmth. he examiner must always be cognizant of the possibility of an underlying deep infection. A presentation of
supericial infection coinciding with constitutional symptoms
may be an indication of a more serious deep infection that
requires more aggressive treatment. Supericial wound infections in the early postoperative period that are not accompanied by increasing surgical site pain or systemic indings can
frequently be treated with local wound care and oral antibiotics
for approximately 2 weeks.
If a wound continues to drain ater extensive local care or
if the patient develops increasing operative site pain with the
development of constitutional symptoms, it must be assumed
that there is an underlying deep infection. Attention to physical
examination indings at the local wound can be very informative to help deine the extent of the infection and distinguish
between supericial and deep infections. his diference is
important when determining the course of treatment. Examination of the surgical site may reveal increased erythema,
edema, tenderness to palpation, and drainage. he consistency
and timing of the drainage also provides insight into the
nature and depth of the infection. Clear, serosanguineous
drainage might indicate an underlying seroma, while more
copious purulent discharge indicates frank infection. Although
characteristics have been deined in the literature, it can be
very diicult to distinguish between deep and supericial
wound infections. Furthermore, deep infections frequently
have relatively unimpressive supericial indings, further
confounding the diagnosis.
Systemic symptoms must also be taken into account when
evaluating a wound infection. Fever is the most common
constitutional symptom seen in these patients, although many
patients with deep infections have no systemic symptoms.
Early infection may be associated with high temperatures,
chills, sweats, lethargy, or malaise. Sepsis can lead to multisystem organ failure and death if not addressed appropriately
and rapidly, including possible urgent surgical debridement if
the patient is medically stable to undergo surgery.
Late infections presenting more than 2 months ater surgery
can be diicult to diagnose because of the lack of obvious
symptoms. Although the incision is healed, supericial skin
changes such as erythema or tenderness may occur, although
these indings are inconsistent. Increasing pain at the surgical
site or the presence of constitutional symptoms should prompt
suspicion of an underlying infection in either the early or late
postoperative time periods.
In patients who have undergone anterior cervical surgery,
the development of progressive diiculty with swallowing may
indicate a retropharyngeal abscess. Patients can also present
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FIG. 99.2 (A) Axial and (B) sagittal computed tomography scan showing endplate lysis in a patient with
postoperative discitis. Note the paravertebral soft tissue swelling in the right psoas muscle.

oten contaminated with skin lora and can confuse the diagnostic workup. Some authors suggest early aspiration of a
suspicious wound in order to attempt to isolate the infectious
organism.65 If there is no luctuant mass to aspirate, as is oten
the case, computed tomography (CT) or luoroscopic guidance can be used to accurately obtain a deep culture from the
afected area. Frequently, ine-needle aspiration of the afected
region does not provide ample tissue for an accurate diagnosis.
We prefer to obtain a core-biopsy specimen in order to ensure
that an adequate sample is provided to the laboratory. Blood
cultures can reveal the responsible organism if taken in a
septic individual prior to the initiation of antibiotics. While
blood cultures are positive in 40% to 60% of cases of spontaneous spondylodiscitis,76 the rate is considerably lower in postoperative infections.81 If the blood cultures are positive and
provide identiication of an organism, it can be presumed that
the same organism is the cause of the spinal infection and a
biopsy of the spinal infection site may not be necessary.
However, cases of polymicrobial infections that were missed
using this method have been reported.82 he most accurate
cultures are those obtained during the surgical debridement
prior to the administration of antibiotics. In many cases,
however, such a surgical intervention is not necessary and
these surgical cultures are not obtained.

Imaging
Plain radiographs are oten the irst imaging obtained during
workup of a suspected infection. Findings on plain radiographs frequently can be quite subtle, and up to 4 weeks are
oten required to pass before radiographs show evidence of
infection.80 Inspection of the instrumentation for loosening or
adjacent bony lysis may be clues of an infection. In cases of
postoperative discitis, disc space narrowing is the irst radiographic inding. his change generally occurs 4 to 6 weeks
postoperatively. Early infectious disc space changes, however,
may be diicult to distinguish from degenerative changes.
Paravertebral sot tissue swelling may indicate the presence of
an abscess, especially in the retropharyngeal space or paraspinal musculature. More signiicant radiographic indings—such

as reactive bone formation, endplate destruction, osteolysis,
and deformity—indicate a more signiicant infectious process
and usually require at least 2 months to develop.
CT provides a more detailed view of spinal anatomy and
may allow for earlier detection of postoperative infections than
plain radiographs.83 Endplate changes, bony lysis, and/or sot
tissue luid collections can indicate early infection (Fig. 99.2).
As the infection progresses, more signiicant bony and intervertebral disc destruction may be seen. Implant-related artifacts may distort the detail and limit the usefulness of CT scans
in patients with spinal instrumentation. CT-guided biopsies
can also be utilized to provide an aspirate for culture or tissue
biopsy from infected sot tissue or bone, as noted earlier.
Nuclear medicine studies are sometimes used to supplement other radiographic methods when working up a postoperative infection. Unlike MRI and CT, nuclear medicine
studies are not limited by implant-associated artifacts. Bone
scans are oten nonspeciic and may show generalized uptake
around the surgical site in a postoperative spinal infection.80
Although gallium-67 and technetium-99m scans provide early
evidence of postoperative infections, their diagnostic value is
somewhat compromised relative to studies evaluating the
appendicular skeleton. Furthermore, when looking at postoperative infections speciically, gallium was not found to be
helpful in diferentiating infection from postoperative
changes.84 Indium 111–labeled WBC scans oten have limited
usefulness because of their poor speciicity, particularly in the
early postoperative period. Technetium-labeled ciproloxacin,
when combined with single-photon emission computed
tomography, has been shown to have improved sensitivity and
speciicity over other nuclear medicine modalities, particularly
if performed greater than 6 months ater surgery.85 18F-luorod-deoxyglucose positron emission tomography has also been
found to be a helpful adjunct for diagnosis in cases for which
MRI is either not an option or inconclusive.86 It is considered
especially helpful in postoperative infections,87,88 although
availability and a relative lack of speciicity remains an issue.
MRI with and without intravenous contrast is the most
important imaging modality when evaluating postoperative
spinal infections. Relative to other imaging modalities, MRI is
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FIG. 99.3 Epidural abscess following a right L2–L3 microdiscectomy. (A–B) Note the compression of neural
elements by the epidural abscess on the sagittal and axial T2-weighted magnetic resonance image (MRI). (C)
On T1-weighted MRI with gadolinium contrast, the epidural abscess shows classic ring enhancement.

both highly sensitive (93%) and speciic (96%) when evaluating spinal infections.89–91 As with other imaging techniques, it
may be diicult to distinguish nonpathologic postoperative
changes from infections on MRI scans obtained in the early
postoperative period. hus, accuracy and reliability of the
study is dependent on the elapsed time from the date of
surgery, the level of clinical suspicion, and correlation with
other diagnostic tools. Spinal instrumentation, particularly
when composed of stainless steel, can cause signiicant MRI
artifacts and severely limit the diagnostic utility of the study.
MRI can identify, with high sensitivity and speciicity,
postoperative osteomyelitis, discitis, and epidural abscesses.
An epidural abscess displays a T1 isointense luid collection
with potential obliteration of the otherwise well-deined
neural elements, and the T2-weighted images show signiicant
increased intensity. Abscesses display ring enhancement on T1
images following the addition of intravenous (IV) gadolinium
(Fig. 99.3). Osteomyelitis appears as areas of vertebral body
and disc space hypointensity on T1-weighted images and
hyperintensity on T2 images. In addition, there is a loss of
deinition between the vertebral bodies and the intervertebral
disc space.90–92
Boden and associates compared the early postoperative
MRI changes in noninfected individuals to those with conirmed discitis.93 he most reliable diference seen in the discitis
group was increased signal intensity of the adjacent vertebral
body on T1-weighted images that was not present on preoperative studies. In addition, T2-weighted images showed
increased signal intensity in the disc and adjacent marrow
(Fig. 99.4). Only one of 17 control group patients displayed
these signal intensity changes in the adjacent vertebral marrow.
All cases of discitis displayed intervertebral disc signal
enhancement with the addition of a contrast agent.

Classiication
Classiication systems for postoperative spinal infections are
based on anatomic location, supericial versus deep infection,

early versus late presentation, and comorbid medical conditions. hese factors all play a signiicant role in the natural
history of the infection and its response to treatment. With
this stratiication, management strategies may be tailored to
the individual in an attempt to optimize treatment.
A classiication scheme proposed by halgott and colleagues
was adapted from the Cierny classiication for the diagnosis
and management of osteomyelitis.94 halgott’s classiication
scheme is based on the severity of infection and ability
for host response. he severity of infection is divided into
three groups: (1) supericial or deep infection with a single
organism, (2) deep infection with multiple organisms, and
(3) deep infection and myonecrosis with multiple or resistant
organisms. Host response was divided into three physiologic
classes: (A) normal systemic defenses, metabolic capabilities, and vascularity; (B) local or multiple systemic diseases,
including cigarette smoking; and (C) immunocompromised
or severely malnourished. Using this classiication, halgott
studied 32 patients with postoperative infections following
fusion with instrumentation. Patients with group 1 infections
were successfully treated with simple irrigation, debridement,
and primary closure over a closed-suction drainage tube
without an irrigant system. Patients with group 2 infections
required an average of three irrigations and debridements
and displayed greater success when treated with closed
inlow–outlow suction irrigation systems when compared
to simple suction drainage systems without constant inlow
irrigation. Group 3 patients were diicult to manage and had
poor overall outcomes. In addition, cigarette smoking was
found to be a signiicant risk factor for developing postoperative infection.94

Prevention
he use of preoperative prophylactic antibiotics is routine for
most spine surgeons. Although there is an increasing body of
evidence-based medicine that supports the use of prophylactic
antibiotics in spinal surgery, there is still no level I evidence
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FIG. 99.4 (A) Preoperative sagittal T2-weighted magnetic resonance image (MRI) showing lumbar
intervertebral disc herniation. Note the homogeneous bone marrow intensity throughout the lumbar spine. (B)
Postoperative T2-weighted MRI showing difusely increased signal within the disc and adjacent vertebral
bodies.

clearly deining their eicacy. In a meta-analysis pooling data
from six separate randomized controlled trials (RCTs), Barker
and associates found an infection rate of 2.2% following the
administration of antibiotics and 5.9% if antibiotics were not
administered.95 In a prospective RCT, Pavel et al.96 compared
infection rates following orthopaedic procedures with and
without preoperative antibiotic prophylaxis with cephaloridine. In a subgroup analysis of spinal procedures, infection
rates were 3% in patients treated with antibiotics and 9.2% in
those without.96 In another RCT comparing the eicacy of
cefazolin relative to placebo in 141 patients, Rubinstein’s group
showed that the use of preoperative antibiotics decreased the
incidence of postoperative infection from 12.7% in untreated
controls to 4.3% in those receiving prophylactic antibiotics.97
More recently, Shafer et al. published an evidence-based clinical practice guideline based on the work of the Antibiotic
Prophylaxis Work Group of the North American Spine
Society.98 hey gave a relatively strong recommendation that
patients undergoing spine surgery should receive antibiotic
prophylaxis, although no speciic recommendations regarding
ideal agents or dosing schedules were given.
In order for antibiotics to be efective prophylactic agents,
they must have antimicrobial action against the most common
bacteria encountered and must be present in tissues adjacent
to the surgical site in suicient concentrations. Current
recommendations suggested that antibiotic administration

should begin 30 minutes to 1 hour preoperatively to ensure
adequate antibiotic levels at the surgical site at the time of skin
incision. With prolonged operative time, serum and tissue
antibiotic levels decrease.99,100 Some authors recommend
repeating the dose of antibiotics ater 4 hours of surgery; our
group follows this protocol. he limited data regarding redosing patients intraoperatively and postoperatively do not show
any signiicant diferences in infection rates, however.101–103 In
a retrospective cohort, Dobzyniak and colleagues101 compared
infection rates in 433 patients who received preoperative and
postoperative doses of antibiotics to 201 patients who received
only a single dose of preoperative antibiotics. No signiicant
diferences in infection rates were detected in this study.
Because of their good coverage against the common
bacterial agents encountered in spinal surgery, a limited side
efect proile, and advantageous pharmacokinetics, cephalosporins are excellent candidates for prophylactic antibiotics.
First-generation cephalosporins are good antibiotics for
prophylactic administration as they have strong gram-positive
coverage against the most common organisms that result in
SSIs (S. aureus and S. epidermidis). In addition, they have
action against common gram-negative organisms (E. coli
and Proteus). Cefazolin continues to be the most commonly
administered prophylactic antibiotic because it provides
appropriate antimicrobial coverage, is relatively inexpensive,
and reaches peak serum concentrations rapidly.
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closed-suction devices during the postoperative course.
he efectiveness of postoperative suction drains to prevent
infection has not been clearly demonstrated in the literature.
In a prospective randomized study examining 83 patients
undergoing extensive lumbar spine surgery, no infections
were reported in those who received and those who did not
receive closed-suction drainage postoperatively.129 Similar
results are reported elsewhere in the literature.130,131 In one
study examining patients undergoing surgery for adolescent
idiopathic scoliosis, patients without drains had no diference in infection rates compared to drained patients, while
patients with drains had a signiicantly higher rate of blood
transfusions.132
Antibiotic-resistant organisms have become an increasingly prevalent problem. Methicillin-resistant S. aureus
(MRSA) is the most commonly isolated resistant organism.
Many hospitals have initiated monitoring and regulatory
strategies to identify emerging resistance patterns and have
implemented speciic prophylactic antibiotic protocols to
control this growing problem. Infections caused by these
resistant organisms are associated with signiicantly increased
morbidity, mortality, and cost. Some of the risk factors associated with MRSA include prolonged use of antibiotics, previous
exposure or infection with MRSA, indwelling catheter use,
advanced age, and intensive care unit stay.
Irrigation solutions are oten used intraoperatively in an
efort to prevent or treat infections. Commonly used irrigants
include solutions of bacitracin, iodine, chlorhexidine, neomycin, or a combination of triple antibiotics including neomycin,
bacitracin, and polymyxin. here are no signiicant clinical
data that clearly support the use of these antibiotic irrigants
in spinal surgery. In vitro studies, however, have shown a
signiicant reduction in bacterial counts with use of the
additives.133–135 Intraoperative anaphylactic reactions have
been reported with the use of bacitracin irrigation,136 especially
when combined with cell-saver blood recycling devices,
although these reactions are extremely rare. Irrigation can be
delivered via pulsatile lavage, which may improve the removal
of contaminants from bone and sot tissue. In vitro efects have
shown signiicant reduction in bacterial colony counts, but the
reported toxic efects on osteoblasts and osteoclasts by the
pulsatile irrigation must be taken into account when using this
technique. he merits of pulsatile lavage have recently come
into question with in vivo studies showing better bacterial
load reductions with low-pressure systems.137 he literature
studying the diferent types of irrigation focuses on the context
of traumatic wounds and cannot necessarily be extrapolated
to the prevention of SSIs.
Appropriate maintenance of the operating room environment is important to reduce the potential for contamination.
Methods of decreasing airborne bacteria can be implemented
in an attempt to decrease infection rates. Operating in a vertical laminar low operating room has been suggested in the
literature as a method of reducing infection rates and is utilized
by some institutions. Gruenberg and colleagues described a
signiicant reduction in infection rates in a retrospective study
comparing conventional and vertical laminar low operating
rooms,138 although more recent studies in the general surgical
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he human spine is a unique environment because of its
combination of bony structures, intervertebral discs, and
adjacent sot tissue musculature. Antibiotics used for the treatment of spinal infections need to be able to penetrate the
involved structures to be maximally efective. Studies have
documented the half-life and penetration of antibiotics into
bone and intervertebral discs. Cefazolin displays a longer halflife in the serum and bone relative to other cephalosporins.97,104,105 Human and animal studies evaluating the
penetration of antibiotics into intervertebral discs have provided mixed results.104–112 With increased age and decreased
disc vascularity, systemic antibiotic penetration into the disc
is impeded. In addition, the environment within a degenerating disc likely presents a barrier to obtaining consistent inhibitory levels of antibiotics. Penetration of antibiotics into the
adult intervertebral disc depends on passive difusion from
adjacent bony structures and cartilaginous endplates as well
as from the anulus ibrosus.113 Studies have demonstrated the
ability of cefazolin to penetrate the disc, although concentrations are higher in the anulus ibrosus relative to the nucleus
pulposus.104,106,107 here is evidence in the literature suggesting
that the molecular charge of an antibiotic is an important
determinant of its ability to difuse into the disc. Studies have
evaluated the penetration of negatively charged antibiotics
into the positively charged disc when adequate serum concentrations are maintained.104,106,114 Positively charged antibiotics,
such as gentamicin and vancomycin, have been shown to
freely penetrate the anulus ibrosus and nucleus pulposus,
while negatively charged antibiotics such as penicillin are
found in the anulus ibrosus but not the nucleus pulposus. he
use of antibiotic delivery systems to circumvent this problem
has been studied. In a prospective cohort study, Rohde evaluated the infection rate following discectomy in 1712 patients,
1134 of whom received prophylactic gentamicin-containing
collagenous sponges at the cleared disc space.115 Patients
receiving the prophylactic antibiotic showed a 0% infection
rate relative to a 3.7% infection rate in those who did not.
Gentamicin-associated toxicity, however, makes it a suboptimal choice for routine surgical prophylaxis.
A recent prevention strategy that appears to have promising
results is the use of antibiotic powder applied directly into the
wound prior to closure at the conclusion of the case. Several
studies have shown that local application of vancomycin
powder signiicantly reduces rates of staphylococcal postoperative infections,116–120 including cases in trauma patients121 as
well as posterior cervical spine cases.122,123 In a rabbit model,
Zebala et al.124 showed that vancomycin powder was efective
in eliminating staphylococcal contamination compared to
controls. Furthermore, several studies have shown that the use
of prophylactic antibiotic powder application not only helps
lower postoperative infection rates but also is cost-efective
overall.125,126 he use of vancomycin powder is generally considered safe in both adults116,117 and children.127,128
As a result of signiicant sot tissue disruption and the
creation of a potential space, hematoma formation following
spinal surgery is a frequent occurrence. Hematomas provide
an excellent milieu for bacteria proliferation. In an attempt
to address this potential complication, many surgeons utilize
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FIG. 99.5 Fluoroscopically guided biopsy of a postoperative disc space infection.

literature dispute this.139,140 Basic principles of sterile technique
should be adapted for every spinal procedure. Maintenance of
a sterile ield and double gloving with intermittent glove
changes decrease the potential of surgeon contamination of
the wound.141 he use of an iodine-impregnated adherent
plastic barrier over the operative ield has been suggested by
some authors as an additional method to decrease inoculation
of the wound,18 although a Cochrane review demonstrated no
decrease in SSIs.142 Limiting blood loss with meticulous attention to hemostasis, debridement of necrotic tissue, and periodic release of retractors help to minimize possible sites of
infection.143 In addition, lash sterilization of implantable
devices is discouraged unless absolutely necessary.
Operating room behavior also plays a large role in preventing SSI. A large study of general-surgery SSIs found that a
strict protocol of extensive antiseptic measures had no lower
infection rates compared to a standard protocol.144 It also
found that increased SSI rates were attributable to minor
violations in sterile technique rather than isolated gross violations. Other measures, such as covering the implants while not
in use, have been found to decrease bacterial contamination,
which could potentially lead to a lower rate of infection.145

Management
Successful treatment of postoperative spinal infections requires
early diagnosis and appropriate medical and surgical management. Careful and early identiication of a potentially catastrophic infection via clinical evaluation, laboratory testing,
and imaging studies is helpful to enhance the chosen treatment
regimen. he ultimate goal of any intervention is eradication
of the infection, adequate wound closure, and maintenance of
vertebral column stability. he approach to treatment oten
requires aggressive and sometimes repeated debridement in
order to successfully prevent recurrence of infection. he
treating surgeon must remain cautious when choosing conservative approaches, as these measures may not completely
eradicate the infection.

he timing of infection in the postoperative spine is signiicantly inluenced by the mode of inoculation and virulence of
the organism. Early-presenting infections are generally a
result of more virulent organisms such as MRSA and gramnegative bacteria146 and are the result of intraoperative seeding.
Delayed infections are typically caused by low-virulence
organisms, such as skin lora, which may be introduced intraoperatively and subsequently adhere to instrumentation while
encased in a glycocalyx bioilm.
he fundamental principles involved in the management of
a postoperative infection include prompt diagnosis with isolation of a speciic organism, if possible, and initiation of
appropriate medical and surgical management. As previously
discussed, image-guided biopsy can be used to provide specimens to accurately identify the ofending organism. Our
group generally performs a CT or luoroscopically guided
biopsy prior to proceeding with an open surgical biopsy (Fig.
99.5). Additionally, a minimum of two sets of blood cultures
are sent on patients with a suspected spinal infection. If the
blood cultures identify an organism, then that same organism
can be presumed to be the cause of the spinal infection and
invasive biopsies are not necessary. Ater an organism has
been identiied, appropriate antibiotic therapy should be initiated. Extremely supericial infections, such as a stitch abscess,
can be treated with 2 weeks of oral antibiotics and close clinical follow-up. For any signiicant infection, however, a
minimum of 6 weeks of IV antibiotics followed by 6 weeks of
oral antibiotics are used. ESR and CRP measurements are used
to monitor the response to treatment.
Most signiicant supericial and deep infections require
surgical debridement in addition to IV antibiotic therapy.
When surgical debridement is used, a meticulous approach
must be taken to thoroughly eradicate the infection. he surgical treatment of a postoperative infection includes debridement of each layer of the wound. At each layer, assessment of
tissue devitalization and possible communication with
underlying planes must be assessed. In addition, appropriate
specimens for staining and cultures should be taken from each
layer prior to the initiation of intraoperative antibiotics. We
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Spinal Instrumentation and Infections
he use of instrumentation in spinal procedures results in a
greater risk of developing a postoperative infection. Reported
infection rates following instrumented posterior lumbar
fusion range from 2.8% to 20%, with most authors suggesting

TABLE 99.1 Use of Postoperative Infection Treatment Score for the
Spine (PITSS) to Predict Likelihood of Needing Two-Stage Reconstruction
After Postoperative Infection
Predictors

PITSS Score

Spine Location
Cervical
Thoracolumbar
Lumbosacral

1
2
4

Comorbidities
None
Cardiovascular/pulmonary
Diabetes

0
1
4

Microbiology
Gram positive
Gram negative or polymicrobial without MRSA
Polymicrobial with MRSA or MRSA alone

2
4
6

Distant Site Infection
None
UTI/PNA
Bacteremia alone
Bacteremia with PNA/UTI

1
3
5
6

Instrumentation
Yes
No

6
2

Bone Graft
None
Autograft
Other (allograft, BMP and synthetic)

1
3
6

A higher PITSS score indicates a higher risk of the patient requiring repeat
debridement. Scores between 7 and 14 correlate with low risk; scores between 15 and
20 correlate with intermediate risk; and scores between 21 and 33 correlate with high
risk. BMP, bone morphogenic protein; MRSA, methicillin-resistant Staphylococcus aureus;
PNA, pneumonia; UTI, urinary tract infection.

a true infection rate of approximately 5% to 6%.11,16,17,43,146,151–159
In patients with extensive infections in the presence of instrumentation, even repeated surgical debridements along with
intravenous antibiotics may fail to resolve the infection. he
metallic implants provide a surface for the formation of a
glycocalyx bioilm that is very diicult to penetrate with systemic antibiotics. During the debridement of infections with
instrumentation, the implants should be routinely inspected.
If the implants show obvious signs of loosening, they should
be removed, and possibly replaced with new instrumentation
if necessary. Removal of infected instrumentation that remains
well ixed has long been debated in the literature. Some authors
advocate complete removal of all instrumentation, independent of ixation and fusion status, because of the diiculty of
eliminating the infection without removal,18,66,71,160-162 especially in cases of adult deformity with delayed SSI.163,164 Retention of spinal instrumentation, however, at the time of
debridement has been recommended by many. Authors have
described leaving well-ixed instrumentation in place following thorough debridement to prevent possibly catastrophic
spinal instability.11,16,17,43,146,151–159,165 Additionally, these authors
have shown successful eradication of both anterior and posterior spinal infections with retained instrumentation. Vertebral
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routinely send all specimens for bacterial studies, including
aerobic, anaerobic, fungal, and acid-fast studies. he surgical
incision should excise all dermal margins that appear infected.
In the underlying subcutaneous layers, infectious material
may be encountered and must be appropriately removed along
with all necrotic tissue. If the underlying deep fascial layers
appear to be intact and the infection limited to the subcutaneous planes, some have advocated aspiration of the deep wound
and exploration only if the Gram stain results are positive.17
Other authors, however, recommend routine exploration and
debridement of the deep layers to prevent missing a potentially
disastrous deep infection. We follow this latter recommendation. In our experience, there is usually some communication
between the supericial and deep surgical planes.
When involved with the infection, the deep fascial layers
should be opened and all loose tissue and foreign material
should be removed. Ater specimens for microbiologic studies
have been obtained, broad-spectrum antibiotics can be initiated. Bone grat that appears to be signiicantly infected or is
loosened by the debridement should also be removed.18,19,94,143
If not obviously necrotic or infected, the bone grat should be
let in place.
he need for repeat debridements depends on the extent of
infection seen during the initial surgery. If Gram stain and
culture results reveal multiple organisms, multiple debridements should be considered. Some advocate a “second look”
irrigation and debridement 48 to 72 hours ater the initial
surgery in all cases. To better help surgeons stratify which
patients could beneit from multiple irrigation and debridements, a predictive scoring model was developed using six
factors, as described in Table 99.1. he inal score groups
patients into low, indeterminate, and high risk for needing
multiple washouts.147 Patients with higher risk are thought to
potentially beneit from two-stage reconstructions.
Following suicient debridement and irrigation of the
wound, assessment of the wound and a plan for closure must
be devised. here remains debate in the literature as to whether
infected surgical wounds should be closed primarily ater the
initial surgical debridement versus a delayed staged closure
with intermittent debridements.18,71,148 We prefer a primary
layered closure because wounds that remain open are susceptible to superinfection and wound contracture. In cases with
signiicant myonecrosis that require multiple repeat debridements, primary closure may not be possible. Use of a closedsuction drain for a few days postoperatively is generally
advocated. Closure over a suction irrigation system or packing
the wound with a vacuum-assisted sponge system has been
described.42,149,150 In patients with signiicant infections or sot
tissue involvement, the use of reconstructive sot tissue
techniques—including lap coverage—may be necessary.
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FIG. 99.6 Sagittal magnetic resonance image (MRI) and computed tomographic (CT) image in a patient with a
lumbosacral instrumented fusion who developed a postoperative pyogenic infection. (A) Note increased signal
within the L2–L3 disc space on MRI. (B) CT scan shows lack of solid arthrodesis and L2–L3 kyphosis. At the time
of debridement, removal of the spinal instrumentation without reimplantation may lead to further spinal
instability.

column malalignment, spinal cord compression, and paralysis
are potential complications associated with instability if fusion
is not complete at the time of instrumentation removal (Fig.
99.6). An approach taken by many is to administer long-term
antibiotics to suppress the infection until a solid fusion is
obtained. If the infection persists, the instrumentation can be
removed ater the arthrodesis has been achieved. One potential complication with this method is subsequent instability
following instrumentation removal if the patient has an
undetected pseudarthrosis. Titanium implants are less adherent to the bacterial glycocalyx, thus are favored over stainless
steel implants if instrumentation needs to be reimplanted in
an infected site.166 If loose instrumentation is encountered
during the debridement and there is a potential for spinal
instability, the instrumentation should be replaced.

Discitis
Patients with postoperative disc space infections oten develop
symptoms ater a relatively uneventful acute postoperative
course. he most common presentation is increasing back
pain that is out of proportion to physical examination and
imaging indings. he pain can be associated with constitutional symptoms, including fevers, chills, and lethargy, or
elevated laboratory markers. he presence of any new neurologic deicit should raise the suspicion for an epidural abscess
or other space-occupying process. MRI with and without
contrast is the diagnostic test of choice for patients with any
postoperative infection, including suspected disc-space infection. he MRI scan, however, may not show positive indings
until 5 days ater the onset of infection. If clinical suspicion is
high, repeat scanning may be necessary ater several weeks.
MRI indings typical of discitis include hypointensity on
T1-weighted images and hyperintensity on T2-weighted
images. Identiication of the responsible organism either by
percutaneous biopsy or blood culture may allow for more

speciic antibiotic coverage. If cultures are negative, treatment
for the most commonly responsible organism, S. aureus,
should be instituted. he majority of postoperative disc-space
infections can be successfully treated with 6 weeks of intravenous antibiotics followed by 6 weeks of oral antibiotics. Surgical intervention may be indicated in the presence of systemic
infection, increasing pain with a suboptimal response to
antibiotic management, progressive destruction of the adjacent vertebral bodies, advancing neurologic deicit, or an
epidural or paravertebral abscess. An anterior or posterior
surgical approach can be utilized depending on the timing,
original approach used for the primary surgery, and location
of the most signiicant pathology.

Epidural Abscess
Epidural abscesses can have potentially devastating neurologic
outcomes if not rapidly identiied and treated. A major prognostic factor for a favorable outcome is early recognition and
prompt intervention, particularly surgical debridement. Clinical and radiographic diagnosis may be diicult in the postoperative patient, and any neurologic deicit may not be apparent
on initial presentation. With progression of the disease, the
patient may show signs of increased back pain, systemic
symptoms, and eventually neurologic deicit. he disease may
progress rapidly, with paralysis potentially developing late in
the course. Urgent surgical decompression is the treatment of
choice for a progressive abscess. he surgical approach depends
on the location of the abscess and the extent of involvement.
Posterior canal epidural abscesses are usually best treated with
a posterior decompression, such as a laminectomy. Anterior
spinal canal epidural abscesses are frequently associated with
granulation tissue from discitis or osteomyelitis, and anterior
surgery may be necessary to eradicate the infection. More
severe infections may require debridement from a combined
anterior and posterior approach.
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Severe postoperative spinal infections may result in signiicant
sot tissue defects that require complex wound management.
he goals of treating these complex wounds include obliteration of dead space, creation of adequate coverage for prominent
bone or instrumentation, and enhancing vascularity for
improved healing. Methods that may be utilized to treat these
wounds include lap coverage and healing by secondary intention. Local, rotational, and free laps are oten utilized for
coverage and have shown successful results. Even in complex
wounds with deicient local tissue, muscle laps can bring
increased vascularity and adequate sot tissue coverage from
distal sites to allow for healing while protecting instrumentation and bone grat.24,167 he gold standard has been the trapezius muscle lap, although recent studies have also shown
the paraspinous muscle lap to be eicacious for both thoracolumbar and cervical coverage.168,169 Healing of complex
wounds by secondary intention using vacuum-assisted closure
devices has become popular. hese devices create negative
pressure in the wound, which results in increased vascularity
and cellular proliferation. hey help form granulation tissue
over bone and instrumentation and have shown success in
healing large open wounds.170–172 Vacuum-assisted closure
devices seem to be especially helpful adjuncts in closing spinal
wounds infected with MRSA or multiple bacteria.173 Prior to
surgical intervention of patients who may require sot tissue
reconstruction, it is critical that patients are optimized medically and nutritionally, and plastic and reconstructive surgeons
should be involved prior to the surgical intervention.

Length of Antibiotic Treatment
Appropriate antibiotic treatment is critical to the successful
eradication of any postoperative infection. Consultation
with an infection specialist is usually obtained to assist in
formulating a treatment plan. Once antibiotics have been
initiated, close follow-up of the culture results is required
to appropriately tailor the subsequent treatment regimen.
During the treatment period, adjustment of the antibiotic
might be necessary depending on the patient’s response to
treatment. Intravenous antibiotics are usually administered
for approximately 6 weeks followed by approximately 6 weeks
or longer of oral antibiotics. he speciic time for treatment
depends on the virulence of the infectious organism and its
sensitivity to the antibiotics. Regular follow-up of infectious
laboratory markers—including WBC, ESR, and CRP—assists
in determining the response to treatment. In a prospective
cohort study, patients with SSI ater instrumented fusions
were treated with operative debridement followed by 3
months of antibiotic therapy (2 weeks IV followed by 10 weeks
oral). Using this standardized treatment protocol, there was
a 94% success rate in eradicating infection.174 Postsurgical
spine infections with antibiotic-resistant organisms require
special considerations, including patient isolation and treatment with appropriate antibiotics. Fortunately, new classes of

antibiotics have been developed to supplement the previously
limited options for treatment of infections such as MRSA and
vancomycin-resistant enterococci.172 Occasionally, prolonged
antibiotic treatment may be necessary for suppression of infection in patients with retained instrumentation or recalcitrant
infections.

Summary
Postoperative infections can occur following any type of spinal
surgery. he consequences of these infections are devastating
for the patient and the health care system. Preoperative
medical optimization to prevent infections is a critical part of
any surgical procedure. Routine preoperative antibiotic dosing
and meticulous sterile surgical technique help to prevent iatrogenic seeding of the surgical site. Even with optimal preoperative and intraoperative care, postoperative infections can
still occur. he treating surgeon must have a high index of
suspicion in any patient who presents with increasing axial
pain following a relatively pain-free postoperative period,
especially when accompanied by systemic or incisional indings. MRI scan and laboratory testing help to conirm the
diagnosis, and biopsy is useful to speciically identify the
ofending organism and appropriate antibiotics for treatment.
In most patients, medical treatment with extended courses of
antibiotics can treat the infection, although surgical debridement may be necessary if the infection does not respond to
antibiotics or if there is neurologic deterioration, spinal
instability, abscess formation, severe pain, or systemic signs/
symptoms. Infections are associated with prolonged hospital
stay, an increased rate of pseudarthrosis, and multiple subsequent operations; thus, the surgeon must take appropriate care
to minimize infections and treat them rapidly if they do occur.

KEY POINTS
1. Spinal infection rates range from approximately 1% for
microdiscectomies to 6% for instrumented decompression and
fusions.
2. Surgeons can decrease postoperative infection rates by
addressing comorbid conditions and preexisting conditions.
3. Postoperative spinal infections present most commonly with
local pain, which can variably be accompanied by systemic
symptoms.
4. ESR and CRP values can be followed to evaluate the severity of
an infection and the response to treatment.
5. MRI scan with and without gadolinium contrast is the imaging
test of choice for a suspected spinal infection.
6. Speciic diagnosis of the ofending organism via an
image-guided biopsy or blood cultures should be obtained.
7. Treatment with IV antibiotics and possibly surgical debridement
can eliminate the infection, even in the face of retained spinal
instrumentation.
PEARLS
1. Appropriate preoperative medical optimization can decrease
the rate of postoperative spinal infections.
2. Prophylactic surgical antibiotics should be used in addition to
meticulous sterile technique.
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3. Development of pain after a relatively pain-free postoperative
period can signify the development of a postsurgical infection.
4. A multidisciplinary team, including infection specialists, spinal
surgeons, and plastic surgeons, is needed to approach severe
infections.
PITFALLS
1. Certain patient populations—including smokers, diabetics, and
the malnourished—are at an increased risk for postoperative
infections.
2. Infections can occur even in the late postoperative period, and
vigilance must be maintained by the surgeon to avoid missing
the often subtle development of these infections.
3. Certain common antibiotics have poor penetration into the
nucleus pulposus; physicians must make antibiotic choices
appropriate for these spinal infections.
4. Care must be taken when dealing with infections in patients
with instrumented fusions. The instrumentation should be
maintained as needed to prevent spinal instability and resultant
neurologic deterioration. Bone graft should only be removed if
infected.
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Introduction
Spinal fusions are one of the most common spine surgeries
performed today. he number of spinal fusion surgeries performed has signiicantly increased over the past 2 decades.
From 1998 to 2008, the rates of spinal fusion surgery have
increased by 137%.1 Although there have been signiicant
improvements in spine surgery over the years, complications
still exist. One prevalent complication is pseudarthrosis, which
is the failure of an attempted fusion of the spine. Pseudarthrosis can be a signiicant problem that may be asymptomatic or
lead to pain and disability and eventually the need for revision
surgery. his chapter reviews prevention, evaluation, and
management of pseudarthrosis of the cervical and lumbar
spine.

Risk Factors
Fusion surgery is based on bony segments of the spine growing
together. he biologic and biomechanical consideration of
fusion surgery must be thoroughly understood to prevent
pseudarthrosis. hree fundamental requirements are needed
for bony fusion: a suicient amount of osteogenic cells, an
osteoconductive matrix that can act as a scafold for new bone
to form, and osteoinductive signals that promote bone formation. Along with that, it is imperative to have adequate blood
supply to the fusion bed. Proper biomechanical stability also
aids in limiting micromotion and strain to allow for bony
fusion.
When there is a failure of fusion, or pseudarthrosis, it is
due to an inadequacy of one or more of the requirements just
listed. Patient-related factors and surgical technique play an
important role as well. hus, it is imperative to optimize all of
those aspects to promote successful bony fusion.
Vitamin D deiciency has been linked to longer time to
fusion with higher rates of nonunion.2 Prevalence of vitamin
D deiciency in patients undergoing spinal fusion is higher
than the general population.3,4 Preoperative analysis of vitamin

D levels with appropriate treatment may aid in successful
fusion.
Postoperative use of nonsteroidal anti-inlammatory drugs
and steroids has been linked to increased pseudarthrosis rates.5–9
Nonsteroidal antiinlammatory drugs inhibit osteogenic activity and, in turn, decrease fusion rates.6 Cyclooxygenase-2
inhibitors, such as celecoxib, have not caused a statistically
signiicant increase in pseudarthrosis rates.7,8
Smoking and use of nicotine products have been shown to
signiicantly increase pseudarthrosis rates in both cervical and
lumbar spinal fusions.10–18 Brown et al. in 1986 reported fusion
rates in smokers versus nonsmokers ater undergoing a two-level
lumbar laminectomy and posterolateral fusion.11 All fusions
were performed in situ without hardware or interbody devices.
Nonsmokers had a pseudarthrosis rate of 8%, while smokers
had a pseudarthrosis rate of 40%. Several other studies since
then have validated the claim that smoking has a signiicant
inhibitory efect on spinal fusions. A recent study by Bydon
et al. analyzed the fusion rates of smokers versus nonsmokers in single-level and two-level instrumented posterolateral
lumbar fusions and noted no diference in single-level fusion
rates between smokers and nonsmokers.12 However, two-level
fusions showed a signiicantly higher pseudarthrosis rate in
smokers versus nonsmokers (29.17% vs. 10.92%, respectively).
Glassman et al. analyzed patients who had undergone singlelevel or two-level instrumented posterolateral lumbar fusion
using iliac crest autograt to analyze the fusion rates of smokers
versus nonsmokers versus previous smokers who quit.13 he
pseudarthrosis rate in smokers was almost double that of
nonsmokers (26.5% vs. 14.2%, respectively). Previous smokers
who quit postoperatively were noted to have a pseudarthrosis
rate of 17.1%, trending toward the rate of the nonsmoking
group. Hilibrand et al. evaluated smokers and nonsmokers
who had undergone multilevel anterior cervical discectomy
and fusion and noted solid bony fusions at all sites at a rate
of 76% in nonsmokers and only 50% in smokers.14 Beyond
smoking, any use of nicotine products has been suggested to
increase pseudarthrosis rates in rabbit models.16,17
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Spinal Instrumentation and Its Efect on Fusion
Instrumentation of the spine has evolved signiicantly as we
learn more about the biology and biomechanics of the spine.
he main purpose of advances in technique and instrumentation is to improve results. Several studies have looked at the
efects of spinal instrumentation on fusion rates and overall
clinical outcomes.19–44 he following is a brief overview of the
efect of spinal instrumentation on the fusion rates. he
advances in pedicle screws, interbody devices, cervical plates,
and other spinal instrumentation are substantial and warrant
an in-depth discussion, which is beyond the scope of this
chapter.

Lumbar Spine
Several prospective randomized control studies have analyzed
the efects of pedicle screw instrumentation on fusion rates.19–24
Fischgrund et al. analyzed the fusion rates of single-level
laminectomy and arthrodesis with and without pedicle screw
instrumentation and noted a pseudarthrosis rate of 18% in the
instrumented group compared to 55% in the uninstrumented
group.19 However, overall clinical outcomes were similar in
both groups at 2 years. Kornblum et al. analyzed those same
patients from the uninstrumented group to look at clinical
outcomes at 5 to 14 years.20 It was noted that clinical outcomes
were signiicantly better in those patients with solid fusions
compared to patients who had a pseudarthrosis (86% vs. 56%,
respectively).
A prospective randomized study by Zdeblick et al. looked
at the diference in fusion rates in uninstrumented, semirigid
instrumented, and rigid instrumented posterolateral lumbar
and lumbosacral fusions.21 he uninstrumented group had
a fusion rate of 65% compared to 77% in the semirigid
instrumentation group and 95% in the rigid instrumentation
groups. Rigid instrumentation had a statistically signiicant
improved rate of fusion. Overall, pedicle screw instrumentation has been widely used to aid in rigidity in an attempt to
increase fusion rates.
In contrast, homsen et al. performed a similar prospective
randomized study and noted no diference in fusion rates
with or without the use of pedicle screws.22 Two other similar
studies showed comparable results, with no diference in
pain and functional outcomes and no diference in fusion
rates.23,24 hese results contradict those of Fischgrund et al.
and Zdeblick et al. Christensen et al. showed improved results
with uninstrumented posterolateral fusions but noted that
those individuals with diagnosed preoperative degenerative
instability had better results with instrumented posterolateral
fusions.25
Bono and Lee critically analyzed lumbar spinal fusion
procedures and pseudarthrosis rates.26 heir review noted a
statistically higher fusion rate in instrumented posterolateral
lumbar fusions. However, the overall clinical outcomes were
similar. he Spine Patient Outcomes Research Trial also noted
signiicantly improved fusion rates in pedicle screw instrumented posterolateral fusions versus uninstrumented fusions
(85.29% vs. 67.24, respectively).27

Interbody fusion has become more common recently
with the hypothesis that it aids in sagittal plane correction
and provides another site for bony fusion to occur. Several
randomized trials have analyzed the fusion rates and clinical
outcomes of interbody fusion.28,29 Christensen et al. showed
that circumferential fusion with the use of an interbody cage
resulted in signiicantly improved lumbar lordosis at 1-year
follow-up and improved fusion rates with less reoperations.28
Another study performed a similar randomized study with
2-year follow-up and noted that the overall clinical outcomes
and fusion rates for posterolateral fusion versus interbody
fusion were the same.29 he Spine Patient Outcomes Research
Trial noted no signiicant diference in fusion rates between
instrumented posterolateral fusion and circumferential fusions
with the use of an interbody device.27 Several systematic
reviews and meta-analysis studies suggest that circumferential fusions with interbody devices may increase fusion rates
compared to posterolateral fusions alone.30–33 Jalalpour et al.
compared uninstrumented posterolateral fusion with transforaminal lumbar interbody fusion (TLIF) and concluded
that, at 2-year follow-up, the TLIF group had better clinical
outcomes.34
Controversy still remains regarding the use of pedicle
screw instrumentation and interbody devices. here is data
to suggest that fusion rates may be higher with the use of
pedicle screws and interbody devices. However, good to
excellent clinical outcomes can be achieved with or without
instrumentation.35,36

Cervical Spine
Instrumentation in the cervical spine has also been analyzed
to determine whether fusion rates and clinical outcomes are
afected. Anterior cervical discectomy and fusion (ACDF) is
the most common cervical spine surgery performed. Several
studies have looked at the fusion rates with and without the
use of plate ixation for ACDF.37–44
Wang et al. performed three studies analyzing the diference in fusion rates with and without use of plates in one-,
two- and three-level ACDF.37–39 he irst study on single-level
ACDF showed no statistical diference in fusion rates with the
use of plate supplementation. However, grat collapse was
signiicantly less in the patients with the use of plates. he
second study noted signiicantly higher pseudarthrosis rates
in the group without plates for two-level ACDF (0% in the
plate group vs. 25% in the no-plate group). he third study
analyzed three-level ACDF and showed a lower pseudarthrosis
rate in the group with plates (18% in the plate group vs. 37%
in the no-plate group). However, this diference was not statistically signiicant.
A meta-analysis performed by Fraser and Hartl analyzed the
fusion rates of single-, two-, and three-level cervical procedures
with and without use of a plate as well as ACDF versus corpectomy and fusion.40 he data are summarized in Table 100.1.
Several studies have also shown no diference in fusion
rates with the use of plate supplementation for single-level
ACDF.37,41,42 However, overall maintenance of cervical lordosis
is better with the use of plates, with less grat collapse.37,41,43
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TABLE 100.1

Cumulative Fusion Rates for Each Surgical Procedure

Type of
Surgery

Total (No. of
Procedures)

Fusion
Rate (%)

11
97
10

73
1231
339

84.9
92.1
97.1

337
174
70

85
10
3

422
184
73

79.9
94.6
95.9

52

4

56

92.9

Fusion

Pseudarthrosis

One-Level Procedures
ACD
ACDF
ACDFP

62
1134
329

Two-Level Procedures
ACDF
ACDFP
One-level
CORP
One-level
CORPP

Lumbar Pseudarthrosis

Three-Level Procedures
ACDF
ACDFP
Two-level
CORP
Two-level
CORPP
Total

his includes preparing the fusion bed surfaces meticulously
by removing all sot tissue. When posterolateral fusion
is attempted, ater removal of all sot tissue at the fusion
sites, proper decortication of the transverse processes and
lateral facets with exposure of bleeding cancellous bone is
paramount.47
Similar methodology needs to be implemented when performing an interbody fusion or ACDF. Removal of all disc
material with subsequent scraping of the superior and inferior
endplates to expose bleeding bone is ideal. One must be
careful not to signiicantly violate the endplates, as that can
lead to subsidence of the interbody device or grat, especially
in osteoporotic bone.

80
33
79

43
7
9

123
40
88

65.0
82.5
89.8

51

2

53

96.2

2401

281

2682

89.5

From Fraser JF, Hartl R. Anterior approaches to fusion of the cervical spine: a
metaanalysis of fusion rates. J Neurosurg Spine. 2007;6:298–303.
The use of plates in ACDF procedures increases the fusion rates. This is especially true
in multilevel ACDF procedures. When comparing multilevel ACDF to corpectomy, the
fusion rates are similar.
ACD, anterior cervical discectomy; ACDF, anterior cervical discectomy and fusion;
ACDFP, anterior cervical discectomy and fusion with plate placement; CORP,
corpectomy; CORPP, CORP with plate placement.

Bone Grafting and Osteobiologics
Iliac crest autograt has long been considered the gold standard
for bone grating because of the osteogenic, osteoconductive,
and osteoinductive nature of the grat. Yet, harvesting of iliac
crest autograt can lead to a signiicant amount of donor site
morbidity.44
he importance of grat material must be taken into consideration to efectively achieve the surgical goal of bony
fusion. A recent systematic review of the literature on bone
grating materials found posterolateral lumbar fusion rates to
be 79% with iliac crest bone grat, 52% with allograt alone,
89% with demineralized bone matrices, 87% with ceramics,
74% with autologous bone marrow, and 94% with bone morphogenetic protein.45 A meta-analysis of anterior cervical
pseudarthrosis showed a lower pseudarthrosis rate with the
use of autograt (0.9%) compared to allograt (4.9%).46 More
recent advances in instrumentation, allograts, biologic substitutes, and cages have shown comparable overall fusion rates
and results.41,43 An in-depth discussion of the diferent types
of grat options and osteobiologics, although important, is
beyond the scope of this chapter.

Proper Surgical Technique
It is imperative that proper surgical technique is used when
performing fusion surgery to allow for adequate bony fusion.

Evaluation
he reported rates in the literature of pseudarthrosis ater
lumbar fusion range from 5% to 35%, with signiicantly higher
incidences in those patients being fused three or more spinal
levels.48–52 Considering that many patients with pseudarthrosis
remain asymptomatic, the true incidence is likely underestimated in the literature.53 A morphologic classiication for
posterolateral lumbar pseudarthrosis has been described,
although it has not found signiicant clinical application yet
(Fig. 100.1).51,53,54
Pseudarthrosis should be on the diferential diagnosis for
a postoperative lumbar fusion patient with back pain and/or
neurologic symptoms. Accurately attributing low back pain to
nonunion ater lumbar spine surgery can be very diicult.55–58
Worsening of symptoms with movement may also indicate a
mechanical etiology, such as the instability associated with
nonunion. Physical examination is usually nonspeciic but
may identify gross motion or ind a spinal deformity present
due to the loss of alignment from fusion failure.51,53,59,60
Asymptomatic pseudarthrosis has been reported in as many
as 50% of patients, making initial diagnosis diicult at times.53
Open surgical exploration is the gold standard for lumbar
fusion evaluation because it allows for the direct visualization of
bony fusion. However, it is highly invasive and recommended
only in patients with a high suspicion of pseudarthrosis or
hardware failure.59–63 Noninvasive methods for establishing
fusion status are preferable and much more practical than
open surgery, but interpretation of fusion status can still be
challenging.
he most common radiographic indings suggestive of
pseudarthrosis are implant failure, loss of ixation, radiolucencies, and spinal deformity.51,53,64,65 Successful fusion is oten
judged on plain ilms or computed tomography (CT) through
continuous trabecular osseous bridging between vertebrae
combined with absence of peri-implant radiolucency and the
absence of motion on lexion-extension radiographs.66–71
However, radiolucencies around pedicle screws may disappear
over time and its presence does not always necessarily indicate
a permanent pseudarthrosis.72,73
Some early pseudarthrosis patients may begin to successfully fuse 1 to 2 years ater surgery and improvement can
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FIG. 100.1 Morphologic classiication of posterolateral lumbar pseudarthrosis by Heggeness and Esses. (A)
Atrophic: most severe case, involving gross atrophy and resorption of bone graft. (B) Transverse: most common,
substantial mass of viable remodeled bone continuous with fusion mass of adjacent levels. (C) Shingle:
substantial mass of mature bone graft is present, but defect is present and passes obliquely through the
sagittal plane. (D) Complex: more than one adjacent defect in fusion mass. (From Chun DS, Baker KC, Hsu WK.
Lumbar pseudarthrosis: a review of current diagnosis and treatment. Neurosurg Focus. 2015;39(4):E10; and
Heggeness MH, Esses SI. Classiication of pseudarthroses of the lumbar spine. Spine (Phila Pa 1976).
1991;16:S449–S454.)

continue for up to 4 or 5 years.66 One study found that twothirds of early pseudarthrosis cases had successful fusion 5
years ater surgery. Pseudarthrosis has, in the past, been
deined as the absence of solid bony fusion 1 year ater the
operation.59,74 However, Tokuhashi et al. stated that, due to
continued bone healing, it is not reasonable to diagnose a
failure of osseous union within 1 year ater posterior spinal
surgery as pseudarthrosis and that instead it should be labeled
as a “delayed union.”72 At 2 years postoperatively, if there is
lack of successful bony fusion, it should be considered “indeterminate.”75 he inal determination of a nonunion should be
made 3 years ater surgery.66 Several studies show no diference
in patient-reported outcomes in the irst 1 to 3 years regardless
of fusion status, and it is not until patients are followed longterm for greater than 5 years that radiographic pseudarthrosis
impacts outcome, requiring intervention19,20,53,76,77
Plain radiography is commonly used as the irst imaging
evaluation of pseudarthrosis due to its rapid assessment and
low cost. he US Food and Drug Administration guidelines
for successful fusion include less than 3 mm of translational
motion and less than 5 degrees of angular motion on lexion
and extension radiographs.53 For lumbar interbody fusion,
Kuslich et al. suggested an angular change of greater than 7
degrees to indicate nonunion, 3 to 7 degrees as indeterminate,
and less than 3 degrees to indicate fusion.69 Other studies
have proposed motion of 1 to 5 degrees to indicate fusion.71
Bono et al. used a inite element analysis to show that less
than 4.1 degrees of motion was most predictive of a solid
fusion.78
he time to presentation of pseudarthrosis on plain ilms
can vary. Kim et al. found an average time of 3.5 years to
diagnosis of pseudarthrosis on plain radiographs.65 Dickson
et al. also found that only 73% of patients with conirmed
pseudarthrosis was seen on plain ilms within the irst 2
years postoperatively.64 Studies have demonstrated a 62%
to 68% correlation rate between preoperative evaluation of

pseudarthrosis-negative plain ilms when compared with the
gold standard of surgical exploration.51,53,62,79–82
CT has been shown to have the strongest correlation with
intraoperative assessment of fusion status.53,62,66,83,84 While
there are currently no universal criteria or grading system to
assess interbody bony fusion, many studies have deined
pseudarthrosis through absence of bony trabeculation between
adjacent vertebrae or periimplant radiolucency.51,66,85,86
Although early literature on the use of CT for pseudarthrosis
reported a correlation of 57% to 80% as compared to intraoperative indings,62,87,88 there have since been considerable
advances in CT technology with thin-slice sequence acquisition and 3-dimensional reconstruction techniques.89 More
recent published data have reported accuracy to be 74% to
96%.63 Kanemura et al. used serial thin-cut CT examinations
to show that a radiolucent zone of more than 1 mm around
the interbody cages at 12 months was an early predictor of
permanent pseudarthrosis.66 Shah et al. also found that bridging trabeculation was found on 95% of CT scans versus only
4% of plain ilms.85 Carreon et al. conducted two level 1 studies
that showed the efective utility of CT imaging to assess fusion
status.63,90 Other studies have demonstrated that thin-section
helical CT is more accurate in the detection of pseudarthrosis
than plain ilm radiographs.66,79,85,91-93
Bone scan or bone scintigraphy is a nuclear scanning test
that uses a small amount of a radioisotope (usually technetium99m) with single-photon emission computed tomography to
ind tissue with high metabolic activity. In a series of 42
patients, Bohnsack et al. found bone scintigraphy to be only
88% accurate in diagnosing pseudarthrosis.94 Similarly,
McMaster and Merrick found in their series that there were a
number of false positives due to the continued metabolic
activity in both immature fusions and pseudarthrosis.95
Positron emission tomography (PET) scans also use a
radioisotope tracer that emits positrons, such as luorodeoxyglucose. Recently, its use for pseudarthrosis has been
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investigated. Foldager et al. showed in a porcine model
that PET was a valid evaluation method to detect bone
metabolic activity and fusion.96 Recently, Peters et al. used
18
F-luoride PET scans to discriminate between symptomatic
and asymptomatic pseudarthrosis to serve as an indicator for
revision surgery.61 hey found a signiicant diference between
18
F-luoride activity in the lowest patient-reported clinical
outcome group as compared to those in the highest group,
concluding that 18F-luoride PET may be useful in diagnosing
painful pseudarthrosis.
Because no noninvasive radiographic modality can yet
approach the true gold standard of surgical exploration, it is
recommended that multiple modalities be used to evaluate
patients suspected of having pseudarthrosis.79

XIV

Management
Asymptomatic patients may beneit from a trial of conservative management with close clinical and radiographic followup. hose who require revision surgeries follow the primary
principles of treatment that include replacement of any loose
or inefective instrumentation and regrating.51,59
It remains controversial whether positive radiographic
indings for pseudarthrosis in an asymptomatic patient make
a clinical diference because these patients typically do not
undergo revision surgery. Studies have shown that short-term
(1–3 years) radiographic indings of nonunion have no impact
on patient outcomes.19,53,76
DePalma and Rothman compared outcomes in patients
with just radiographic evidence of pseudarthrosis.49 here was
no signiicant clinical diferences between the two groups. It
is still unclear why some patients with asymptomatic pseudarthroses maintain excellent clinical outcomes while others
require signiicant management and treatment.51,97,98 While
nonunions can initially be asymptomatic on clinical followup, this complication may require revision surgeries up to 10
years ater the index procedure.19,20,99 Long-term follow-up in
the initially asymptomatic failed lumbar fusion population is
important.
Pseudarthrosis can be a cause of recurrent pain and disability and is one of the most common indications for revision
lumbar surgery.55,100,101 For those patients with pseudarthrosis
who initially underwent just a posterolateral fusion (PLF), the
placement of an interbody device or grat as a revision surgical
treatment has been shown to be efective.
Circumferential fusion is the preferred method of treatment
for pseudarthrosis and leads to higher fusion rates.82,102–105
Noncircumferential revision surgery has been reported to
have high rates of failure with persistence of the pseudarthrosis. Two studies analyzed the use of posterolateral fusion with
instrumentation to treat their pseudarthrosis patients and
found persistent pseudarthrosis in 51% and 45% of patients,
respectively.106,107 Studies utilizing circumferential fusion for
treatment of pseudarthrosis have reported high fusion rates,
ranging from 90% to 100% (Fig. 100.2).82,103,105 Recently,
Mobbs et al. conducted a prospective study to evaluate the
utility of anterior lumbar interbody fusion (ALIF) as a salvage
technique for lumbar pseudarthrosis. Twenty patients with

FIG. 100.2 Radiograph of patient with pseudarthrosis after failed prior
posterior fusion treated with anterior lumbar interbody fusion (ALIF). Mobbs
et al. noted 95% fusion rate after revision with ALIF in combination with
improved clinical outcomes. (From Mobbs RJ, Phan K, Thayaparan GK, Rao
PJ. Anterior lumbar interbody fusion as a salvage technique for
pseudarthrosis following posterior lumbar fusion surgery. Global Spine J.
2016;6[1]:14-20.)

failed TLIF or PLIF were treated with revision ALIF and demonstrated a 95% fusion rate at 1 year with improved clinical
outcomes.108
Surgical outcomes ater revision surgery for pseudarthroses
have been variable. Carpenter et al. reported 86 patients with
lumbar pseudarthroses who underwent repair, of which a
solid fusion was ultimately achieved in 81 patients (94%).98 No
association was noted between achievement of a solid fusion
and clinical outcome score. Glassman et al. found that those
patients who underwent PLF with instrumentation for nonunion improved the least in their Oswestry Disability Index
scores compared to patients who underwent PLF for other
indications.109 Several other studies have shown that although
revision surgery for pseudarthrosis may lead to high fusion
rates, the overall clinical outcomes may not follow the same
trend.103,110

Cervical Pseudarthrosis
Evaluation
Approximately one-third of patients with pseudarthrosis ater
anterior cervical fusion may be asymptomatic.111 Symptomatic
pseudarthrosis patients complain most consistently of neck
pain with motion. Some may have neck pain since the time of
surgery, while others develop new neck pain or symptoms up
to 2 years ater initial surgery. Nerve root compression with
pain, sensory, and/or motor deicits in the upper extremities
may also occur.
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FIG. 100.3 (A) Neutral, (B) lexion, and (C) extension lateral ilms of a patient status post C4–C5, C5–C6 anterior
cervical discectomy and fusion. C4–C5 appears consistent with union, C5–C6 appears consistent with
pseudarthrosis. B and C demonstrate a greater than 2-mm increase in distance between spinous processes
consistent with pseudarthrosis. (From Gruskay JA, Webb ML, Grauer JN. Methods of evaluating lumbar and
cervical fusion. Spine J. 2014;14:531–539.)

As with the lumbar spine, the gold standard for diagnosing
pseudarthrosis in the cervical spine is surgical exploration.60
As surgical exploration is obviously invasive, other modalities
have been used to aid in the diagnosis.
Plain radiographs are easily obtainable and are generally
the irst study used to evaluate a postoperative patient for
pseudarthrosis. Utilization of lexion-extension lateral radiographs allows for the analysis of motion at the attempted fusion
levels. Cannada et al. showed a change in interspinous process
distance of more than 2 mm on lexion-extension radiographs
correlated with pseudarthrosis, which was a better, more
reproducible measure than Cobb angle (intervertebral angle;
Fig. 100.3).112 Song et al. analyzed fusion status on plain radiographs at difering magniication levels and noted that greater
than or equal to 1 mm of spinous process motion at 150%
magniication with adjacent-level motion of at least 4 mm
provided pseudarthrosis diagnosis comparable to CT scan.113
Screw loosening, implant failure, or periimplant radiolucency
can also be analyzed with plain radiographs. A radiolucent
line at the grat–vertebral body interface or lack of bridging
osseous trabeculae may also suggest pseudarthrosis.53,111,114,115
Computerized motion analysis of plain radiographs can
also be used in diagnosis.83 A cutof of greater than or equal
to 1 degree of motion is noted to have a positive predictive
value and negative predictive value similar to that found with
CT scan. It was also noted that combining the two methods
increased sensitivity and negative predictive value. Although
the Food and Drug Administration guideline for diagnosis of
pseudarthrosis of the cervical spine is 4 degrees of intervertebral motion, the use of 1 degree as the cutof may be more
reliable when using computerized motion analysis.83,116
As with the lumbar spine, CT scans allow for better analysis
of bridging bony trabeculae to determine fusion. CT scan has
been noted to determine pseudarthrosis at a higher, more
accurate rate and have higher interobserver consistency (Fig.
100.4)53,117–119 hin-cut CT scan with reconstructions has been

FIG. 100.4 Clearly notable lack of complete bony bridging between
vertebral bodies after attempted anterior cervical discectomy and fusion.
When evaluating for pseudarthrosis, thin-cut CT scan may be a useful
diagnostic study. (From Gruskay JA, Webb ML, Grauer JN. Methods of
evaluating lumbar and cervical fusion. Spine J. 2014;14:531–539.)

noted to be most accurate in evaluating for pseudarthrosis, yet
it is still not 100%. It is best to combine all available imaging
modalities and correlate that with the patient’s symptoms to
accurately diagnose pseudarthrosis. Surgical exploration still
remains the gold standard.119

Management
Management of cervical pseudarthrosis is similar to that of
the lumbar spine. Conservative management does have a role
in asymptomatic patients, although close clinical and radiographic follow-up is needed in order to watch for progression
or development of symptoms.60,111,120,121
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Cost of Pseudarthrosis
Economic value is increasingly becoming more important as
a component of health care decision making. Limited data
exist on the cost of pseudarthrosis and subsequently the
cost of treatment and overall quality-of-life expenses. One
study showed a total 2-year cost for revision surgery to be
$41,631 with signiicant improvements in quality-adjusted
life year (0.35) gained and concluded that revision surgery
was modestly cost efective. Further research is required to
fully explore the relationship between surgical intervention
for pseudarthrosis of the spine and its potential inancial
implications.129

KEY REFERENCES
1. Glassman SD, Rose SM, Dimar JR, et al. The efect of
postoperative nonsteroidal anti-inlammatory drug
administration on spinal fusion. Spine. 1998;23:834-838.

2.

3.

4.

5.

6.

7.

8.

This study analyzed the efect of postoperative ketorolac
administration on fusion rates and showed a statistically higher rate
of nonunion with the use of ketorolac.
Brown CW, Orme TJ, Richardson HD. The rate of pseudarthrosis
(surgical nonunion) in patients who are smokers and patients
who are nonsmokers: a comparison study. Spine. 1986;11:942-943.
This study analyzed the efect of smoking on lumbar laminectomy
and fusion. This study showed pseudarthrosis rates of 40% in the
smoking group and 8% in the nonsmoking group.
Fischgrund JS, Mackay M, Herkowitz HN, et al. Degenerative
lumbar spondylolisthesis with spinal stenosis: a prospective,
randomized study comparing decompressive laminectomy and
arthrodesis with and without spinal instrumentation. Spine.
1997;22:2807-2812.
This study showed the use of pedicle screw instrumentation for
lumbar spondylolisthesis signiicantly improves fusion rates.
Bono CM, Lee CK. Critical analysis of trends in fusion for
degenerative disc disease over the past 20 years: inluence of
technique on fusion rate and clinical outcome. Spine.
2004;29:455-463.
This article critically analyzes the literature regarding lumbar fusions
over a 20-year period to determine factors that may inluence fusion
rates and clinical outcomes.
Slappey G, Toribatake Y, Ganey TM, Ogden JA, Hutton WC.
Guidelines to decortication in posterolateral spine fusion. J
Spinal Disord. 1998;11(2):102-109.
This cadaver study analyzed the intraosseous vascular structure
of the lumbar spine to determine the most efective areas to
decorticate in order to expose bleeding bone and marrow cells to
the fusion bed.
Fraser JF, Hartl R. Anterior approaches to fusion of the cervical
spine: a metaanalysis of fusion rates. J Neurosurg Spine.
2007;6:298-303.
This metaanalysis compares the diferent types of anterior cervical
surgeries to analyze fusion rates.
Chun DS, Baker KC, Hsu WK. Lumbar pseudarthrosis: a review of
current diagnosis and treatment. Neurosurg Focus.
2015;39(4):E10.
This article provides a comprehensive review of the methods of
diagnosis and treatment for lumbar pseudarthrosis.
Gruskay JA, Webb ML, Grauer JN. Methods of evaluating lumbar
and cervical fusion. Spine J. 2014;14:531-539.
This article provides a comprehensive review of diagnosing lumbar
and cervical pseudarthrosis with an overview of diferent imaging
modalities that can be used.

REFERENCES
1. Rajaee SS, Bae HW, Kanim LE, Delamarter RB. Spinal fusions
in the United States: analysis of trends from 1998 to 2008.
Spine. 2012;37(1):67-76.
2. Ravidra VM, Godzik J, Dailey AT, et al. Vitamin D levels
and 1-year fusion outcomes in elective spine surgery. Spine.
2015;40:1536-1541.
3. Ravindra VM, Godzik J, Guan J, et al. Prevalence of
vitamin D deiciency in patients undergoing elective
spine surgery: a cross-sectional analysis. World Neurosurg.
2015;83(6):1114-1119.
4. Stoker GE, Buchowski JM, Bridwell KH, et al. Preoperative
vitamin D status of adults undergoing surgical spinal fusion.
Spine. 2013;38(6):507-515.
5. Glassman SD, Rose SM, Dimar JR, et al. he efect of
postoperative nonsteroidal anti-inlammatory drug
administration on spinal fusion. Spine. 1998;23:834-838.

S E C T I O N

Operative management of cervical pseudarthrosis can be
done anteriorly or posteriorly. Phillips et al. analyzed 48
patients with cervical pseudarthrosis.111 It was noted that 33%
of patients with a radiographically diagnosed pseudarthrosis
were asymptomatic and did not require surgical intervention.
Of the 67% that were symptomatic, 28% of those had an
asymptomatic period of at least 2 years before emergence of
symptoms. he caudal-most level of a multilevel surgery was
the most likely to have a pseudarthrosis (82%).
Brodsky et al.122 performed a randomized study analyzing
the fusion rates and clinical outcomes of the anterior versus
posterior approach for treatment of patients with a diagnosis
of symptomatic cervical pseudarthrosis. he anterior group
achieved successful radiographic fusion in 76% with good to
excellent clinical results in 59%; the posterior group achieved
successful fusion in 94% with good to excellent clinical results
in 88%.122 Several other studies have shown similar results
with higher rates of radiographic fusion ater posterior repair
of pseudarthrosis.111,114,115,123,124
In contrast, there is also data to suggest that anterior
revision surgery is a viable option to manage cervical
pseudarthrosis.125–127 Tribus et al. showed 81% fusion rates with
revision anterior cervical fusion,126 while Coric et al. reported
100% fusion rates ater anterior revision of pseudarthrosis.127
here are special considerations that must be evaluated prior
to revision anterior surgery. Scar tissue formation ater the
initial surgery may make the approach more challenging with
obliteration of normal tissue planes if the revision approach is
performed on the same side as the initial surgery. If the contralateral approach is considered to avoid scar tissue, vocal cord
analysis must be performed to conirm adequate function of
the recurrent laryngeal nerve on the side of the initial surgery.
Several systematic reviews and meta-analysis studies have
analyzed the literature to evaluate the most efective management for cervical pseudarthrosis. hey concluded that both
anterior and posterior revision can lead to adequate fusion
rates with good clinical outcomes, although posterior revision
surgery has higher fusion rates.121,128

1833

XIV

1834

COMPLICATIONS OF SPINAL SURGERY

6. Dimar JR, Ante W, Zhang YP, Glassman SD. he efect of
nonsteroidal anti-inlammatory drugs on posterior spinal
fusion in the rat. Spine. 1996;21:1870-1876.
7. Long J, Lewis S, Kuklo T, Zhu Y, Riew KD. he efect of
cyclooxygenase-2 inhibitors on spinal fusion. J Bone Joint Surg
Am. 2002;84-A(10):1763-1768.
8. Reuben SS, Ekman FF. he efect of cyclooxygenase-2
inhibition on analgesia and spinal fusion. J Bone Joint Surg
Am. 2005;87(3):536-542.
9. Sawin PD, Dickman CA, Crawford NR, et al. he efects of
dexamethasone on bone fusion in an experimental model
of posterolateral lumbar spinal arthrodesis. J Neurosurg.
2001;94:76-81.
10. Anderson MS, Christensen FB, Laursen M, et al. Smoking
as a predictor of negative outcome in lumbar spinal fusion.
Spine. 2001;26:2623-2628.
11. Brown CW, Orme TJ, Richardson HD. he rate of
pseudarthrosis (surgical nonunion) in patients who are
smokers and patients who are nonsmokers: a comparison
study. Spine. 1986;11:942-943.
12. Bydon M, Garza-Ramos R, Abt NB, et al. Impact of smoking
on complication and pseudarthrosis rates ater single- and
2-level posterolateral fusion of the lumbar spine. Spine.
2014;39:1765-1770.
13. Glassman SD, Anagnost SC, Parker A, et al. he efect of
cigarette smoking and smoking cessation on spinal fusion.
Spine. 2000;25:2608-2615.
14. Hilibrand AS, Fye MA, Emery SE, Palumbo MA, Bohlman
HH. Impact of smoking on the outcome of anterior cervical
arthrodesis with interbody or strut-grating. J Bone Joint Surg.
2001;83-A(5):668-673.
15. Lau D, Chou D, Ziewacz JE, Mummaneni PV. he efects
of smoking on perioperative outcomes and pseudarthrosis
following anterior cervical corpectomy. J Neurosurg Spine.
2014;21:547-558.
16. Silcox DH, Datari T, Boden SD, et al. he efect of nicotine
on spinal fusion. Spine. 1995;20:1549-1553.
17. Wing KJ, Fisher CG, O’Connell JX, Wing PC. Stopping
nicotine exposure before surgery. Spine. 2000;25:30-34.
18. Hadley MN, Reddy SV. Smoking and the human vertebral
column: a review of the impact of cigarette use on
vertebral bone metabolism and spinal fusion. Neurosurgery.
1997;41(1):116-124.
19. Fischgrund JS, Mackay M, Herkowitz HN, et al. Degenerative
lumbar spondylolisthesis with spinal stenosis: a prospective,
randomized study comparing decompressive laminectomy
and arthrodesis with and without spinal instrumentation.
Spine. 1997;22:2807-2812.
20. Kornblum MB, Fischgrund JS, Herkowitz HN, et al.
Degenerative lumbar spondylolisthesis with spinal stenosis:
a prospective long-term study comparing fusion and
pseudarthrosis. Spine. 2004;29:726-733.
21. Zdeblick TA. A prospective, randomized study of
lumbar fusion: preliminary results. Spine. 1993;18:
983-991.
22. homsen K, Christensen FB, Eiskjaer SP, et al. 1997 Volvo
Award winner in clinical studies: the efect of pedicle screw
instrumentation on functional outcome and fusion rates in
posterolateral lumbar spinal fusion: a prospective, randomized
clinical study. Spine. 1997;22:2813-2822.
23. Moller H, Hedlund R. Instrumented and noninstrumented
posterolateral fusion in adult spondylolisthesis, a prospective
randomized study: part 2. Spine. 2000;25:1716-1721.

24. France JC, Yaszemski MJ, Lauerman WC, et al. A randomized
prospective study of posterolateral lumbar fusion outcomes
with and without pedicle screw instrumentation. Spine.
1999;24:553-560.
25. Christensen FB, Hansen EB, Laursen M, homsen K,
Bunger C. Long-term functional outcome of pedicle screw
instrumentation as a support for posterolateral spinal fusion:
randomized clinical study with a 5-year follow-up. Spine.
2002;27:1269-1277.
26. Bono CM, Lee CK. Critical analysis of trends in fusion for
degenerative disc disease over the past 20 years: inluence
of technique on fusion rate and clinical outcome. Spine.
2004;29:455-463.
27. Abdu WA, Lurie JD, Spratt KF, et al. Degenerative
spondylolisthesis: does fusion method inluence outcome?
Four-year results of the Spine Patient Outcomes Research
Trial. Spine. 2009;34:2351-2360.
28. Christensen FB, Hansen ES, Eiskjaer SP, et al. Circumferential
lumbar spinal fusion with Brantigan cage versus posterolateral
fusion with titanium Cotrel-Dubousset instrumentation: a
prospective, randomized clinical study of 146 patients. Spine.
2002;27:2674-2683.
29. Hoy K, Bunger C, Niederman B, et al. Transforaminal
lumbar interbody fusion (TLIF) versus posterolateral
instrumented fusion (PLF) in degenerative lumbar disorders:
a randomized clinical trial with 2-year follow-up. Eur Spine J.
2013;22:2022-2029.
30. Liu X, Wang Y, Qiu G, Weng X, Yu B. A systematic review
with meta-analysis of posterior interbody fusion versus
posterolateral fusion in lumbar spondylolisthesis. Eur Spine J.
2014;23:43-56.
31. Liu X, Wang Y, Qiu G, Weng X, Yu B. Meta-analysis of
circumferential fusion versus posterolateral fusion in lumbar
spondylolisthesis. J Spinal Disord Tech. 2014;27:E282-E293.
32. Liu X, Qui G, Weng X, Yu B, Wang Y. What is the optimum
fusion technique for adult spondylolisthesis—PLIF or PLF or
PLIF plus PLF? Spine. 2014;39:1887-1898.
33. Ye Y, Xu H, Chen D. Comparison between posterior lumbar
interbody fusion and posterolateral fusion with transpedicular
screw ixation for isthmic spondylolisthesis: a meta-analysis.
Arch Orthop Trauma Surg. 2013;133:1649-1655.
34. Jalalpour K, Neumann P, Johansson C, Hedlund R. A
randomized controlled trial comparing transforaminal lumbar
interbody fusion and uninstrumented posterolateral fusion in
the degenerative lumbar spine. Global Spine J. 2015;5:322-328.
35. Ekman P, Moller H, Tullberg T, Neumann P, Hedlund R.
Posterior lumbar interbody fusion versus posterolateral fusion
in adult isthmic spondylolisthesis. Spine. 2007;32:2178-2183.
36. Kim K, Lee S, Lee Y, Bae S, Suk K. Clinical outcomes of 3
fusion methods through the posterior approach in the lumbar
spine. Spine. 2006;31:1351-1357.
37. Wang JC, McDonough PW, Endow KD, Kanim LEA,
Delamarter RB. he efect of cervical plating on single-level
anterior cervical discectomy and fusion. J Spinal Disord.
1999;6:467-471.
38. Wang JC, McDonough PW, Endow KD, Delamarter RB.
Increased fusion rates with cervical plating for two-level
anterior cervical discectomy and fusion. Spine. 2000;
25:41-45.
39. Wang JC, McDonough PW, Kanim LEA, Endow KK,
Delamarter RB. Increased fusion rates with cervical plating
for three-level anterior cervical discectomy and fusion. Spine.
2001;26:643-647.

Chapter 100 Pseudarthrosis

63. Carreon LY, Djurasovic M, Glassman SD, Sailer P.
Diagnostic accuracy and reliability of ine-cut CT scans with
reconstructions to determine the status of an instrumented
posterolateral fusion with surgical exploration as reference
standard. Spine. 2007;32:892-895.
64. Dickson DD, Lenke LG, Bridwell KH, Koester LA. Risk
factors for and assessment of symptomatic pseudarthrosis
ater lumbar pedicle subtraction osteotomy in adult spinal
deformity. Spine. 2014;39:1190-1195.
65. Kim YJ, Bridwell KH, Lenke LG, et al. Pseudarthrosis in adult
spinal deformity following multisegmental instrumentation
and arthrodesis. J Bone Joint Surg Am. 2006;88:721-728.
66. Kanemura T, Matsumoto A, Ishikawa Y, et al. Radiographic
changes in patients with pseudarthrosis ater posterior
lumbar interbody arthrodesis using carbon interbody cages: a
prospective ive-year study. J Bone Joint Surg Am. 2014;96:e82.
67. Brantigan JW, Stefee AD, Lewis ML, Quinn LM, Persenaire
JM. Lumbar interbody fusion using the Brantigan I/F cage for
posterior lumbar interbody fusion and the variable pedicle
screw placement system: two-year results from a Food and
Drug Administration investigational device exemption clinical
trial. Spine. 2000;25:1437-1446.
68. Blumenthal SL, Ohnmeiss DD. Intervertebral cages for
degenerative spinal diseases. Spine J. 2003;3:301-309.
69. Kuslich SD, Ulstrom CL, Griith SL, Ahern JW, Dowdle JD.
he Bagby and Kuslich method of lumbar interbody fusion.
History, techniques, and 2-year follow-up results of a United
States prospective, multicenter trial. Spine. 1998;23:1267-1278.
70. Togawa D, Bauer TW, Brantigan JW, Lowery GL. Bone
grat incorporation in radiographically successful human
intervertebral body fusion cages. Spine. 2001;26:2744-2750.
71. McAfee PC, Boden SD, Brantigan JW, et al. Symposium:
a critical discrepancy—a criteria of successful arthrodesis
following interbody spinal fusions. Spine. 2001;26:320-334.
72. Tokuhashi Y, Ajiro Y, Umezawa N. Follow-up of patients
with delayed union ater posterior fusion with pedicle screw
ixation. Spine. 2008;33:786-791.
73. Tokuhashi Y, Matsuzaki H, Oda H, Uei H. Clinical course and
signiicance of the clear zone around the pedicle screws in the
lumbar degenerative disease. Spine. 2008;33:903-908.
74. Turner JA, Ersek M, Herron L, et al. Patient outcomes ater
lumbar spinal fusions. JAMA. 1992;268:907-911.
75. McAfee PC. Interbody fusion cages in reconstructive
operations on the spine. J Bone Joint Surg Am.
1999;81:859-880.
76. Herkowitz HN, Kurz LT. Degenerative lumbar
spondylolisthesis with spinal stenosis. A prospective
study comparing decompression with decompression and
intertransverse process arthrodesis. J Bone Joint Surg Am.
1991;73:802-808.
77. Tsutsumimoto T, Shimogata M, Yoshimura Y, Misawa H.
Union versus nonunion ater posterolateral lumbar fusion:
a comparison of long-term surgical outcomes in patients
with degenerative lumbar spondylolisthesis. Eur Spine J.
2008;17:1107-1112.
78. Bono CM, Khandha A, Vadapalli S, et al. Residual sagittal
motion ater lumbar fusion: a inite element analysis with
implications on radiographic lexion-extension criteria. Spine.
2007;32:417-422.
79. Choudhri TF, Mummaneni PV, Dhall SS, et al. Guideline
update for the performance of fusion procedures for
degenerative disease of the lumbar spine. Part 4: radiographic
assessment of fusion status. J Neurosurg Spine. 2014;21:23-30.

S E C T I O N

40. Fraser JF, Hartl R. Anterior approaches to fusion of the
cervical spine: a metaanalysis of fusion rates. J Neurosurg
Spine. 2007;6:298-303.
41. Song K, Lee K. A preliminary study of the use of cage and
plating for single-segment fusion in degenerative cervical
spine disease. J Clin Neurosc. 2006;13:181-187.
42. Jacobs W, Willems PC, Kruyt M, et al. Systematic review
of anterior interbody fusion techniques for single- and
double-level cervical degenerative disc disease. Spine.
2011;36:E950-E960.
43. Vanek P, Bradac O, DeLacy P, et al. Comparison of 3 fusion
techniques in the treatment of degenerative cervical spine
disease. Is stand-alone autograt really the “gold standard”?
Spine. 2012;37:1645-1651.
44. Silbar JS, Anderson DG, Dafner SD, et al. Donor site
morbidity ater anterior iliac crest bone harvest for
single-level anterior cervical discectomy and fusion. Spine.
2003;28(2):134-139.
45. Hsu WK, Nickoli MS, Wang JC, et al. Improving the clinical
evidence of bone grat substitute technology in lumbar spine
surgery. Global Spine J. 2012;2:239-248.
46. Shriver MF, Lewis DJ, Kshettry VR, et al. Pseudarthrosis rates
in anterior cervical discectomy and fusion: a meta-analysis.
Spine J. 2015;15:2016-2027.
47. Slappey G, Toribatake Y, Ganey TM, Ogden JA, Hutton WC.
Guidelines to decortication in posterolateral spine fusion. J
Spinal Disord. 1998;11(2):102-109.
48. Berjano P, Langella F, Damilano M, et al. Fusion rate
following extreme lateral lumbar interbody fusion. Eur Spine
J. 2015;24(suppl 3):369-371.
49. DePalma AF, Rothman RH. he nature of pseudarthrosis.
Clin Orthop Relat Res. 1968;59:113-118.
50. Grubb SA, Lipscomb HJ, Suh PB. Results of surgical
treatment of painful adult scoliosis. Spine. 1994;19:1619-1627.
51. Chun DS, Baker KC, Hsu WK. Lumbar pseudarthrosis: a
review of current diagnosis and treatment. Neurosurg Focus.
2015;39(4):E10.
52. Herkowitz HN, Sidhu KS. Lumbar spine fusion in the
treatment of degenerative conditions: current indications and
recommendations. J Am Acad Orthop Surg. 1995;3:123-135.
53. Gruskay JA, Webb ML, Grauer JN. Methods of evaluating
lumbar and cervical fusion. Spine J. 2014;14:531-539.
54. Heggeness MH, Esses SI. Classiication of pseudarthroses of
the lumbar spine. Spine. 1991;16:S449-S454.
55. Dede O, huillier D, Pekmezci M, et al. Revision surgery for
lumbar pseudarthrosis. Spine J. 2015;15:977-982.
56. Kim SS, Michelsen CB. Revision surgery for failed back
surgery syndrome. Spine. 1992;17:957-960.
57. Ondra SL, Marzouk S. Revision strategies for lumbar
pseudarthrosis. Neurosurg Focus. 2003;15:E9.
58. Steinmann JC, Herkowitz HN. Pseudarthrosis of the spine.
Clin Orthop Relat Res. 1992;284:80-90.
59. Larsen JM, Capen DA. Pseudarthrosis of the lumbar spine.
J Am Acad Orthop Surg. 1997;5:153-162.
60. Raizman NM, O’Brien JR, Poehling-Monaghan KL, Yu
WD. Pseudarthrosis of the spine. J Am Acad Orthop Surg.
2009;17:494-503.
61. Peters M, Willems P, Weijers R, et al. Pseudarthrosis ater
lumbar spinal fusion: the role of (18)F-luoride PET/CT. Eur J
Nucl Med Mol Imaging. 2015;42:1891-1898.
62. Brodsky AE, Kovalsky ES, Khalil MA. Correlation of
radiologic assessment of lumbar spine fusions with surgical
exploration. Spine. 1991;16:S261-S265.

1835

XIV

1836

COMPLICATIONS OF SPINAL SURGERY

80. Kant AP, Daum WJ, Dean SM, Uchida T. Evaluation of
lumbar spine fusion. Plain radiographs versus direct surgical
exploration and observation. Spine. 1995;20:2313-2317.
81. Sugiyama S, Wullschleger M, Wilson K, Williams R, Goss B.
Reliability of clinical measurement for assessing spinal fusion:
an experimental sheep study. Spine. 2012;37:763-768.
82. Albert TJ, Pinto M, Denis F. Management of symptomatic
lumbar pseudarthrosis with anteroposterior fusion.
A functional and radiographic outcome study. Spine.
2000;25:123-129.
83. Ghiselli G, Wharton N, Hipp JA, Wong DA, Jatana S.
Prospective analysis of imaging prediction of pseudarthrosis
ater anterior cervical discectomy and fusion: computed
tomography versus lexion-extension motion analysis with
intraoperative correlation. Spine. 2011;36:463-468.
84. Cook SD, Patron LP, Christakis PM, et al. Comparison of
methods for determining the presence and extent of anterior
lumbar interbody fusion. Spine. 2004;29:1118-1123.
85. Shah RR, Mohammed S, Saifuddin A, Taylor BA. Comparison
of plain radiographs with CT scan to evaluate interbody
fusion following the use of titanium interbody cages and
transpedicular instrumentation. Eur Spine J. 2003;12:
378-385.
86. Staufer RN, Coventry MB. Anterior interbody lumbar spine
fusion. Analysis of Mayo Clinic series. J Bone Joint Surg Am.
1972;54:756-768.
87. Laasonen EM, Soini J. Low-back pain ater lumbar fusion.
Surgical and computed tomographic analysis. Spine.
1989;14:210-213.
88. Rothem DE, Rothem L, Soudry M, Dahan A, Eliakim
R. Nicotine modulates bone metabolism-associated
gene expression in osteoblast cells. J Bone Miner Metab.
2009;27:555-561.
89. Lang P, Genant HK, Steiger P, Chafetz N, Morris J.
[3-dimensional computed tomography and multiplanar
CT-reformations in lumbar spondylodesis]. Rofo. 1988;
148:524-529.
90. Carreon LY, Glassman SD, Schwender JD, et al. Reliability
and accuracy of ine-cut computed tomography scans to
determine the status of anterior interbody fusions with
metallic cages. Spine J. 2008;8:998-1002.
91. Santos ER, Goss DG, Morcom RK, Fraser RD. Radiologic
assessment of interbody fusion using carbon iber cages.
Spine. 2003;28:997-1001.
92. Burkus JK, Sandhu HS, Gornet MF, Longley MC. Use of
rhBMP-2 in combination with structural cortical allograts:
clinical and radiographic outcomes in anterior lumbar spinal
surgery. J Bone Joint Surg Am. 2005;87:1205-1212.
93. Lang P, Genant HK, Chafetz N, Steiger P, Morris JM.
hree-dimensional computed tomography and multiplanar
reformations in the assessment of pseudarthrosis in posterior
lumbar fusion patients. Spine. 1988;13:69-75.
94. Bohnsack M, Gosse F, Ruhmann O, Wenger K. he value of
scintigraphy in the diagnosis of pseudarthrosis ater spinal
fusion surgery. J Spinal Disord. 1999;12:482-484.
95. McMaster MJ, Merrick MV. he scintigraphic assessment
of the scoliotic spine ater fusion. J Bone Joint Surg Br.
1980;62-B:65-72.
96. Foldager C, Bendtsen M, Zou X, et al. ISSLS prize winner:
positron emission tomography and magnetic resonance
imaging for monitoring interbody fusion with equine bone
protein extract, recombinant human bone morphogenetic
protein-2, and autograt. Spine. 2008;33:2683-2690.

97. Adogwa O, Verla T, hompson P, et al. Afective disorders
inluence clinical outcomes ater revision lumbar surgery in
elderly patients with symptomatic adjacent-segment disease,
recurrent stenosis, or pseudarthrosis: clinical article. J
Neurosurg Spine. 2014;21:153-159.
98. Carpenter CT, Dietz JW, Leung KY, Hanscom DA,
Wagner TA. Repair of a pseudarthrosis of the lumbar
spine. A functional outcome study. J Bone Joint Surg Am.
1996;78:712-720.
99. Mardjetko SM, Connolly PJ, Shott S. Degenerative lumbar
spondylolisthesis. A meta-analysis of literature 1970-1993.
Spine. 1994;19:2256S-2265S.
100. Hu RW, Jaglal S, Axcell T, Anderson G. A population-based
study of reoperations ater back surgery. Spine.
1997;22:2265-2270.
101. Martin BI, Mirza SK, Comstock BA, et al. Reoperation rates
following lumbar spine surgery and the inluence of spinal
fusion procedures. Spine. 2007;32:382-387.
102. Buttermann GR, Garvey TA, Hunt AF, et al. Lumbar fusion
results related to diagnosis. Spine. 1998;23:116-127.
103. Gertzbein SD, Hollopeter MR, Hall S. Pseudarthrosis of the
lumbar spine. Outcome ater circumferential fusion. Spine.
1998;23:2352-2356.
104. Hee HT, Castro FP Jr, Majd ME, Holt RT, Myers L. Anterior/
posterior lumbar fusion versus transforaminal lumbar
interbody fusion: analysis of complications and predictive
factors. J Spinal Disord. 2001;14:533-540.
105. Slosar PJ, Reynolds JB, Schoferman J, et al. Patient
satisfaction ater circumferential lumbar fusion. Spine.
2000;25:722-726.
106. Lauerman WC, Bradford DS, Ogilvie JW, Transfeldt EE.
Results of lumbar pseudarthrosis repair. J Spinal Disord.
1992;5:149-157.
107. West JL 3rd, Bradford DS, Ogilvie JW. Results of spinal
arthrodesis with pedicle screw-plate ixation. J Bone Joint Surg
Am. 1991;73:1179-1184.
108. Mobbs RJ, Phan K, hayaparan GK, Rao PJ. Anterior lumbar
interbody fusion as a salvage technique for pseudarthrosis
following posterior lumbar fusion surgery. Global Spine J.
2016;6(1):14-20.
109. Glassman SD, Carreon LY, Djurasovic M, et al. Lumbar fusion
outcomes stratiied by speciic diagnostic indication. Spine J.
2009;9:13-21.
110. Cassinelli EH, Wallach C, Hanscom B, Vogt M, Kang JD.
Prospective clinical outcomes of revision fusion surgery
in patients with pseudarthrosis ater posterior lumbar
interbody fusions using stand-alone metallic cages. Spine J.
2006;6:428-434.
111. Phillips FM, Carlson G, Emery SE, Bohlman HH. Anterior
cervical pseudarthrosis natural history and treatment. Spine.
1997;22:1585-1589.
112. Cannada LK, Scherping SC, Yoo JU, Jones PK, Emery SE.
Pseudoarthrosis of the cervical spine: a comparison of
radiographic diagnostic measures. Spine. 2003;28:
46-51.
113. Song K, Piyaskulkaew C, Chuntarapas T, et al. Dynamic
radiographic criteria for detecting pseudarthrosis following
anterior cervical arthrodesis. J Bone Joint Surg Am.
2014;96:557-563.
114. Farey ID, McAfee PC, Davis RF, et al. Pseudarthrosis of
the cervical spine ater anterior arthrodesis: treatment by
posterior nerve-root decompression, stabilization, and
arthrodesis. J Bone Joint Surg Am. 1990;72:1171-1177.

Chapter 100 Pseudarthrosis

123. Lowery GL, Swank ML, McDonough RF. Surgical revision
for failed anterior cervical fusions: articular pillar plating or
anterior revision? Spine. 1995;20(22):2336-2341.
124. Carreon L, Glassman SD, Campbell MJ. Treatment of anterior
cervical pseudarthrosis: posterior fusion versus anterior
revision. Spine J. 2006;6:154-156.
125. Newman M. he outcome of pseudoarthrosis ater cervical
anterior fusion. Spine. 1993;18(16):2380-2382.
126. Tribus CB, Corteen DP, Zdeblick TA. he eicacy
of anterior cervical plating in the management of
symptomatic pseudoarthrosis of the cervical spine. Spine.
1999;24(9):860-864.
127. Coric D, Branch CL Jr, Jenkins JD. Revision of anterior
cervical pseudoarthrosis with anterior allograt fusion and
plating. J Neurosurg. 1997;86(6):969-974.
128. McAnany SJ, Baird EO, Overley SC, et al. A meta-analysis
of the clinical and fusion results following treatment
of symptomatic cervical pseudarthrosis. Global Spine J.
2015;5:148-155.
129. Adogwa O, Parker SL, Shau D, et al. Cost per quality-adjusted
life year gained of revision fusion for lumbar pseudoarthrosis:
deining the value of surgery. J Spinal Disord Tech.
2015;28(3):101-105.

S E C T I O N

115. Kuhns CA, Geck MJ, Wang JC, Delamarter RB. An outcome
analysis of the treatment of cervical pseudarthrosis with
posterior fusion. Spine. 2005;30:2424-2429.
116. Hipp JA, Reitman CA, Wharton N. Deining pseudarthrosis
in the cervical spine with difering motion thresholds. Spine.
2005;30:209-210.
117. Ploumis A, Mehbod A, Garvey T, et al. Prospective
assessment of cervical fusion status: plain radiograph versus
CT-scan. Acta Orthop Belg. 2006;72:342-346.
118. Epstein N, Silvergleide RS. Documenting fusion following
anterior cervical surgery: a comparison of roentgenogram
versus two-dimensional computed tomographic indings. J
Spinal Disord. 2003;16(3):243-247.
119. Buchowski JM, Liu G, Bunmaprasert T, Rose PS, Riew KD.
Anterior cervical fusion assessments: surgical exploration
versus radiographic evaluation. Spine. 2008;33:1185-1191.
120. DePalma AF, Cooke AJ. Results of anterior interbody fusion
of the cervical spine. Clin Orthop Relat Res. 1968;60:169-186.
121. Kaiser MG, Mummaneni PV, Matz PG, et al. Management
of anterior cervical pseudarthrosis. J Neurosurg Spine.
2009;11:228-237.
122. Brodsky AE, Khalil MA, Sassard WR, Newman BP.
Repair of symptomatic pseudarthrosis of anterior cervical
fusion: posterior versus anterior repair. Spine. 1992;17:
1137-1143.

1837

XIV

This page intentionally left blank

S E C T I O N

101

C H A P T E R

Adjacent-Segment Disease
David M. Montgomery

Adjacent-segment pathology (ASP) is a common complication of spinal surgery. his chapter focuses on the causes,
common clinical scenarios, and treatment options to avoid or
treat ASP. Surgery changes the anatomy, physiology, kinematics, and biomechanics of the operated and contiguous elements
of the spine. Nowhere are the inluences of these factors more
important than at the segments immediately above or below
a surgical fusion. Short-term gratiication from surgery can be
tempered by long-term dissatisfaction when progressive
degeneration causes symptoms to recur. Predicting the longterm outcome and assessing the risk/beneit ratio of surgery
depends on accurate knowledge of the natural history of the
patient and changes to the natural history from surgery. he
dramatic increase in spinal fusion rates over the last 2 decades
makes additional surgery for ASP much more common.1
Expert treatment is guided by a thorough knowledge of the
natural history, potential problems, complications, and treatment options for ASP.

Deinition
ASP is an all-encompassing phrase describing abnormal
changes to the spinal structures bordering an operative
segment. ASP becomes important only when the pathology
inluences the clinical natural history. ASP can be thus be
subdivided into radiographically detectable adjacent-segment
degeneration (ASDeg) versus clinically relevant adjacentsegment disease (ASDis). he mere presence of radiographically detectable change to the spine does not equate to clinical
relevance. Considerable research focuses on how surgery
afects ASP with the ultimate goal of preventing, managing, or
treating clinically relevant ASDis.

Natural History
Asymptomatic degenerative disc disease is common and
parallels the normal spine aging process. he degenerative
process is dynamic and progresses throughout life. Boden
et al. evaluated lumbar spine MRI scans of asymptomatic

volunteers. Degeneration or bulging discs were present in 35%
of subjects 20 to 39 years old.2 Degenerative changes, including disc herniations and spinal stenosis, increased to 57% of
individuals over age 60 years. In a separate study, Boden et al.
reported similar indings in the cervical spine.3 Elfering et al.
also showed that degenerative radiographic indings progress
with age.4 hey prospectively reviewed MRI scans of asymptomatic volunteers over a 5-year timeline. A total of 41% of
individuals showed advancement of degenerative changes
without clinical symptoms. Clearly, progressive, asymptomatic
degenerative changes to the spine are a normal part of the
aging process.
he inluence of surgery on the normal, expected degenerative process remains a subject of debate.5 Surgical interventions are associated with ASDis, but whether these interventions
signiicantly accelerate or cause the degeneration is debated.6
Without randomized, controlled studies comparing surgical
to nonsurgical patients, the signiicance of surgery on the
degenerative process must be analyzed by less direct studies.
Furthermore, the radiographic acceleration may not be clinically relevant. Radiographic adjacent-segment degeneration
does not correlate well with symptomatic disease. In a study
of postsurgical degenerative changes, Mannion et al. concluded that spinal fusion was associated with increased ASDeg
but without inluence on ASDis.7
Biomechanical and clinical outcome studies implicate surgery
as an accelerating factor to ASDeg. Biomechanical studies
demonstrate changes in adjacent-level intradiscal pressure and
alterations of spine kinematics ater a one-level fusion.8 Other
studies implicate excessive motion at adjacent spine segments.
Torsional stresses due to spinopelvic imbalance alter disc stresses
and physiology. All of these changes could theoretically alter
the natural history of the adjacent disc.
Clinical outcome studies also implicate surgery as a contributing factor to ASP. he rate and severity of adjacent-level
disc degeneration is not uniform ater a fusion. Several independent studies show that the rate of ASDis varies depending
on the type of surgery.9 Laminectomy above the fusion, length
of the fusion, type of fusion, instrumentation, and other
factors change the rate of ASDis. he inluence of surgical type
on rate of ASDis links surgery to the degenerative process.
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FIG. 101.1 Spinal stenosis at level above a fusion. (A) Lateral radiograph showing preexisting L4–L5 fusion.
(B) Axial computed tomography/myelogram showing adjacent level stenosis at L3–L4.

BOX 101.1 Types of Adjacent-Level Degeneration
Disc degeneration
Disc herniation
Spinal stenosis
Spondylolisthesis
Retrolisthesis
Lateral listhesis
Scoliosis
Kyphosis
Proximal junctional failure
Proximal junctional fracture
Sagittal imbalance
Instability
Facet degeneration
Spondylolysis

Although the causes may be debatable, ASDeg and ASDis
are realities of spinal practice. In a meta-analysis of the literature, Park et al. found that the incidence of symptomatic
ASDis ater spinal fusion ranged from 5.2% to 18.5% (Fig.
101.1).9 he authors concluded that the biomechanical alteration of the levels adjacent to the fusion accelerated the natural
history of ASDeg.
he normal spine starts to degenerate at an early adult age,
then progresses throughout life. Most degenerative disease is
asymptomatic, but for those who have symptoms, surgery may
be necessary. Surgery alters the anatomy, physiology, biomechanics, and kinematics of the spine. Although debated,
surgery likely accelerates ASDeg and ASDis, possibly leading
to subsequent revision surgery.

Types of Adjacent-Level Degeneration
Box 101.1 lists the types of adjacent-level degenerative changes
complicating patient management. he changes can occur
alone or in combination. Management can range from observation to complex spinal reconstruction.

Etiology
he etiology of ASDeg is divided into several broad categories
to help organize and stratify risk factors.

Biomechanical
Changes in motion, stress, strain, and stability inluence the
durability and strength of spinal structures. Surgical resection
of posterior supporting elements—such as interspinous ligaments, facets, and paraspinous muscles—change the balance
of forces aligning the spine. Malakoutian et al. reviewed
published literature on kinematic changes at levels adjacent to
a fusion.10 hey found that range of motion was afected more
at the rostral end of the fusion than the caudal end. Range of
motion increased 10% to 30% at the rostral end of a fusion.
he indings are consistent with clinical prevalence of degenerative changes at the rostral segment in 70% to 100% of
patients. hey concluded that muscle damage from spine
surgery may play a key role in ASDeg.
Fusions also alter the location of forces within the spine.
he center of rotation of adjacent levels changes according to
the type of fusion.11 A posterior fusion displaces the center of
rotation cephalad and posterior, increasing the stress on the
facets. An anterior fusion displaces the center of rotation
cephalad and anterior, increasing the shear and compressive
stresses on the disc. A bilateral posterolateral fusion causes
only slight increase in the facet joint stresses and had the least
efect on the adjacent levels.
Other alterations in biomechanics include a change in disc
pressure.12 Fusions and spinal malalignment in the sagittal and
frontal planes alter disc kinematics and accelerate degenerative changes.8,13

Genetic
he response of an intervertebral disc to similar mechanical
factors is not uniform from patient to patient. Just as there is
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BOX 101.2

Risk Factors for Adjacent-Level Degeneration

a spectrum of radiographic degenerative changes in asymptomatic individuals, there is also a spectrum of adjacentsegment changes ater the same type of fusion. Monozygotic
twin studies comparing patients with dissimilar occupations
attribute 26% to 72% of the diference in degenerative changes
to genetic factors rather than environmental diferences.14
Gene expression response to mechanical loading is variable
and can alter cellular metabolism of the disc.15

Physiology
Cell metabolism may be altered in adjacent discs as a response
to immobilization. Cole et al. found in a canine study that disc
metabolism was markedly altered adjacent to a fusion. Similar
changes were not observed in a control group.16

Risk Factors
See Box 101.2 for a comprehensive list of risk factors implicated in the degenerative process.

Clinical Scenarios
Adjacent-Segment Disease After Laminectomy
By removing posterior stabilizing structures, a laminectomy
alters spine kinematics.
Jansson et al. evaluated 9664 spinal stenosis patients over a
10-year period treated with a laminectomy and no fusion.17 At
10-year follow-up, 11% of patients required a subsequent
surgery. he study does not clarify the efect of laminectomy
on ALDis acceleration, but does provide a baseline reoperation value for nonfusion surgical patients.
Adding a fusion to the laminectomy creates additional
biomechanical stress to the adjacent level. Katz et al. studied
surgically treated patients with spinal stenosis and 7- to
10-year follow-up.18 he group was a mixture of laminectomy
and laminectomy/fusion patients. Patients with spondylolisthesis 10 mm or greater had a fusion. Despite initial good

results, 23% of patients required reoperation at 7- to 10-year
follow-up. Adding a fusion to the laminectomy incrementally
increased the reoperation rate at 10 years.
Lai et al. evaluated the magnitude of the laminectomy
as a risk factor for ASDis ater a spinal fusion.19 A partial
laminectomy with fusion was compared to a complete laminectomy with fusion. For both groups, the inferior facets at
the fused level were partially resected and the adjacent-level
facets were let intact. For the full laminectomy group, the
entire spinous process and lamina of the upper vertebra and
the supraspinous and interspinous ligaments connecting the
upper vertebra to the adjacent segment were removed. For
the partial laminectomy group, the structures were preserved
except a portion of the upper lamina. Ater 6 years of follow-up,
the authors concluded that the incidence of cranial segment
instability was greater (24.3%) in the full laminectomy group
than the partial laminectomy group (6.5%). he magnitude of
the laminectomy inluenced stability by removing the tension
band stabilization efect of the supraspinous and interspinous
ligaments.
Additional instability at adjacent segments has been documented when facetectomy is added to the laminectomy. In a
cadaver study, segmental hypermobility was noted if more
than 50% of the facet is removed.20 Finite element analysis
models conirm signiicant rotational instability if more than
75% of a facet is removed.21 Aggressive facetectomy with the
laminectomy creates concern for instability and subsequent
ASDis.

Adjacent-Segment Disease After Lumbar Fusion
Lee, irst noted clinically signiicant adjacent-level disease
above various types of spinal fusions ater an average symptomfree interval of 8.5 years.22 he ASDis changes included
degeneration of the facets, spinal stenosis, severe disc degeneration, spondylolisthesis, spondylolysis, and disc herniation.
Schlegel et al. noted that pathology at segments not included
in the fusion occurred at the adjacent segment 58% of the
time.23 hese observations support biomechanical studies
showing magniication of lexion, extension, and torsional
strains at adjacent segments.24
Park et al. summarized the literature of adjacent-level
disease ater lumbosacral fusion.9 Asymptomatic ASDeg
ranged from 5.2% to 100%. Criteria for degeneration were
based solely on radiographic criteria. Symptomatic ASDis
ranged from 5.2% to 18.5%.
Radclif et al. summarized available literature and concluded that the rate of ASDis is 2% to 3% per year.6 Sears et al.
further subdivided the rate based on the number of levels
fused.25 he mean annual incidence of ASDis ater a singlelevel fusion is 1.7%. he rate increases to 3.6% ater a two-level
fusion and 5.0% ater three- and four-level fusions. A laminectomy adjacent to a fusion increased the risk by 2.4 times.
Stopping the fusion at L5 is associated with a 1.7 times risk of
subsequent L5/S1 ASDis. Clearly, these numbers complicate
the task of determining the number of levels to fuse in a
patient with a single-level spondylolisthesis and multiple-level
stenosis.
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Age
Preexisting adjacent level disc degeneration
Adjacent-level facet degeneration
Ending fusion at L5
Length of fusion
Gender
Excessive distraction after posterior lumbar interbody fusion
Laminectomy adjacent to a fusion
Type of fusion
Sagittal imbalance
Body mass index
Instrumentation
Pelvic incidence/lumbar lordosis mismatch
Facet trophism and sagittal alignment
Osteoporosis
Iatrogenic muscle damage
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Treatment of adjacent-segment disease above a previous
fusion can be complex and methods may vary. Treatment
methods oten center on a basic decision to extend the fused
segments or merely decompress the adjacent level. Clinical
decision making depends on factors such as presenting symptoms, neurologic status, relative complaint of back versus leg
pain, stability, spinal balance, age, skill of the surgeon, and
etiology of the ALDis.
Segmental instability above a fusion is reported in 45%
of ASDis patients.26 hus, much of the literature on treating ALDis involves extending the length of the fusion.27 he
decompression can be very diicult in the presence of extensive
scar due to a previous decompression. To avoid dural tears and
excessive retraction of nerve roots, a destabilizing resection
of the medial facets is advocated, thus necessitating a fusion.
he role of an adjacent segment decompressive procedure
alone is unclear but may be an option in a patient presenting
with primarily neurologic complaints and a stable spine.28
he lesser-magnitude surgery could delay an inevitable future
complex spine reconstruction or avoid the fusion altogether.
he diiculty of the decompression and the skill of the surgeon
at revising previous decompressions and managing dural tears
is a factor in the decision.29 Clinical judgment, radiographs,
and patient preference should guide operative treatment.30

Adjacent-Segment Disease After Scoliosis Surgery
Treating spinal deformities is a very challenging segment of
spine surgery. Patients may present with pain, neurologic
symptoms, and/or an abnormal appearance. Body self-image
measurements point to an important psychological component related to patient satisfaction with outcome. he major
goal of spinal deformity surgery is to create a stable spine and
restore spinopelvic alignment.31 Sagittal plane balance is the
most important predictor of surgical outcome ater deformity
surgery.32 he ability to stand upright rather than stooped
forward or leaning to the side improves comfort as well as
body image. Even in expert hands, only 23% of patients
experience complete correction of their deformity at 1 year.
Sagittal deformity is corrected completely in only 50% of
cases. Dissatisfaction with a less than perfect spinal realignment can be further exacerbated by adjacent-segment disease.
Proximal junctional failure (PJF) is deined as a 10-degree
or greater increase in the kyphosis angle of the upper instrumented vertebra (UIV) and the UIV +2. he incidence of
proximal junctional kyphosis (PJK) is 32%.33 (Fig. 101.2).
Modes of failure include fracture of the UIV or UIV +1 in 56%
of patients, ligament injury (35%), and implant pullout (9%).34
he mode of failure depends on the level of the UIV. Sot tissue
failure is more common for upper thoracic UIV. Fracture is
more common for thoracolumbar UIV.35 In a series of 1218
spinal deformity patients, PJF occurred in 5.6% of patients
by 28 weeks postoperatively.35 Another author reported PJF
in 26% of patients by 5.3 years postoperatively.36 PJF can
worsen spinopelvic balance, cause chronic pain or neurologic
deicit, and decrease patient satisfaction. As such, PJF is a
major cause of outcome deterioration ater adult deformity
surgery. he decision to reoperate is surgeon dependent. In

FIG. 101.2 Proximal junctional kyphosis causing a sagittal plane imbalance.

one study, revision surgery patients developing problems early
in the postoperative period were younger and had a lower
body mass index.34 Risk factors for PJK include the length
of fusion, patient age, osteoporosis, sagittal imbalance, and
female gender.

Adjacent-Segment Disease After Kyphoplasty
Vertebroplasty and kyphoplasty are minimally invasive procedures to augment vertebral compression fractures. Vertebroplasty involves injecting bone cement into the fractured
vertebra. A kyphoplasty includes creation of a cavity within
the fractured vertebral body and reestablishing vertical height
before injecting the cement. Both procedures decrease the
acute pain of fractures, thereby facilitating mobility and
rehabilitation.37–40 Short-term satisfaction can be compromised by long-term recurrent symptoms due to same-level
disease and ASDis.
Bone cement injection into a fractured vertebra changes
the strength and stifness of the afected spinal element. he
altered stifness creates a stress riser at the adjacent segment.41
he inluence of vertebral augmentation on subsequent fractures and degeneration is a concern.
Fractures adjacent to a preexisting fracture occur with or
without a vertebroplasty or kyphoplasty. Lindsay et al. studied
the natural history of vertebral column fractures (VCF).42 In
patients with a previous VCF, the incidence of an additional
fracture was 19.2% within the irst year. his number does not
difer signiicantly from patients treated with a kyphoplasty for
the initial VCF.43,44 he location of the subsequent fracture,
however, may be altered.
he incidence of recurrent fracture ater a kyphoplasty is
10% within the irst 90 days ater a kyphoplasty.45 Trout et al.
evaluated the location of subsequent fractures ater a
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Adjacent-Segment Disease After Sagittal
Imbalance Surgery
Patients with sagittal imbalance represent a unique subpopulation of patients with adult spinal deformity. Superior clinical
outcomes have been linked to correction of spinopelvic
balance. Glassman et al. noted that clinical outcome ater
spinal deformity surgery is highly correlated with sagittal
vertebral axis (SVA) correction.32 Patients with spinopelvic
imbalance likewise present unique challenges and complications when compared to the general adult spinal deformity
population. PJF is reported in 5.6% of the adult spinal deformity population.35 he incidence of PJK is higher in patients
with sagittal plane imbalance than in the general adult spinal
deformity population. Smith et al. report an incidence of PJK
in 35% of patients treated surgically for spinopelvic imbalance.51 he most common mode of failure is fracture of the
UIV. Only 37% of acute PJF patients required surgery. Surgery
is less likely if the UIV is in the upper thoracic spine. PJK
requiring surgical intervention was more common with an
UIV at the thoracolumbar junction and least common when
the UIV was in the upper thoracic spine.
Fixation to the pelvis is also a risk factor for developing
postoperative PJK.52,53 Eliminating motion at the caudal end
of the construct may increase stress on the proximal junction.
Interestingly, Smith et al. noted a higher rate of PJK with more
complete correction of sagittal imbalance and a postoperative
SVA less than 50 mm. he reason for increased PFK risk with
more complete correction of spinopelvic balance is poorly
understood. he large change in sagittal alignment from preoperative to postoperative status may cause signiicant anterior
column stresses as the patient remains forward leaning in the
postoperative period. he optimal correction of SVA in the
deformity population remains to be determined.

Surgical Strategies to Treat/Avoid
Adjacent-Segment Disease
Total Disc Replacement
Total disc replacement (TDR) has been proposed as a method
to avoid or minimize ASDis. By preserving motion, biomechanical stresses at adjacent levels are closer to an unaltered
spine than a fused spine. Noninferiority studies have shown
that lumbar and cervical disc replacements provide equivalent
results to traditional fusion methods for pain relief and
improved function. hese studies were important for gaining
US Food and Drug Administration approval of the devices but
did not answer the question about the inluence on adjacentlevel disease rates. More recent studies with long-term followup leave unanswered questions about the beneit of TDR.
Zigler et al. evaluated 5-year follow-up data comparing TDR
to circumferential fusion in the lumbar spine. Although
radiographic degeneration (adjacent-level degeneration
[ALDeg]) was lower in the TDR group (9.2%) compared to
the fusion group (28.6%), the rate of surgery for adjacent-level
disease (ALDis) was not statistically diferent between the
groups.54 Longer-term follow-up is needed to determine the
efect of TDR on ALDis.55
Current support of TDR as a means to avoid ASDis is
limited and awaiting additional level 1 and level 2 studies.
Lower-level studies suggest TDR is an alternative to fusion.56
he eicacy of disc replacement as a strategy to reduce ASDis
requires further study.

Interspinous Devices
Interspinous stabilization devices have been developed as
nonfusion alternatives to augment decompression surgery in
the lumbar spine. hese devices can be divided into static
implants, such as blocks of bone, titanium or polyether ether
ketone versus dynamic, lexible devices such as the Colex
(Paradigm Spine). he proported goals are to unload the facet
joints, open the foramina, and protect the adjacent level. One
device has been associated with a signiicantly higher reoperation rate (33%) compared to minimally invasive decompression and poor cost-efectiveness mainly due to the cost of the
implant.57,58 To date, there is no convincing evidence of
improved outcome with the devices and no long-term data on
the clinical efect on adjacent levels.59–61

Pedicle Screw–Based Dynamic Stabilization
Dynamic stabilization techniques provide partial rigidity to
motion segments short of fully rigid fusions.62 he theoretical
concept is to allow enough rigidity to provide stability or
prevent future instability but not enough rigidity to produce
an acute stress riser at the junction of stabilized and nonstabilized segments.63 Proponents of the techniques argue that a
broad transition zone rather than an acute change in rigidity
of the spine will reduce the rate of adjacent-level disease.64 To
date, the concept is unproven but has become popular due to
dissatisfaction with traditional fusion techniques.
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vertebroplasty.46 Fractures adjacent to the treated level were
4.62 times that for nonadjacent-level fracture. In addition,
adjacent-level fractures occurred sooner than nonadjacentlevel fractures. Medium time for new adjacent fractures was
55 days compared to 127 days at nonadjacent levels.
he risk of subsequent-level fracture is related to osteoporosis, bone mineral density, severity and level of the fracture,
and the presence of two preexisting fractures. One author
found that the presence of vertebral body clets within the
fracture site is associated with a subsequent increased risk of
fracture.47 he development of a more compliant cement has
been postulated as a method to reduce subsequent fractures.
Several studies have reported recompression at the site of
the vertebroplasty/kyphoplasty.48,49 Again, an association with
intervertebral clets has been postulated. Technical factors,
such as poor contact of the cement with the endplate, may also
be a factor.
In one study, new VCF occurred in 24% of patients by 1 year.
Half of the fractures were at the adjacent level and only half
were symptomatic. Most of the fractures occurred in the irst
3 months.50 he consensus of information indicates that subsequent fractures are not more common ater a vertebroplasty/
kyphoplasty but adjacent-level fractures are more numerous.
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Dynamic stabilization devices work by providing a posterior tension band to the spinal element while allowing lexion
and rotational motion.65 An early device developed in Europe
was the Graf ligament system. Pedicle screws are inserted
above and below a motion segment, then linked by a nonelastic
band.66 Other systems have become available, including the
Dynesys device (Zimmer Spine) but are marketed as fusion
systems in the United States.67,68
Dynamic stabilization devices have become popular alternatives to traditional fusion surgery, especially outside of the
United States.69,70 he eicacy for prevention of ALDis remains
uncertain, unproven, and requires further investigation.71,72
Heo et al. studied ALDeg ater a nitinol spring dynamic
stabilization device insertion.73 Using a modiied Pirrmann
grading system of degeneration on follow-up MRI scans, 12%
of cranial adjacent discs and 16% of caudal adjacent discs
showed progressive degeneration at 2 years follow-up. he
study was limited by an adequate control group, but was
compared to symptomatic ASD in other studies of 2.5%
per year or 16.5% in 5 years.1,9,25 he authors concluded
that dynamic stabilization may not prevent ALDeg. Other
studies have noted a trend but no statistically signiicant
evidence of reduction in symptomatic ALDis when comparing fusion to dynamic stabilization patients.74 Dynamic
stabilization device–related complications may actually
increase the rate of reoperation rate. Long-term follow-up
suggests that hyperextension and stabilization with the Graf
device may narrow the spinal canal and exit foramina.75 he
beneit of dynamic stabilization on reduction of symptomatic
ALDis reoperation rates remains theoretical and unproven
for now.

FIG. 101.3 Vertebroplasty augmentation of upper instrumented vertebra
(UIV) and UIV+1 to help avoid proximal junctional kyphosis.

Bone Cement Augmentation of UIV and UIV+1
Vertebroplasty is a procedure to iniltrate a vertebral body
with bone cement via a cannula inserted through the pedicle.
When a cavity is created by inlating a balloon in the vertebral
body and subsequently illed with bone cement, the procedure
is called a kyphoplasty. Vertebral augmentation of the UIV
and UIV +1 has been proposed as a strategy to lessen the rate
of PJF or failure ater spinal deformity surgery (Fig. 101.3).76
Biomechanics data suggests that vertebroplasty or kyphoplasty
reduces the rate of fracture in the osteoporotic spine, thus
preventing or minimizing PJF.77 In as separate study, vertebral
augmentation in female patients over 60 years of age with
fusions extending upward from L5 or S1 to the thoracolumbar
junction (T9–L2) is cost-efective if a minimum of 9% of
patients can avoid revision surgery.78 he efectiveness of
vertebral augmentation is still uncertain and requires better
long-term study. Vertebral augmentation does not always
prevent PJF (Fig. 101.4).51

Minimally Invasive Spine Surgery
he challenge of minimally invasive surgery (MIS) is to
provide clinically signiicant improvement equivalent to open
procedures. Advocates tout MIS as an alternative to open
surgery that causes less tissue destruction.79 Spinal fusion can

alter the kinetics of the spine by destroying the facet, altering
stabilizing muscle function, and altering the neurologic innervation to posterior stabilizing structures. MIS could theoretically lower rates of ASDis ater fusion surgery by preserving
normal anatomic structures and biomechanics.
Radclif et al. evaluated ASDis in patients treated with an
anterior lumbar interbody fusion followed by either open or
percutaneous posterior pedicle screw instrumentation.80
ASDis was diagnosed if a procedure such as an injection or
reoperation was performed for new symptoms related to the
adjacent level. At 3.8 years average follow-up, there was no
diference between the two treatment groups. he overall rate
of reoperation was 11.8%.
In a study comparing open versus MIS transforaminal
lumbar interbody fusion patients, Yee et al. found no diference in the rate of ASDis between the two groups; however,
there was a trend toward decreased risk of ASDis in the MIS
group.81 he numbers were small and follow-up of 33 months
was short. Disruption of the facet joints is high even with
percutaneous techniques. Patel et al. evaluated placement of
percutaneous screws in a cadaver model.82 Violation of the
facet occurred in 58% of screws, with 17% being intraarticular. he minimizing efect of MIS on ASDis remains
unproven.
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FIG. 101.4 Proximal junctional failure after fusion with cement augmentation of upper instrumented vertebra
(UIV) and UIV+1. (A) Initial fusion with cement augmentation. (B) Three-month postoperative radiograph
showing proximal junctional failure (PJF). (C) Reconstruction of PJF by proximal extension of fusion.

Lateral Interbody Fusion
Adjacent-level spinal stenosis is caused by facet and ligamentum lavum hypertrophy, buckling of the ligament, loss of disc
height, foraminal stenosis, instability, and disc pathology. he
traditional method of removing previous posterior implants;
reinsertion of longer implants; and resecting bone, ligamentum, and disc is a major surgical procedure with considerable
morbidity. he extreme lateral interbody fusion (XLIF) is a
minimally invasive alternative for the patient with adjacentlevel stenosis and minor deformity (Fig. 101.5). he XLIF
procedure is performed through a small incision on the side of
the torso. A channel is created with sequential dilators through
the psoas muscle. A core of disc is removed and an implant is
inserted across the disc space. he margins of the implant rest
on the strong lateral pillars of the vertebral bodies, allowing
stable distraction of the disc space. his strong distraction
opens up the foramina and unbuckles the ligament lavum to
indirectly decompress the central canal. he strong anterior
longitudinal ligament is let intact to provide stability, unlike
a traditional open anterior lumbar interbody fusion. Oliveira
et al. showed that average foraminal area increased 24.7% and
central canal area increased 33.1%.83 he XLIF procedure provides a much less invasive decompression of the adjacent-level
stenosis. In a study of 21 patients with stenosis at the rostral
level to a fusion, back and leg pain scores were signiicantly

reduced. Blood loss is minimal and open decompression of a
scarred dural sac can be avoided.84 Minimally invasive XLIF
may be a surgical alternative to an open posterior revision
decompression and stabilization.

Vertebroplasty for Proximal Junctional Fracture
Proximal junctional fractures at UIV+1 may require extensive
spine reconstruction depending on the degree of deformity
and neurologic status. For a select group of patients with a
UIV+1 fracture and minimal deformity and no neurologic
symptoms, vertebroplasty or kyphoplasty may be an option.
Yang et al. reported 87% patient satisfaction using the
technique.85 Average visual analog scale scores decreased from
80 preoperative to 26 one day postoperative ater vertebroplasty for proximal junctional fracture above an instrumented
fusion.
his technique is usually not possible at the UIV if the
pedicle already contains a screw.

Cortical Bone Trajectory Screws to Add on
to a Fusion
Adding on to a preexisting fusion may require a long exposure,
extensive dissection through scar tissue, and reinstrumentation of the previous and new spinal segments. Connecting
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FIG. 101.5 Extreme lateral interbody fusion for adjacent segment stenosis. (A) Postoperative radiograph after
extreme lateral interbody fusion. Notice the foramen distraction. (B) Preoperative radiograph showing collapse of
L3–L4 disc space and foramen.

new implants on to old implants may require less exposure,
but can be technically demanding. Connecting sleeves may
loosen, causing the construct to fail. A novel approach using
cortical bone trajectory screws has been described.86 he
technique involves adding a second screw to the old upper
instrumented vertebrae. A cortical bone trajectory screw is
added to the pedicle with a preexisting traditional pedicle
screw. he technique requires image guidance and may be
technically demanding. If successful, the technique requires
only limited posterior exposure and allows a thorough decompression of the adjacent level stenosis.

PITFALLS
1. A laminectomy adjacent to a fusion increases the risk of ASDis
by 2.4 times.
2. Proximal junctional failure (PJF) occurs in 26-32% of patients by
ive years follow up after adult spinal deformity surgery.
3. Fractures after kyphoplasty occur 4.6 times more often at an
adjacent level than other levels.
4. PJK occurs more often in adult spinal deformity patients if they
have a sagittal plane deformity.
5. PJK is more common with more complete correction of sagittal
plane imbalance.

KEY POINTS

Summary
Adjacent-level pathology is a reality of modern spine surgery.
Proliferation of spinal fusions over the last decade has prompted
much investigation into the causes, mitigating factors, and
treatment of oten very complex spinal problems. Minimizing
unnecessary adjacent -evel destructive changes and providing a smooth transition of stresses at the margins of spine
reconstructions are basic principles to mitigate future ASDis.
Treating ALDis can challenge even a very skilled surgeon and
requires an expert knowledge of revision techniques.
PEARLS
1. Revision surgery for adjacent-level disease occurs at an annual
rate of about 2-3% per year.
2. Fusions accelerate adjacent-level degenerative disease.
3. The length of the fusion is a signiicant risk factor for future
revision surgery.
4. Motion preservation strategies have not been proven to reduce
the rate of revision surgery for adjacent-level disease.
5. MIS is not proven to lower the risk of ASDis.

1. ALDis increases from 1.7% to 3.6% to 5.0% for one, two and
three or four level fusions respectively.
2. Revision surgery above a fusion can consist of laminectomy
alone or laminectomy plus extension of the fusion.
3. Segmental instability is reported in 45% of ASDis patients.
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he Edwin Smith Papyrus (17th century BCE) described 48
cases of fractures, tumors, injuries, and wounds that occurred
during the time period in which it was written.1 he document
also laid out a fairly complex method of examining and diagnosing the patients who were reported in the document. If that
were not enough, the scrolls went on to further separate the
injured patients who presented for treatment into three groups:
treat, contend, and do not treat.
Historically, the patients were placed into the appropriate
category only ater careful evaluation by the treating person
(physicians, priests, and others). he decision on whether to
provide further care was made based on experiences with
previous patients’ outcomes and the presence or absence of an
identiiable, treatable injury or lesion in the patient at hand.
his system provided the most comprehensive health care
identiied for that time period and it serves as a model for our
health care delivery today.
Nearly 1200 years later (460–370 BCE), Hippocrates was
able to correlate the presence of low back pain with sciatica,
the presence of pain down the leg.2 In his description of the
condition, Hippocrates noted that if a vertebra were injured
or damaged, then patients would exhibit lower extremity
pain and paralysis may follow. Nearly 2000 years later, in
1829, A.G. Smith performed one of the irst decompressive
laminectomies and exploration of the spine for sciatica. Joel
E. Goldthwaite (1866–1961) described a patient with recurrent sciatica ater surgery. He brought the patient back to
surgery for an exploration and found nothing. his led him
to conclude that the disc that was causing the pain went “back
in place.” his likely became one of the irst explanations for
the lack of pathology at the time of surgery.3 Perhaps this is
the time that failed back surgery syndrome (FBSS) was irst
described, albeit unknowingly.

What Is Failed Back Surgery Syndrome?
FBSS is the name given to a spectrum of patient complaints
and symptoms that can occur in those who have undergone
spinal surgery, decompressions, deformity surgery, and
fusions.4,5 FBSS is most oten diagnosed when the outcome

of the procedure does not meet or exceed the expectations of
the surgeon and patient and the patient is let with residual
back and/or leg pain or neck and/or arm symptoms.6 his
syndrome has been described by many names in the past,
most recently “postlaminectomy syndrome.” here has been
confusion on the issue of what can be properly described as
FBSS. In the strictest sense, only residual symptoms following a properly diagnosed and properly performed surgery are
considered FBSS. Many authors have used the term “anatomically correct” to describe this proper execution of the correct
treatment. When this fails to deliver relief, it is an FBSS. To
the patient, however, surgical treatment that does not alleviate
the problem is a failure. herefore, the incidence of misdiagnosis and failed surgical treatment are included in the FBSS
discussion. In fact, in recent years, there has been an increase
in the number of cases of FBSS diagnosed as the number
of surgeries on the spine have increased. he worldwide
literature suggests that the incidence of FBSS is somewhere
between 10% to 40% of surgical patients.7 hose numbers
are even more daunting since it has recently been estimated
(from controlled randomized trials) that 5% to 50% of patients
who have surgery will fail with regard to patient outcome and
satisfaction following spine surgery.8 Additionally, in 1997,
there were over 317,000 lumbar surgeries performed in the
United States9; by the year 2002, the number increased to
over 1 million surgeries.10 Fusion operations, as a subgroup,
increased by over 220%. Multiple surgical procedures in the
same area have been reported to have decreasing clinical
success. he initial positive outcome was decreased to around
30% ater the second surgery, 15% ater the third, and to
around 5% ater the fourth surgery.11 FBSS has a tremendous
impact not only on the patients and families involved but also
on the cost of health care delivery and society. here are many
potential causes that land patients with the diagnosis of FBSS.
hese include, but are not limited to, poor patient selection,
misdiagnosis and subsequent mistreatment, poor surgical
technique or iatrogenic causes, permanent nerve damage,
failure of fusion, failure or misplacement of instrumentation,
and recurrence or progression of pathology.12 he treatment
of this diverse group of patients must be individually tailored
depending on the underlying etiology. It is also important
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to identify those patients who potentially have a secondary
agenda. hese include worker’s compensation patients or
patients with litigation pending. he outcomes in these groups
have been reported to be signiicantly worse when compared
to controls.13

Economic Impact of Failed Back
Surgery Syndrome
FBSS afects the ability of the patient to function and participate
in family and societal settings. It prolongs the normal recovery
phase by weeks to months to years. Its socioeconomic impact
has been studied exhaustively relative to low back pain, but
studies are lacking for determining the true cost of FBSS. It has
been reported that the true impact of FBSS on an individual’s
quality of life and its economic cost to society are considerable.
It is more disabling when compared to other chronic pain syndromes and chronic medical conditions such as heart failure
and motor neuron diseases.14 his inherently makes sense
when one factors in the costs of multiple medical visits, the
cost of the primary surgical procedure, and subsequent postoperative care. Added to those costs postoperatively are visits
to the caregivers, physical therapy and inpatient rehabilitation,
further postoperative diagnostic studies, continuing medications, pain management clinics, subsequent procedures, and
the failure of the patient to return to the workplace.

Symptoms of Failed Back Surgery Syndrome
What then, are the primary complaints of patients in the postoperative period that would lead one to explore the possibility
of FBSS? Patients who undergo surgery of the spine with or
without fusions can have a variety of postoperative complaints;
not all of them require further diagnostic workup. hese patients
sometimes require time ater an operation to heal and for the
symptoms that necessitated the initial procedure to subside.
Attempts to resolve the symptoms during this period should
be conservative and supportive without exposing the patient
to invasive treatments. Guyer and colleagues12 suggested a classiication system based on the length of time between surgery
and the onset of pain. Patients were placed into three groups:
early (immediately ater surgery to 3 weeks), intermediate (pain
recurrence or new symptoms 1–6 months ater surgery), and
late (ater 6 months of acceptable pain relief). he early group
included wrong-level surgeries and failure to adequately address
the pathology. he intermediate group was separated into gradual
recurrence of pain versus ater a speciic, sometimes traumatic,
event. he late group was more attributed to recurrent pathology
at the level of surgery or the level above. It would be prudent
to include the formation of scar tissue in this group as epidural
ibrosis has usually reached its maximum around this time. his
system seems as good as any proposed to date, as it allows for
the clinician to focus the examination and diagnostic studies
on the most likely issues causing the pain. It is, however, of
the utmost importance to diagnose the cause of postoperative
symptoms.

he diagnosis of FBSS crosses into many diferent specialties in medicine. First and foremost, it is the responsibility of
the treating surgeon to conirm that he or she has, indeed,
correctly performed the operation that was outlined to the
patient in the period of conservative care and during the
presurgical consultation. his involves not only reviewing
the preoperative radiographic and diagnostic indings but also
meeting with and listening to the patient and performing a
complete and thorough physical examination. Sir William
Osler’s famous words “Listen to your patient, he is telling you
the diagnosis,” rings clearly here. he patient will frequently
guide you to the appropriate area of concern if you take the
time to get a complete history of the symptoms. his should
be followed by a comprehensive examination of not only the
afected area, to eliminate it as a possible source of the pain
or symptoms, but a complete orthopaedic exam including the
hips and knees. he presence or absence of associated medical
conditions—such as heart disease, neuromuscular disease,
and metabolic diseases—should also be ascertained. he use
of other treatments for other diseases, such as chemotherapy
or radiation therapy for cancer patients, is also critical information for the surgeon. A history of psychiatric disorders
or depression and the patient’s worker’s compensation status
should also be recorded. Diagnostic injections and electromyograms (EMGs) are sometimes also useful in determining
the cause of postoperative pain.
Once the history and physical are complete, it is up to
the surgeon to determine the appropriate diagnostic tests
to be ordered. For example, when determining the cause of
radicular symptoms ater a decompressive procedure, diagnostic tests that allow visualization of the surgical site and
the surrounding area should be ordered. Frequently, this will
include magnetic resonance imaging (MRI) with or without
gadolinium. Computed tomography (CT)/myelography can
determine if there is any residual or recurrent compressive
pathology centrally, laterally or extraforaminally or any additional pathology in the surrounding areas that was previously
missed or not present. his can be very diicult to do, considering how hard it can sometimes be to identify an anatomic
source of pain in patients without previous back surgery.15,16
If the history and physical examination are complete, the
appropriate imaging studies and injections are performed, and
the psychiatric evaluation is completed, it has been reported
that a diagnosis can be reached in over 90% of the patients.17
here is widespread agreement that the correct diagnosis is
crucial to successful treatment of FBSS.17–19
he most common diagnosis in patients diagnosed with
FBSS is foraminal stenosis, which is found in 25% to 29% of
the patients. his was followed by a painful disc in 20% to 22%,
and pseudarthrosis in 14%. Other causes include recurrent
disc herniation in 7% to 12%, neuropathic pain in 10%, facet
joint pain in 3%, and sacroiliac pain in 2%. Sagittal plane
imbalance has also been implicated in recent studies of correctable causes of FBSS.20 However, subsequent studies have
shown an increase in the number of patients with residual
pain due to sacroiliac joint dysfunction. he leading psychiatric factors identiied were depression, substance abuse, and
anxiety.11
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Causes, Diagnosis, and Treatments
of Components of Failed Back
Surgery Syndrome
Foraminal or Lateral Recess Stenosis
here are many potential causes for residual back and leg pain
in patients diagnosed with FBSS. Some are postsurgical complications and some are not. he primary cause of persistent
radiculopathy ater spine surgery is, for instance, inadequate
decompression of the spine. his can occur centrally, in the
lateral recess, or in the far lateral or foraminal areas of the
spine. he incidence of this is reported to be between 25%
and 29%.22– 24 When patients present with symptoms of persistent or new radiculopathy, the radiographic study of choice
is MRI with and without gadolinium if there has not been
a fusion with instrumentation (Fig. 102.1).25 If the patient
has had a fusion with instrumentation, then a myelogram
and postmyelogram CT is indicated. Attention should be
paid to not only the central canal but to the lateral recesses,
especially the areas around the facet joints and the foraminal
and extraforaminal areas. Lateral and far lateral stenosis can
occur from hypertrophic facet joints, disc degeneration with
loss of vertical height and subsequent foraminal collapse

superior to inferior. Lateral and far lateral disc protrusions or
herniations cause anterior to posterior narrowing. Far lateral
discs can be easily missed if attention is not speciically paid
to this area when reviewing diagnostic studies. EMGs are also
useful to help delineate or deine the involved levels. hey
are particularly useful when multiple levels are afected with
degeneration or disc space collapse and when there may be
residual stenosis at a single location on a single side or at
multiple levels in multiple locations. he presence of ongoing
denervation with radiographically proven stenosis is a strong
indication for revision surgery.26 herapeutic and diagnostic
injections can also aid in both treating and diagnosing the
level of causative pathology. When the diagnosis of residual
stenosis is made, the patient once again has treatment options.
he irst line of treatment can again be conservative care
with physical therapy, nonsteroidal antiinlammatory drugs
(NSAIDs), and antispasmodics and pain medication. his
route is similar to the path they likely took when deciding on
the initial procedure. If this does not relieve symptoms, then
transforaminal, caudal, and epidural blocks can be used both
therapeutically and diagnostically. Patients who respond to
a single-level transforaminal block have an excellent chance
of improvement or recovery with a revision decompression.
If the injections fail, then the use of neurostimulation is an
option. Finally, if the more conservative modalities fail to
relieve symptoms, the surgical correction of the compressive
pathology can be performed. Psychiatric evaluation prior to
surgery is critical in this group, as chronic pain can lead to
psychiatric pathology that can adversely afect the outcome.
When performing revision decompression, particularly in the
lateral recesses and transforaminal areas, care must be taken
to not destabilize the area around the compressive pathology.
Removal of greater than 50% of the facet joint has been shown
to cause instability and could potentially necessitate future
surgery, placing the patient right back into the FBSS group.

Painful Disc

FIG. 102.1 Sagittal magnetic resonance image showing foraminal stenosis
(arrows).

he presence of a pathologically painful disc can cause a
patient to report postoperative symptoms. he disc may be at
the surgical level but can also be at an adjacent or nearby level.
Generally, this should be ascertained prior to the initial surgical procedure and the issue should be addressed at the time of
surgery. However, if the patient has persistent back pain
postoperatively, the presence of a painful disc should be
explored. MRI is once again the noninvasive study of choice
for looking at disc morphology and the condition of the disc
and endplates. Disc herniations and degenerative changes in
and of themselves do not always cause back pain.27 Recent
evidence indicates that the presence of degenerative disc
disease is not enough to correlate with low back pain. However,
the presence of degenerative disc disease with endplate signal
changes was highly associated with low back pain, particularly
at the L3–L4, L4–L5, and L5–S1 levels.28 hese endplate signal
changes, referred to as Modic changes, are more common in
smokers and obese patients and are positive indicators of an
increased risk of low back pain.29 Additionally, the presence of
narrowing of the disc space at two or more levels was more

S E C T I O N

When dealing with patients with FBSS, it is perhaps even
more critical that the treating physician and patient have their
plans and goals regarding outcomes of treatment aligned. A
goal of improving the visual analog scale by 1.8 units (or
approximately 50%) is an excellent starting point and has been
shown to provide good results.21
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FIG. 102.2 Discogram (left) and postdiscogram computed tomography (CT) (right). Notice the posterior
extravasation of dye at the L5–S1 level (left, arrow). This is consistent with a posterior annular tear. On the
postdiscogram CT, the dye is contained at the level above the annular tear (right, arrow).

strongly associated with low back pain than other radiographic
features (particularly when L5–S1 was excluded).30
Discography has been controversial in the past but may be
useful in determining or conirming a painful disc (Fig. 102.2).
Abnormal discs on MRI may or may not be pain generators.
hese discs should not provoke concordant pain when injected
if normal but should if there is underlying pathology in the
disc.31 However, recent studies have shown that discography
can lead to acceleration of the progression of degenerative
changes in the disc.32,33
he presence of residual low back pain should also prompt
the surgeon to investigate other nonspinal causes of low back
pain. hese include abdominal aortic aneurysms, renal stones
or infections, sacral or vertebral insuiciency fractures in the
elderly, tumors, and vascular problems.34
Once the diagnostic workup is completed and the patient
has been informed that the disc is the pain generator, then a
description of treatment options should be given to the patient.
he patient may opt for conservative care with therapy and
medications, blocks, or surgery. Surgical options include a
standard fusion operation or artiicial disc replacement, which
recent studies have found to have similar results.35 Artiicial
disc replacement surgery has slightly better results, however
when used on single-level disease particularly on maintaining
range of motion. Outcomes for both procedures are lower
than fusions for the treatment of instability.36

Pseudarthrosis
he incidence of pseudarthrosis following lumbar spine
surgery correlates with many variables.37,38 Pseudarthrosis
rates are predictably higher in smokers and nicotine users,
diabetics, patients on NSAIDs, steroid users, and patients with

systemic diseases and vascular insuiciency.39–42 he number
of levels fused and the type of fusion operation performed also
afect the pseudarthrosis rate.43–45 Interestingly, not all cases of
pseudarthrosis are painful.46
he diagnosis of pseudarthrosis in FBSS begins with
anteroposterior, lateral, and lexion-extension radiographs of
the afected area. Lucency (bony absorption) around the
hardware and motion within the fused levels on lexionextension radiographs indicate bony absorption and pseudarthrosis. CT through the afected area is recommended with
three-dimensional (3D) and coronal and sagittal reconstruction (Figs. 102.3 and 102.4). It is the study of choice to conirm
or diagnose pseudarthrosis if the radiographs are equivocal.
he use of bone scan with axial CT (single photon emission
computed tomography [SPECT]) is extremely sensitive to
pseudarthrosis but is not speciic. his added sensitivity allows
previously missed CT-tested pseudarthrosis to be diagnosed.
his is particularly useful when there is not gross motion or
bony absorption on plain radiograph and CT. herefore, a
bone scan with SPECT is the study of choice for patients who
are otherwise diicult to diagnose for pseudarthrosis.
he surgical treatment for pseudarthrosis should be performed ater optimizing the patient’s chances for a successful
fusion. his may involve removing as many of the correctable
causes of pseudarthrosis as possible: in particular, cessation of
smoking (which has a known negative impact on fusion)47 and
controlling blood sugar levels as tightly as possible to decrease
infection and poor healing. he use of osteoinductive growth
factors may be considered when treating pseudarthrosis. he
treatment of this problem involves the physician and patient
having discussions about risk factors and treatment options
and their risks. he patient is largely responsible for increasing
one’s success rate by following the postoperative instructions.

Chapter 102 Failed Back Surgery Syndrome: Historical Perspective

1855

S E C T I O N

XIV

FIG. 102.3 Coronal computed tomographic (postmyelogram) images of an
instrumented fusion with lucency around the pedicle screws (arrows), which
indicates bony resorption and pseudarthrosis.

FIG. 102.5 Axial magnetic resonance image with recurrent disc herniation
(arrow) causing nerve root and foraminal stenosis.

Recurrent Disc Herniation

FIG. 102.4 Axial computed tomographic (postmyelogram) image showing
lucency around the pedicle screws (arrows). This lucency indicates bony
absorption and pseudarthrosis.

Historically, the outcomes for the surgical treatment of herniated lumbar discs showed success rates from 70% to 95% (Fig.
102.5). Newer, larger studies now show that patients who have
surgery for herniated lumbar discs have more improvement in
physical function, higher satisfaction, better self-rated progress, and less pain than the nonoperative group.48 Interestingly, there was no diference in work status between the
surgical and nonoperative groups.
he recurrence of a disc herniation or the incomplete
removal of the ofending disc material during surgery can lead
to postoperative back and leg pain that requires treatment and
accounts for between 7% and 12% of the patients diagnosed
with FBSS. In general, patients with recurrent disc herniation
respond well to conservative care and should be treated as all
herniated discs are—with conservative care prior to surgical
intervention.49 If conservative treatment fails to relieve symptoms, then selective injections (transforaminal or caudal
blocks) can be tried. If all the conservative measures fail, then
surgery is the best option. Once again, the surgeon should
look closely for any associated pathology, especially instability
that was either not identiied preoperatively or iatrogenically
created with an overexuberant decompression. Also, the
surgeon should be very careful to critically inspect the foraminal and far lateral areas for residual or recurrent disc. If
instability is present, a fusion operation is indicated. In the
remaining patients requiring revision discectomy, the outcomes of revision discectomy and neurolysis in the lumbar
spine are the same as a primary discectomy when assessed
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using the visual analog scales for back and limb pain and the
Oswestry Disability Index.50

Neuropathic Pain, Epineural, Perineural, and
Intradural Fibrosis (Arachnoiditis)
he diagnosis and treatment of postoperative ibrosis is
complex, multimodal, and the subject of many papers, particularly in the pain medicine journals. hese patients and
their lengthy treatment can have a sustained negative economic
impact and are very diicult to manage in a surgical practice.

Neuropathic pain and intraspinal ibrosis are the cause of
residual dermatomal pain postoperatively in approximately
7% to 10% of patients with FBSS. It is sometimes diicult to
diferentiate this pain from true radiculopathic pain due to
compression of neural elements. Patients may actually have
both pathologies to some degree or another. Neuropathic pain
is characterized by a dysesthetic or burning pain in the back,
buttock, and along one or two dermatomes. he pain may or
may not be exacerbated by activity. Neuropathic pain may be
due to systemic diseases (such as diabetes), medications
(primarily chemotherapeutic agents), or postoperative epidural and perineural ibrosis and arachnoiditis (Fig. 102.6).

FIG. 102.6 Aggregation or clumping of the nerve roots, which indicates intradural ibrosis postoperatively
(arrows). Also, the nerve roots are peripherally located, which gives the appearance of the “empty” sack.
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Facet Joint Pain
Pain originating from the facet joint ater surgery accounts for
less than 5% of the cases of FBSS. It is typically due to underlying arthritis as a pain generator, facet joint tropism, or fracture
or instability that was previously not present or not recognized.
here is a balancing act for adequate decompression of the
central canal and lateral recesses, as overexcision of the facet
joint can lead to thinning of the bone and the facet. his thin
area can go on to fracture either in the facet or in the pars
interarticularis. Similarly, complete excision of greater than
50% combined facets during a decompression at a single level
can lead to instability.63,64
Facet joint tropism can also lead to postoperative pain if
not correctly diagnosed prior to surgery (Fig. 102.7). Tropism
is deined as a morphologic abnormality and/or a diferent
coronal orientation between the right and let facet joints that
can cause an asymmetrical stress on the joints.65–68 his asymmetrical load can lead to the development of osteophytes,

S E C T I O N

he formation of scar tissue and adhesions following spine
surgery is virtually universal. he role of this scar tissue as a
pain generator is harder to determine; all patients develop
some degree of scarring postoperatively but not all have persistent pain.51 Generally, the diagnosis of ibrosis is made by
myelogram with CT or with MRI with and without
gadolinium.52–54 hese diagnostic studies may also be complemented with an EMG or diagnostic blocks or injections.
However, these techniques are not very sensitive for detecting
the severity and degree of adhesions.55,56 Epiduroscopy has
recently been used to evaluate and treat the spinal canal and
to quantify the extent and severity of intraspinal scarring.57
Epiduroscopy has also been reportedly used with some success
in the treatment and prevention of these adhesions.58 hese
studies have shown that the severity of intraspinal ibrosis is
much higher than that reported on MRI.
his internal derangement and scarring of the nerves in the
spinal canal and intrathecally is not generally thought to be
surgically correctable and frequently requires treatment in a
multidisciplinary pain clinic with a multidisciplinary approach.
Even in the appropriate setting, neuropathic pain treatment
may only provide partial relief in 40% to 60% of cases.59 Pain
clinics use many diferent modalities to treat this condition,
including anticonvulsants (pregabalin and gabapentin), antidepressants (serotonin-norepinephrine reuptake inhibitors
and tricyclic antidepressants), antiinlammatories, cannabis,
dietary supplements, muscle relaxers, neuromodulators, spinal
cord stimulation, intrathecal morphine pumps, oral opioids,
and topical agents. he use of psychological evaluation and
treatment should always be incorporated into these clinics.
hese patients can sufer from many diferent psychological
illnesses due to their chronic pain.
Finally, there have been attempts to surgically treat this
group of patients with open procedures, including neurolysis,
free fat grats, and hyaluronic acid. he results are generally
poor.60–62 Surgery should be performed in this group only if
there is a documented associated surgically correctable lesion.
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FIG. 102.7 Asymmetry between the angles of articulation of the facet
joints at a single level (arrows). This is referred to as facet joint tropism.

synovial facet cysts, and joint space narrowing with concomitant neuroforaminal narrowing.69
he diagnosis of conditions that afect the facet joints may
be seen on plain radiographs with oblique and lexionextension views but is best made using CT and myelography
to assess the bony anatomy for arthritis, fractures, and morphology (tropism). his may be combined with MRI with
gadolinium to assess the nerves and sot tissues and to delineate
and deine the extent of scarring. Bone scans with SPECT
images are once again useful to localize the lesion if a fracture
is suspected.70
Once diagnosed with a facet joint disorder, the initial treatment consists of physical therapy with an emphasis on core
strengthening and avoidance of rotation and extension. Medications include NSAIDs, muscle relaxants, and preferably
nonopioid pain medication. Interventional blocks can also be
useful. Facet blocks can be used both therapeutically and
diagnostically. If the facet joint can be localized with a block,
then radiofrequency ablation can be attempted.71,72 Surgical
intervention is generally reserved for cases that have failed
conservative care. he surgical treatment of choice is a fusion
procedure for stabilization of the afected facet joint. Prior to
surgical intervention, the patient and physician should discuss
the diagnosis, options, and expected outcome to ensure that
the expectations are aligned.

Sacroiliac Pain
he sacroiliac joint can be a cause of pain in the back, gluteal
area, pelvis, thighs, and groin in the postoperative patient.73,74
he incidence of pain referable to the sacroiliac joint ater
spine surgery is between 2% and 7%.75 It is a diarthrodial joint
with many ligaments and a complex innervation system of
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both the joint capsule and the ligaments. he sacroiliac joint is
unique in that it has both hyaline cartilage and ibrocartilage.76
he diagnosis of pain emanating from the sacroiliac joint
is based on physical examination (including the FABER test
[lexion, abduction, and external ixation]) and radiologic
evaluation with plain radiographs, CT scan, and bone scan
with SPECT (Figs. 102.8 and 102.9). Diagnostic injections can
help to conirm the disease. he presence of serologic markers
may help in determining the presence of associated medical
conditions such as ankylosing spondylitis and some spondyloarthropathies.77 Treatment consists of conservative care with
physical therapy, selective luoroscopic sacroiliac therapeutic
injections, the use of radiofrequency ablations, and, in some
cases, surgical intervention for percutaneous or open arthrodesis.78 Surgical intervention with percutaneous techniques is
increasing in frequency and results are encouraging if strict
surgical selection criteria are utilized.79,80

Sagittal Plane Imbalance and
Spinal Deformity
Collapse of the spine or sagittal plane deformity postoperatively can be a cause of surgical failure and postoperative pain.
he instability and kyphosis can be a sequela of the surgery
itself or iatrogenic in the case of long fusions without attention
to balancing the sagittal plane. When performing a multilevel
fusion, attention must be paid to the amount of lordosis in
which the patient is fused. his condition can be further
exacerbated by pseudarthrosis, junctional kyphosis, adjacentlevel disease, and collapse and hip lexion contractures.81,82
Likewise, when performing a multilevel decompression, care
should be taken to not destabilize the spine. If the spine is
fused, then adjacent levels should be evaluated for collapse
and degeneration.83,84 Diagnosis is made by physical examination and standing anteroposterior and lateral radiographs
along with CT and MRI to look at adjacent levels for signs of
disease. Sagittal plane deformity (Figs. 102.10 and 102.11)
studies have demonstrated that the further the plumb line
from C7 falls further anterior to the sacrum, results decline.85
Treatment for this condition can be conservative, but surgical intervention is frequently necessary to return the patient
to optimal function. Osteotomies and derotational procedures
are used to surgically correct the deformity.86,87 hree major
goals of surgery include (1) ensuring that the pelvic tilt is less
than 20 degrees, (2) keeping the lumbar lordosis within 9
degrees of the pelvic incidence, and (3) correction of the

FIG. 102.8 Computed tomographic scan showing the presence of arthritis
and a bone graft in the right sacroiliac joint (arrows).

FIG. 102.9 Bone scan showing asymmetrical uptake between the right
and left sides consistent with sacroiliitis (arrow).

FIG. 102.10 A plumb line falling anterior to the sacral endplate, thus
making the sagittal vertical axis >5 cm and indicating the presence of
sagittal plane imbalance (arrows).
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FIG. 102.11 Postosteomyelitis collapse of L1 onto L2. This creates an acute
kyphosis and sagittal plane imbalance in the lumbar spine (arrow).

sagittal vertical axis to inside of 5 cm of neutral.88 Attention
must be paid to every detail of this corrective surgery. he
patient should be informed of the problem, the options, and
the proposed procedure with its risks and potential complications. Expectations should be discussed and psychological
counseling ofered if needed. he recovery is oten lengthy, as
with all revision surgeries.

Other Conditions
here are other reasons that patients have persistent pain and
disability ater back surgery. hese include surgery on the
incorrect level, malpositioned hardware, systemic diseases
(such as lupus, rheumatoid arthritis, and ankylosing spondylitis), and infection. Generally, these situations are readily
identiiable when the patient is seen in the postoperative
period. Plain radiographs, CT scans, and MRI are useful in
determining the levels and position of the hardware (Fig.
102.12). Bloodwork—such as a complete blood count, erythrocyte sedimentation rate, and C-reactive protein—and the
presence or absence of immunologic markers are useful in
identifying infections and in determining systemic diseases. A
candid conversation with the patient is advised and correction
of the condition should be ofered if one is available. Referral to
infectious disease or rheumatologic physicians may be helpful.
In the case of malpositioned hardware or wrong-level surgery,
a candid conversation about the issue is advised and correction of the problem as soon as possible is recommended. he
best way to prevent wrong-level surgery is through direct and
thorough conversations with the patient and family, surgical
site marking and intraoperative radiography to verify levels.89

FIG. 102.12 Malpositioned interbody fusion device with failure to fuse the
intended disc space. Note that the graft is in the vertebral body and not the
disc space itself (arrow).

Summary
Revision surgery of the spine for the treatment of FBSS should
only be considered in patients who have proven pathology
with diagnostic studies and a failure to respond to conservative
treatment or minimally invasive procedures (e.g., epidural blocks,
facet blocks). Decision algorithms for the diagnosis and medical
and surgical management of back pain and radiculopathy are
shown in Figs. 102.13 and 102.14, respectively. Patients who
have undergone surgical procedures of the spine can have
tremendous improvement in their quality of life and return
to normal activities if realistic expectations are discussed prior
to the secondary procedure. However, there are those patients
that fail to respond to correctly performed surgery. he cause
of their pain may be anatomic or psychological.
he most common cause of true inoperable FBSS with
radiculopathy is epineural and perineural ibrosis and arachnoiditis. Diagnosis of this problem is done using MRI with
and without gadolinium and/or CT/myelogram. “Clumping of
nerve roots” is a common radiographic description and is the
term frequently used to describe ibrosis and adhesions within
the nerve root. hese indings, without the presence of any of
the lesions described earlier, are in fact the true pathologic
changes that should be used for giving patients the diagnosis
of nonsurgical FBSS. Likewise, back pain persisting or increasing ater surgery and without the presence of any of the correctable, diagnosable conditions described earlier should also
be included in nonsurgical FBSS. Scar tissue and internal
nerve damage are not correctable surgically, nor is back pain
without a pathologic process.
It is also important to identify and refer for management
those patients with psychiatric problems and secondary gain,
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FIG. 102.13 Back pain algorithm. CT, computed tomography; F/E LAT, lexion/extension lateral; GAD,
gadolinium; H&P, history and physical examination; MRI, magnetic resonance imaging; SIJ, sacroiliac joint; SPECT,
single photon emission computed tomography.
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FIG. 102.14 Radiculopathy algorithm. CT, computed tomography; EMG,
electromyogram; F/E, lexion/extension; GAD, gadolinium; H&P, history and
physical examination; HNP, herniated nucleus pulposus; MRI, magnetic
resonance imaging; NCV, nerve conduction velocity; PT, physical therapy;
PM&R, physical medicine and rehabilitation.

as the presence of either of these conditions may also afect the
overall outcome. In these groups of individuals, the surgeons are
oten let with dissatisied patients who now live in the world
of chronic pain and disability. It is the surgeons’ obligation to
exhaustively investigate the etiology of the residual symptoms.
If a surgically correctable lesion or problem is identiied,
then a treatment plan should be ofered to the patient for the
correction of the problem with its potential risks and complications in the hope of removing them from this stigmatized
diagnosis. If no surgery is available for correction or improvement of the problem, then the patient should be referred to
the appropriate setting for optimization of the condition.
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“A goal without a plan is just a wish”
– Antoine de Saint-Exupéry
he number of elective spinal surgeries performed yearly
continues to increase at an accelerating pace.1 Although
advances in diagnostics, implant design, and biologic adjuncts
have made these operations more predictable in outcome, a
signiicant number of patients report persistent or recurrent
symptoms. hese patients represent a major challenge to spine
care providers. In general, the odds for success continue to fall
with each additional surgical undertaking. From a statistical
standpoint, the second operation has a 50% chance of success,
and ater the second operation, patients are more likely to be
made worse than better.2 he risk of reoperation holds true
independent of the index diagnosis, procedure performed,
and comorbidities. As such, in the classic words of Waddell
and colleagues, “caution and restraint are required when
contemplating repeat back surgery.”3
he term failed back surgery syndrome (FBSS) has been
commonly used to describe patients who experience chronic
disabling lower back pain and/or leg pain that persists or
recurs following anatomically successful spinal surgery.4 Similarly, patients who have undergone cervical procedures may
report residual or recurrent neck and/or arm pain or myelopathic symptoms. FBSS has been shown to have considerable
impact on an individual’s health-related quality of life as well
as a signiicant economic cost to society.4 It is thus imperative
to identify strategies to prevent these conditions as well as
develop guidelines to manage established cases.4 In order to
improve the prospects for successful management, an algorithmic approach may be useful. Temporal factors relating to
the symptoms may provide clues during the initial patient
encounter. Beyond these considerations, general categorization of the symptom complex as being predominantly axial or
radicular/claudicatory helps to focus the goals of treatment as
the workup progresses. he patient’s symptoms, physical indings, and diagnostics should be correlated to support a
common diagnosis on which to base treatment recommendation and surgical strategy. Echoing Saint-Exupéry, the desire
to address recurrent or persistent symptoms without a
thoughtful plan is just wishful thinking. As such, each revision

operation should include unique strategies to accomplish a
speciic goal beyond “redoing” the index procedure.

Patient Evaluation
A detailed history is mandatory to properly evaluate patients
with persistent or recurrent pain ater spinal surgery. Along
with medical history, medications should be reviewed to rule
out narcotic abuse. In addition, social history—including
work history and motivation for return to work—should be
elicited as well as involvement in litigation. his information
can help predict functional outcome of revision surgery.5
hese histories may be quite complex, with lengthy and oten
emotional background stories. Despite these challenges,
organization of the information and directed questions are
essential to deriving speciic points for further decision
making.
he patient’s main symptoms before the index surgery
should be elicited as well as the index diagnosis and details of
the patient’s operative procedure. It is helpful to obtain the
medical records and imaging studies that were performed
before the previous surgical procedure to compare with the
current situation. In some cases, ater such careful analysis, an
incorrect initial diagnosis may be identiied.6
he time frame over which the new or recurrent symptoms
develop may suggest their underlying etiology. Failure to
achieve any pain-free interval ater the primary surgery has
been associated with incorrect preoperative diagnosis, wronglevel surgery, and inadequate decompression, particularly in
the lateral recess or foraminal region.7–9 Early onset of new
radicular pain ater surgery may suggest nerve root injury. If
pedicle screws or interbody fusion devices have been placed,
their position should be evaluated with computed tomography
(CT).6 In the intermediate postoperative period (1–6 months),
mild new or recurrent pain may develop as patients progress
through rehabilitation. Symptoms that develop suddenly ater
a speciic inciting event may be from recurrent disc herniation
or hardware failure. Recurrent symptoms of gradual onset in
the intermediate time frame are oten related to the development of scar tissue, such as epidural ibrosis or adhesive
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arachnoiditis.2 Symptomatic pseudarthroses may also begin to
manifest themselves toward the end of the 6-month postoperative period. Other causes of late postoperative pain include
recurrent disc herniations or stenosis and the development of
adjacent-level pathology. For the surgeon who may evaluate
patients initially treated elsewhere, this timeline regarding the
recurrence of symptoms is crucial to establishing the proper
diagnosis.
A frequent cause of failed spine surgery is poor patient selection, which unfortunately is oten more apparent in retrospect.
Several authors have reported that psychological factors documented on the Minnesota Multiphasic Personality Inventory can
be related to poor outcomes ater spinal surgery.10–12 Elevation
of hypochondriasis, hysteria, and depression scales are most
predictive. Poor results are also more likely in patients who
exhibit abnormal pain behavior, receive worker’s compensation,
or are involved in litigation.13,14 On the basis of a growing body
of research demonstrating that these types of factors place
patients at risk for poor outcomes, many insurance carriers,
particularly within the worker’s compensation system, are now
requiring or strongly recommending presurgical psychological
screening for potential spine surgery candidates.15 he inluence
of these factors on outcome, however, is poorly understood. he
combination of physical, psychosocial, and economic problems
with which patients with FBSS present make individualized
treatment plans necessary.
Another regrettably common cause of persistent symptoms
is performance of the wrong surgical procedure. Wrong-level
discectomy is the most common avoidable error in spine
surgery. he North American Spine Society has advocated
intraoperative radiographic localization in almost all cases to
help prevent this misfortune.9 However, wrong-level spine
surgery can occur despite adhering to this protocol; up to 50%
of spine surgeons may perform wrong-level spine surgery at
some point in their career.16 Another example of an improper
procedure is to decompress only what appears to be the most
stenotic level and leave other areas unaddressed, particularly
in the lateral recess or foraminal region. Likewise, failure to
identify the pain generator before performing an interbody
fusion for discogenic pain can lead to disappointing results.
Many patients will have one or two signiicantly abnormal
discs on magnetic resonance evaluation but other areas with
comparably mild changes, which may be surprisingly concordant at discography. In our own experience, such patients are
advised against surgery.

Leg Pain Versus Back Pain
As with primary lumbar degenerative syndromes, diferentiating the degree of axial back pain from radicular or neurogenic
claudicatory symptoms is paramount to formulating an efective treatment plan. Although the diagnostic tests that follow
will help identify the pathoanatomy, all of the indings should
be kept in context with the patient’s main complaint. An
algorithm based on the patient’s main complaint is presented
in Fig. 103.1.

Recurrent symptoms

Wrong-level
Instrumentation failure
Instability (flex-ex films)

History/physical
x-rays

Back pain

Leg pain

Previous fusion
MRI
CT myelogram

Flexion/extension films
CT myelogram (sagittal and
coronal reconstructions)
MRI

MRI or CT
myelogram
EMG/NCS

+

+
Pseudarthrosis

−

HNP
Insufficient decompression
Recurrent herniation/
stenosis

−

HNP
Foraminal
stenosis

+

Peripheral
nerve
compression

−
−
Conservative therapy
FIG. 103.1 Algorithm for approach to the patient with persistent or
recurrent symptoms after lumbar spinal surgery. CT, computed tomography;
EMG/NCS, electromyography/nerve conduction studies; lex-ex, lexion/
extension; HNP, herniated nucleus pulposus; MRI, magnetic resonance
imaging.

Physical Examination
he physical examination of patients with FBSS is similar to
the initial examination for nonoperated patients. Posture, gait,
and alignment—including sagittal balance while standing and
sitting—should be observed.5 Range of motion, tenderness,
and nerve root tension signs should be elicited and a thorough
neurologic examination should be performed. Although the
physical examination indings of this condition may be nonspeciic, a thorough examination may be helpful to exclude
other conditions that may have similar presentations. In
patients with leg pain, thorough examination of the hip and
knee and assessment of distal pulses may reveal other potential
causes of their symptoms. Nonorganic physical indings
should be recorded, as described by Waddell.17 More than two
Waddell indings strongly predicts poor outcome, regardless
of spinal pathology.17

Diagnostic Testing
Plain Radiography
Plain radiographs of the lumbar spine should include biplanar standing ilms. A coned-down lateral of the lumbosacral
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FIG. 103.2 Lateral plain radiographs after L4–L5 decompression and instrumented fusion for degenerative
spondylolisthesis. Comparing the (A) early postoperative ilm with the (B) 7-year follow-up ilm shows that
grade I spondylolisthesis has developed at the adjacent segment L3–L4.

junction and an anteroposterior Ferguson view may be particularly helpful in evaluating patients who have had previous
surgery at the L5–S1 level. Patients with pain ater a discectomy
should be evaluated for iatrogenic pars fracture. Endplate
rarefaction suggests a postoperative discitis. Previously placed
spinal implants should be scrutinized for malposition, loosening, subsidence, or breakage. In addition to evaluation of disc
height, endplate characteristics, and alignment, anterolisthesis
or retrolisthesis at the adjacent levels should be noted (Fig.
103.2). Flexion-extension radiographs should be scrutinized
for motion involving segments where fusion was attempted
because gross motion detectable in this manner typically indicates pseudarthrosis. hese ilms should also be evaluated for
dynamic instability at levels adjacent to the previous surgery.
he overall sagittal balance should be assessed on standing
36-inch radiographs with the hips and knees fully extended to
eliminate any compensatory lexion that may mask deformity.5
A latback deformity from poorly contoured constructs or
adjacent-segment degeneration (ASD) is best evaluated with
this technique. A pelvis radiograph can assess for hip joint
pathology that may be the source of groin or thigh pain.5

Advanced Imaging
CT with ine cuts and sagittal/coronal reconstructions can
help delineate fusion status.18 he adjacent levels should be
carefully evaluated for hypertrophic facet arthropathy, spondylolysis, and pedicle stress fractures. Magnetic resonance
imaging (MRI; Fig. 103.3) with and without gadolinium
enhancement is the most sensitive test for evaluating neurologic compression at both the previously operated site
and the adjacent levels.19 Comparison of the enhanced and
nonenhanced sequences can help diferentiate epidural scar

(enhancing) from recurrent disc herniations and hypertrophic
ligamentum lavum (nonenhancing). In addition, gadolinium
enhancement in the intervertebral disc and vertebral bodies
may demonstrate the presence of postoperative infection.5
With the advent of MRI, CT myelography is less commonly
required but is still helpful in certain situations. Patients with
contraindications to MRI, pronounced scoliosis, known stainless steel implants, or patients with substantial imaging artifact
degrading magnetic resonance images can be better evaluated
with CT myelography.

Diagnostic Injections
Selective nerve root injections have been shown to have both
therapeutic and diagnostic eicacy in the management of
patients with lumbar radicular pain.20,21 However, following
surgical manipulation of the spine and surrounding tissues,
ibrosis and adhesions of the sot tissue can generate septations
and eliminate the continuity that is required for spread of
injected medications.22 his may limit the therapeutic and
diagnostic power of transforaminal injections in patients
who have previously undergone surgery. Controlled studies
documenting their predictive value in patients with FBSS are
lacking. he authors have found them useful in situations
in which MRI indings are equivocal and in situations in
which multilevel pathology is present. he use of provocative
discography is controversial and its role in the evaluation
of previously operated discs is not universally accepted.23
Some reports indicate that discography may predict surgical
outcome for patients undergoing anterior lumbar interbody
fusion (ALIF) for persistent pain ater successful posterior
fusion.24,25 he role of discography in evaluating degenerated
adjacent discs as pain generators is also unclear. Although this
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FIG. 103.3 (A) Lateral radiograph of a patient with newly recurrent symptoms of back and left thigh pain 18
months after an anterior L4–L5 fusion with percutaneous posterior ixation. (B) Sagittal magnetic resonance
image (MRI) demonstrating an extruded disc herniation at L2–L3. (C) Axial T2 MRI demonstrating the extruded
disc adjacent to the left L3 pedicle.
BOX 103.1

Conditions Amenable to Nonoperative Treatment

Epidural scar/arachnoiditis
Certain fractures (pedicle/pars/compression)
Psychogenic factors
Early discitis
Extensive, multilevel degenerative disc disease
Sacroiliac disease
Peripheral nerve syndromes

has been suggested as a useful test in determining whether a
degenerated segment below a long thoracolumbar fusion is a
signiicant pain generator,26 the role of provocative discography in the more common setting of adjacent-segment disease
cranial to more limited lumbar procedures continues to be
poorly deined.

Nonoperative Treatment
Nonoperative treatment will typically be involved to varying
degrees in many patients with FBSS because measures such
as physical therapy and pain medications are part of the usual
postoperative regimen for most index lumbar procedures.
When persistent complaints have triggered the workup
outlined earlier, a diagnosis can be rendered in many cases.
Several conditions may be amenable to nonoperative treatment (Box 103.1). he degree to which a patient’s symptoms
can be attributed to epidural scar formation is unclear.
Epidural scar is an incidental inding in many patients who
do not develop symptoms, and most surgeons feel that the
scarring will inevitably return to some degree ater revision,
making the indication for repeat surgical intervention unclear.

As new agents to help prevent proliferative epidural scarring
are developed, the overall management of such patients may
continue to evolve.
Nonoperative treatments may have a potential role in several
other conditions. Fractures involving noninstrumented fusion
masses, pedicles within the fused segments, or compression
fractures cephalad to a fusion may be treated with bracing in
the absence of frank instability. Postoperative discitis may be
treated with biopsy, immobilization, and directed antibiotic
therapy, but infection ater instrumented fusions generally
merits surgical intervention (see Chapter 100). Traditionally,
sacroiliac symptoms were rarely treated with arthrodesis, and
medical/physical therapy plus luoroscopically guided injections were favored. Recently, minimally invasive techniques for
sacroiliac fusion have been introduced, with studies reporting
good outcomes at up to 5-year follow-up.27,28 he success of
this emerging technique is still dependent on making a proper
diagnosis that the sacroiliac joint is the source of symptoms. Leg
symptoms due to peripheral neuropathy should be managed
medically; leg symptoms due to peripheral nerve compression
may be amenable to bracing or specialized local care. Leg
symptoms due to recurrent disc herniation or stenosis can
be treated initially with physical therapy and nonsteroidals.
Epidural injections may be ofered as a treatment option;
however, their efectiveness in the postoperative patient is
less predictable. Transforaminal and caudal injections have
some reported therapeutic success in uncontrolled studies.29,30
Some have theorized that the presence of postoperative scar
tissue interferes with dispersion of the injectate and leads to
diminished efectiveness. Patients with difuse degenerative
disease and axial symptoms are typically advised to pursue
intensive multidisciplinary rehabilitation combining physical
training with cognitive behavioral interventions, vocational
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Surgical Treatment—Back Pain Predominant
Pseudarthroses and Failed Instrumentation
Although pseudarthroses are not always symptomatic, they
do account for a considerable proportion of cases of FBSS.
Likewise, instrumentation failure typically occurs in the
setting of a pseudarthrosis; however, broken implants have
been reported in cases of solid fusion. When either of these
conditions is felt to be the cause of a patient’s FBSS, any revision surgery should be carefully planned and executed. Patient
selection is critical in determining who will beneit from a
revision procedure. Factors such as smoking, diabetes, and
worker’s compensation result in diminished outcomes ater
both primary and revision surgeries.34 here is no commonly
accepted treatment algorithm for surgical management of
pseudarthrosis. he surgical approach must be individualized
on the basis of the location and etiology of the nonunion,
the absence or presence of failing implants requiring revision
(Fig. 103.4), the medical status of the patient (including any
previous abdominal surgeries), and the surgeon’s comfort level
with speciic techniques.
Nonunions ater a posterior fusion that have adequate bone
stock can oten be managed by a revision posterior approach.35
his should involve decortication of the pseudarthrosis and
posterolateral fusion with instrumentation. At exploration of
the fusion, the rods and screws are typically removed irst. If
the screw lengths and diameters are not known from the

previous operative note, these should be determined from
direct inspection and measurement. he posterolateral fusion
masses are then exposed and any ibrous tissue associated with
pseudarthrosis is debrided. If any question remains regarding
the gross stability of the fused segments, we typically cannulate
the previous pedicle screw holes with blunt probes or appropriately sized curettes and attempt to elicit segmental motion
by cantilevering instruments. Use of a gouge to decorticate the
previous fusion masses helps preserve any remaining bone
stock. Because removing and replacing a pedicle screw results
in a 34% decrease in pullout strength, some attempts must be
made to improve purchase. If the anatomy permits, increasing
the diameter of the screw by at least 1 mm or increasing the
length by 5 to 10 mm can help improve ixation. Using a different pedicle screw system is beneicial because the screws
will have a diferent thread pitch. In severely osteoporotic
bone, polymethylmethacrylate can augment ixation strength.
Achieving fusion can be challenging in such revision scenarios.
As such, local bone is preferentially augmented by morsellized
autograt harvested from the iliac crest. Allograt and demineralized bone matrix are used as extenders rather than grat
substitutes. If both iliac crests have been previously used, other
strategies for enhancing fusion should be considered. Options
include electrical stimulation, bone marrow concentrates, or
bone morphogenetic protein, although few studies have been
performed to delineate their role in this circumstance.
When breakage of a pedicle screw is encountered, spanning
that level with the addition of a crosslink is an option. If the
afected level is at the end of the construct, extension of the
fusion can be considered. If it is felt that reinstrumentation of
the level with the broken screw is necessary, then screw removal
is necessary. Commercially available screw removal sets are
available, but most techniques involve removal of additional
bone, thus, augmentation may be necessary. Careful patient
selection is necessary to identify those patients who will
beneit from a posterior or posterolateral strategy rather than
a more involved procedure. West and colleagues35 reported
a 35% pseudarthrosis rate and a 47% clinical failure rate in
patients with preexisting pseudarthrosis in whom posterior
fusion and pedicle screw ixation were performed.
In cases of failed posterolateral fusion with inadequate bone
stock (such as ater a wide decompression), the interbody
region may provide the best area of vascularized host surface
for revision grating. Excessive epidural scarring makes entry
into the interbody space through virgin areas more desirable.
ALIF permits placement of structural allograts or cages with
large footprints. Using an anteroposterior approach in this situation has been associated with the best fusion rates; however,
this comes at increased cost and increased risk of complications.36 Also, not all of these patients improve clinically even
ater achieving a successful fusion.34,37 Dede and colleagues34
reported on clinical outcomes of revision surgery to fuse the
pseudarthrosis site in patients who had previously undergone
fusion on one or two lumbar motion segments for symptomatic
degenerative disc disease or spondylolisthesis as the indication
for the index surgery. Circumferential fusions made up the
majority of revision surgeries and there was a fusion rate of
100%. However, only 50% of patients whose index procedure
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planning, and consultation with a specialist in chronic pain
medical management.
Spinal cord stimulation has been used for more than 30
years to treat chronic pain, including FBSS. A thorough review
is conducted in the chapter on interventional procedures for
chronic pain. As one can imagine, it has been diicult to
conduct well-designed trials to compare spinal cord stimulation to revision surgery. In a review of 583 studies of spinal
cord stimulation published in 2004, the only class I randomized controlled trial did not include patients with FBSS.31 A
subsequent randomized controlled trial compared reoperation
and spinal cord stimulation for patients with FBSS. Using at
least 50% pain relief as a criterion for success, the authors
reported that spinal cord stimulation was signiicantly more
successful than reoperation.32 A more recent randomized controlled trial by Coleman and colleagues33 published in 2009
deemed spinal cord stimulation more successful than medical
management for FBSS. hey found that 48% of patients in the
spinal cord stimulator group achieved the primary endpoint
of 50% reduction of leg pain compared to 9% in the medical
management group. he stimulator group also had less back
and leg pain and greater treatment satisfaction at 6 months.
he authors typically consider implantable spinal cord
stimulators an option for patients with back and leg pain ater
spinal fusion when solid arthrodesis is apparent by imaging
studies and all other potential causes of persistent pain have
been excluded. A trial stimulator is typically done irst and
converted to a permanent device if the patient demonstrates
a favorable response.
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FIG. 103.4 (A) Neutral and (B) lexion lateral radiographs of a patient with a previous L3–L5 fusion and grossly
loose screws at L3 evident. (C) Computed tomography showing solid fusion at L4–L5 but pseudarthrosis at
L3–L4. (D) Magnetic resonance image showing adjacent-segment stenosis. (E) Postoperative radiograph
showing revision L2–L4 decompression and fusion.

was for degenerative disc disease felt that their overall wellbeing had improved since revision surgery and 64% of those
whose initial fusion was due to spondylolisthesis felt they
had improved. For salvage of a single-level pseudarthrosis
for which decompression is not necessary, ALIF followed by
percutaneous pedicle screw ixation has been described, with
radiographic fusion reported in 52 of 54 cases.38
In cases in which an anterior approach is problematic,
a transforaminal lumbar interbody fusion (TLIF) is a good
option39,40 because the entry site to the interbody space may
be less involved by postoperative scar. Studies examining

this technique speciically for the management of pseudarthrosis, however, are lacking. Another increasingly popular
technique, the lateral transpsoas interbody fusion, ofers an
additional approach to the interbody space without a formal
anterior exposure (Fig. 103.5). his involves development of
the plane between the posterolateral margin of the paraspinals and the peritoneal sac, followed by splitting the ibers
of the psoas muscle. his technique requires high-quality
intraoperative neurophysiologic monitoring of the nerve
roots of the lumbar plexus41 and intraoperative luoroscopy.
Although early reports of the technique have demonstrated
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FIG. 103.5 (A) Sagittal magnetic resonance image of an obese patient previously decompressed from L3–S1
with recurrent back and leg pain. Recurrent stenosis with associated spondylosis is demonstrated. (B) Lateral
radiograph after L3–L4 and L4–L5 lateral transpsoas interbody fusion, which was followed by a staged revision
decompression, and L3–S1 fusion, including an L5–S1 transforaminal interbody fusion.

encouraging results with low complication rates,42 data on
this technique for revision arthrodeses are currently sparse.
A study by Berjano and colleagues43 looked at fusion rates
in 53 patients who underwent lateral transpsoas interbody
fusion. Patients with at least 1-year follow-up were evaluated
clinically and by CT scan. hey found a complete fusion rate
of 87%, conirming that anterior interbody fusion by means of
a transpsoas approach achieves high fusion rates with satisfactory clinical outcomes. Another study by Wang et al.44 sought
to determine if lateral interbody fusion without supplemental
pedicle screws is efective in treating adjacent-segment disease
in patients who had undergone previous lumbar fusion. hey
looked at postoperative numeric pain scale scores for leg and
back pain and also obtained dynamic radiographs as well as
CT scans in 21 patients who had undergone lateral interbody
fusion for adjacent-segment disease. hey found signiicant
improvement of both leg and back pain scores. All patients
had bridging bone on CT scan at last follow-up and there
were no major complications noted. Technical aspects of these
operations are covered elsewhere.
Revision of pseudarthroses ater attempted posterior
lumbar interbody fusion or TLIF can be challenging. We
prefer to remove the cage from an anterior approach to the
disc space (Fig. 103.6). Osteotomes are used to create planes
adjacent to the cage and assist removal. he choice of implant
to use for the ALIF is based on the defect let ater removal
of the cage. Whether a revision posterior fusion is required is
then based on the integrity of the previously placed posterior
implants and the overall segmental stability.
Anterior nonunions and failed lumbar disc arthroplasty present
unique challenges. If the failed ALIF or arthroplasty device is not

grossly unstable, a posterolateral fusion with instrumentation
may suice.45,46 One study reported that removal of the prosthesis
and circumferential fusion yielded slightly better results than
posterior fusion at 1-year follow-up.47 he authors, however,
acknowledged that signiicant risks are inherent with removal
of the arthroplasty device; thus, further studies are necessary
to clarify management of this scenario. If the patient had a
360-degree fusion and the posterior fusion is solid, an isolated
revision ALIF can be performed. he entire construct should be
revised in cases of failed 360-degree fusions with both anterior
and posterior pseudarthroses and unstable implants. Revision
anterior lumbar procedures are technically demanding. Vascular
injuries are common, for which an experienced surgeon or
vascular surgeon should be considered.48 Strategies to help
navigate the hazards of the revision anterior approach have
been recommended. A previous let retroperitoneal approach
to L5–S1 may be best revised through a right retroperitoneal
or transperitoneal approach. A previous let retroperitoneal
approach to L4–L5 may be best revised through a transperitoneal
or transpsoas approach.49 Because retroperitoneal scarring may
obscure the anatomy, other measures can be considered, such
as preoperative ureteral stenting and intraoperative cannulation
of the iliac veins with balloon catheters.

Painful Hardware
A small subgroup of patients may report recurrent pain despite
intact implants, a solid fusion, and no other obvious pain
generators. Implant removal in such cases remains controversial, particularly because the mechanism as to how the implants
generate pain is not well understood. Some authors have
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FIG. 103.6 (A) Lateral radiograph of a patient with a pseudarthrosis after L5–S1 transforaminal lumbar
interbody fusion. (B) Flexion lateral view showing signiicant motion across the level of intended fusion. (C)
Computed tomography scan showing incomplete posterolateral fusion masses. (D) Postoperative radiograph
after anteroposterior revision fusion.

recommended injection of local anesthetic around the hardware as a diagnostic step.50 For patients who report temporary
relief of their pain with the injection, removal of the implants
can be considered provided that the patient clearly understands that such an intervention may not have a predictable
outcome. hese authors reported an average 50% decrease in
visual analog scale pain scores and functional improvement in
84% of 20 patients whose hardware was removed ater a favorable response to diagnostic injection.50

Surgical Treatment—Leg Pain Predominant
he two most common situations in which revision surgery is
required to treat recurrent leg pain are recurrent disc herniation

and recurrent/residual stenosis. Because these surgeries have
nuances quite distinct from their primary counterparts, some
of their technical considerations are covered here.

Revision Discectomy
he irst step in a revision discectomy is to carefully remove
the pseudomembrane and scar tissue to identify the borders
of the previous laminectomy.51 he level of the dura in relation
to the edge of the laminotomy should be determined from
the preoperative imaging studies. If the spinous processes
about the laminotomy site are preserved, these are convenient
starting points to start elevating the pseudomembrane. Once
the margins of the previous laminotomy have been cleared,
a curved curette is used to carefully detach the scar from
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FIG. 103.7 (A) Sagittal magnetic resonance image of a patient with a third-time disc herniation at L5–S1. (B)
Postoperative radiograph after revision discectomy and transforaminal lumbar interbody fusion.

the edges and then the undersurfaces of the lamina. Kerrison
rongeurs are used to enlarge the laminotomy and identify
normal dura. he pedicle can be palpated with a Penield
dissector or Woodson elevator and the traversing nerve root
passing medial and exiting below can be identiied. Mobilizing
the nerve root from epidural scar should be done carefully. A
reverse-angle curette irmly anchored on the surface of the
disc just adjacent to the pedicle can be rotated toward the root
to tease it free from adhesions and visualize the recurrent herniation. Once mobilization of the nerve root and visualization
of the herniation is accomplished, the revision discectomy can
be performed in a more standard manner.
Lubelski and colleagues52 recently looked at quality-of-life
outcomes ater primary and revision discectomy. hey found no
preoperative quality-of-life diferences between 116 patients who
underwent primary discectomy and 80 patients who underwent
revision discectomy. hey found that both groups had signiicant
improvements in quality of life, pain and disability, and psychosocial outcomes postoperatively; however, the improvement
diminished ater revision discectomy. Patel and colleagues53
reported on a smaller cohort of 30 patients, comparing outcomes
of revision discectomy with primary discectomy. All data were
gathered from the same 30 patients who underwent both primary
and revision surgery. Visual analog scales for lower limb and
back pain were measured as well as Oswestry Disability Index
scores. here was signiicant improvement in mean scores ater
both primary and revision discectomy, leading the authors to
conclude that revision discectomy can give results as good as
those seen ater primary surgery.
Patients who develop a third-time herniation or those who
report a signiicant component of back pain (in addition to

leg pain) may require interbody fusion at the time of revision
discectomy. A transforaminal interbody approach (Fig. 103.7)
is favored by some because removing the facet and working
more lateral to the traversing root requires less mobilization
of the epidural scar.54 A total of 73 patients who underwent a
TLIF as revision for recurrent lumbar herniation ater a previous discectomy were recently analyzed by Li and colleagues.55
hey studied clinical and radiologic outcomes as well as
safety and efectiveness. hey found signiicant improvement
in clinical outcome measures postoperatively along with
improved disc space height and stability at the fused level.
herefore, they recommend TLIF as safe and efective for
treating recurrent lumbar herniations. Even with this strategy,
dural tears are not infrequent and should be anticipated. An
anteroposterior approach is favored by some in this situation,
but we rarely advocate a stand-alone ALIF if leg pain is a
signiicant part of the symptom complex. Although some have
reported successful removal of extruded disc fragments at the
time of ALIF, direct posterior neurolysis and decompression
allow better intraoperative conirmation that the leg pain issue
is efectively addressed.

Revision Laminectomy and Treatment of
Adjacent-Level Stenosis
Preoperative Planning
A common and challenging cause of FBSS is recurrent spinal
stenosis in the previously decompressed region or at the
segment cranial to a previous decompression and fusion.
Whether this adjacent-segment disease is the result of the
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normal progression of degenerative changes or biomechanical alteration caused by fusion remains controversial.56 A
subgroup analysis of the Spine Patient Outcomes Research
Trial found that lumbar fusion and instrumentation were not
associated with an increased rate of reoperation at the site of
initial surgery or adjacent levels and that the only risk factor for
reoperation ater initial fusion for spinal stenosis was a duration of pretreatment symptoms of more than 12 months. hus,
reoperation may be related to the natural history of spinal
degenerative disease.57 As with primary lumbar spinal stenosis,
nonoperative modalities should be the irst-line treatment of
recurrent disease. In those patients who are unresponsive to
nonoperative modalities, revision surgery may be indicated.
he primary goal is to ensure adequate neural decompression;
the secondary goal is to stabilize and fuse unstable segments.
As part of the overall surgical plan, an initial consideration
is whether the previously operated area needs to be revised.
Areas of residual or recurrent stenosis that could contribute to
the patient’s clinical complaints should be addressed at the time
of reoperation. Likewise, a suspected pseudarthrosis should be
formally explored. Because both of these require additional
time and attention intraoperatively, advanced planning will
promote eicient execution of the surgical plan.
he presence of a spondylolisthesis combined with stenosis
at the adjacent segment should prompt strong consideration
of extending the fusion. Retrolisthesis, rotatory listhesis,
substantial hypermobility on lexion-extension ilms, or if
iatrogenic destabilization is necessary for complete decompression are some situations that may also warrant extension
of the fusion. We routinely extend the fusion at the time of
decompression for junctional stenosis even in the absence of
evidence of instability because motion can be considered one
of the root causes of ASD.58–60 Others, however, have reported
that decompression alone in this setting can be efective.61–63
Patients are typically advised of an increased incidence of
durotomy and all other complications compared with the risk
attendant with the index procedure.

Technical Aspects of Surgery
Imaging studies are reviewed to identify the borders of the
previous decompression and the height and relation of the
dura in relation to the bony margins. Ater the subcutaneous
dissection is performed, the cranial edge of the previous
decompression is exposed. In some cases, the landmark of the
spinous process of this lamina may have been removed as part
of the previous decompression; thus, great care is exercised
until the bone is exposed. If there is any need to verify the
anatomic level, an intraoperative lateral radiograph is taken.
Exposure of the proximal “virgin” level is then performed in
standard fashion. During exposure of the transverse processes
of the adjacent level, the facet capsules are carefully preserved
until those intended for fusion have been identiied.
If it is necessary to explore a previous fusion or revise the
decompression, these sites are carefully exposed. Dissection
with electrocautery is directed obliquely toward the facets or
instrumentation. Aggressive midline exposure may injure the

vulnerable dura, but developing this initial plane too supericially can lead to a large dead space to close. If the fusion is to
be explored, this can be done next, as described previously.
he cranial margin of the previous scar is generally where
the stenosis is most severe. Even in cases in which an extensive
revision of the previous decompression is unnecessary, the
scar must be mobilized in this region. Working laterally, the
pseudomembrane is carefully detached from the bony rim
with a sharp, curved microcurette. Ater the initial release with
curettes, the transition zone between scar and virgin dura can
be progressively mobilized. In our practice, the cupped end of
a Penield No. 1 elevator is useful for this maneuver. he edge
is placed directly along the bony rim; the wide surface helps
to gradually develop the plane. Once the epidural scar and
dura have been separated from the bone, the decompression
can be performed. Kerrison rongeurs are usually efective;
however, if the bone edge is broad and steep, eicient resection
may be diicult. Using an osteotome or chisel to undercut the
wall or create a thinner shelf of bone, a more controlled and
efective use of the Kerrison rongeur is permitted. We have
found a beveled-edge chisel to be helpful in that the bevel can
help direct the initial pass laterally and can then redirect the
cut downward by inverting the chisel edge. his can detach a
long strip of bone as one piece, making it easier to remove.64
Because many decompressions are performed, “pedicle-topedicle” palpation of the pedicle of the proximal segment from
the previous decompression is helpful for orientation and to
verify adequate decompression of the neural elements.
Because stenosis is oten most severe centrally at the
cranial margin of the previous decompression, it is sometimes
helpful to defer detaching the scar in this region and irst
begin the laminectomy at the proximal end of the adjacent
lamina. Because this difers from the conventional method of
laminectomy (working caudal to cranial), great care should
be exercised if this method is attempted. he lamina is thick
and slopes ventrally at the cranial end; thus, it may be helpful
to thin the bone with a rongeur or burr. A Penield elevator can be used to release epidural adhesions beneath the
lamina and gently displace the thecal sac ventrally while a
Kerrison rongeur is used to remove the bone. As the previous
laminectomy site is approached, it may be helpful to work
laterally and use the chisel to undercut the medial portion of
the inferior articular facet. Undercutting the superior facet
of the previously decompressed segment oten releases the
neural elements across this stenotic zone laterally and indirectly decompresses the central region. he remaining central
island of bone can then be steadied with a pituitary rongeur
and released from the remaining scar with a curette. If an
incidental durotomy is created, a primary repair is performed
with a running nonabsorbable 6-0 Prolene suture.
Pedicle screws are then placed in the adjacent level using
standard technique (Fig. 103.8). If the previous screws have
been removed, they are replaced with larger-diameter screws
or same-size screws with diferent thread pitch if this its
snugly in the pedicle. If the previous fusion involved multiple
levels and appeared solid at exploration, the more distant
levels may not require reinstrumentation. Achieving a solid
fusion can be challenging in these cases. Whitecloud and
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FIG. 103.8 (A) Lateral and (B) anteroposterior (AP) radiographs of a patient with a pseudarthrosis after previous
L3–L5 decompression and noninstrumented fusion. (C) Magnetic resonance imaging showing junctional
stenosis at L2–L3. (D–E), Lateral and AP radiographs after revision decompression and instrumented fusion with
internal bone-growth stimulator.
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colleagues65 reported the results of patients undergoing
decompression and fusion for ASD. Of cases in which noninstrumented fusion was attempted, 80% developed pseudarthroses compared with 17% of instrumented fusions. As such,
we recommend segmental instrumentation and use of iliac
crest autograt or other strategies for enhancing fusion, as
discussed earlier.
he clinical outcomes for patients undergoing decompression and fusion for adjacent-segment stenosis are mixed.
Phillips and colleagues reported the results of the 26 patients
who underwent decompression or decompression and fusion
for stenosis at the adjacent level.63 Eleven of the 26 patients
were either neutral or dissatisied with their surgery. Other
studies have reported more encouraging results. Schlegel and
associates reported the results of 37 patients who were treated
surgically for ASD.62 Twenty-three patients were treated with
decompression alone; 14 were treated with decompression and
fusion. Twenty-six of the 37 patients reported good-to-excellent improvement of back and leg pain; however, the length
of follow-up was limited to 2 years. Chen and colleagues60
reported the results of 39 patients undergoing surgery for
ASD. All of these patients were treated with a wide decompression and extension of their fusion, using instrumentation. At
an average follow-up of approximately 5 years, 77% of patients
had excellent or good results and their fusion rate was 95%.
A sobering note was that ive of these patients subsequently
developed new disease at the neighboring segment, typically
leading to a poor clinical result.

Revision Cervical Spine Surgery
In comparison with operations for lumbar degenerative conditions, cervical procedures have enjoyed relative success.
Although “failed neck surgery syndrome” has not become a
commonly used term, cervical surgeries occasionally fail to
achieve their initial goal or develop late sequelae. Revision
cervical spine surgery can be a complex and risky endeavor;
thus, determining whether or not a patient is a candidate is
essential. his section reviews the patient evaluation and treatment strategies for this condition.

Patient Evaluation
As discussed previously in the lumbar section, a thorough
history must be obtained. Essential historical facts include the
nature and duration of the preoperative symptoms and the
type of operative procedure that was performed. Obtaining
the patient’s old imaging studies and medical records can be
helpful in fully assessing the original problem leading to the
index surgery. Recollection of the perioperative period ater
the initial surgery should then be pursued. Note should be
made of any complications and the initial results of the surgery.
Clarifying whether there was an initial period of improved
pain or neurologic function versus unresolved or worsened
symptoms can help establish if the appropriate procedure was
performed. Questions regarding constitutional symptoms can
assess for problems such as infection or tumor. Red lags, such

as progressive weakness or unrelenting pain, may suggest an
urgent or emergent situation. he patient should also be asked
about hoarseness or swallowing diiculty that may be attributed to the initial procedure and may afect the surgical
approach for the current problem. A full neurologic examination is required. Shoulder, elbow, and wrist pathology can
mimic cervical spine pathology; thus, these conditions must
be ruled out during patient evaluation to avoid unnecessary
revision surgery.66 his is especially true if the initial procedure
did not provide any relief of the original symptoms. As with
lumbar procedures, poor initial patient selection is one of the
primary causes of failed surgery. Establishing the principal
residual/recurrent problem as primarily axial neck pain,
radiculopathy, or myelopathy is essential for formulating a
treatment strategy. An algorithm for such patients is presented
in Fig. 103.9.

Imaging
In addition to reviewing previous diagnostic studies, additional imaging is warranted to evaluate failed procedures.
Upright plain radiographs should be obtained, and the position and integrity of previously placed implants and bone
grats should be scrutinized. he overall alignment should
be noted. he levels adjacent to a previous fusion should be
evaluated for degeneration. Flexion-extension lateral ilms
should be performed to evaluate potential pseudarthrosis.
Radiographic criteria suggesting a pseudarthrosis include
lack of bridging bony trabeculae between grat and adjacent
vertebral body and segmental motion on lexion-extension
ilms.67–69 Cannada and colleagues70 conducted a study comparing measurement of Cobb angles and change in distance
between the spinous processes for identifying pseudarthrosis
ater anterior cervical discectomy and fusion. hey found that
measurement of the change in distance between the spinous
processes is more reproducible and accurate for diagnosing
pseudarthrosis than the Cobb method. A change in distance
of 2 mm or more was highly suggestive of pseudarthrosis.
A more recent study published by Song and colleagues71 in
2014 compared intraoperatively determined fusion status
with dynamic radiographs and CT. hey determined that
interspinous motion greater than or equal to 1 mm should
be used as the criterion to predict pseudarthrosis on dynamic
lateral cervical spine radiographs. Instrumented posterior
cervical fusions that develop pseudarthrosis may not move
on lexion and extension but rather may show screw breakage
or loosening.66
CT is an excellent modality for evaluation of failed cervical
surgeries. Position of lateral mass or anterior vertebral body
screws can be readily assessed. Bone status can also be assessed,
especially if revision instrumentation is planned. Sagittal and
coronal reconstructions are helpful for evaluating the position of
interbody or strut grats. Residual spondylotic bony compression
or ossiication of the posterior longitudinal ligament (PLL) can
also be readily assessed. Findings on CT that are suggestive
of a pseudarthrosis include absence of bridging trabeculae,
bony lucency at the grat–vertebral body junction, or fracture
and grat resorption. Buchowski and colleagues72 conducted
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FIG. 103.9 Algorithm for approach to the patient with recurrent symptoms after cervical spine surgery. CT,
computed tomography; DDD, degenerative disc disease; EMG/NCS, electromyography/nerve conduction
studies; HNP, herniated nucleus pulposus; MRI, magnetic resonance imaging; PT, physical therapy.

a study assessing the reliability of plain radiographs, CT, and
MRI to detect a pseudarthrosis ater an anterior cervical fusion
compared with intraoperative exploration. he study involved
14 patients, 8 of which were found to have pseudarthrosis at
repeat surgery. heir results suggested that CT most closely
agreed with intraoperative indings (Fig. 103.10).
MRI with and without gadolinium in patients who have
had prior cervical surgery can diferentiate recurrent disease
and/or luid collections from scar tissue, which is vascular and
has high signal intensity on the T1-weighted image.66 MRI can
demonstrate missed sot disc herniations beneath the posterior
longitudinal ligament. MRI can also delineate residual cord
indentation at the vertebral body margins, cord atrophy, and
gliosis. Levels adjacent to a previous fusion should be evaluated
for sot disc herniation or internal disruption that may not
be evident on plain radiographs. Findings on MRI should be
closely correlated with previous images and with the patient’s
clinical presentation before any decision for revision surgery.

Nonspinal etiologies should be considered in cases in
which the spinal imaging workup is equivocal. Reports of pain
in the shoulder with overhead activities or impingement signs
should prompt imaging of the shoulder.73 Numbness in the
hands, particularly at night, or positive indings on provocative tests of the carpal or cubital tunnel should raise suspicions
of peripheral nerve compressive syndromes. hese conditions,
as well as peripheral neuropathies, may be further assessed by
electromyography/nerve conduction studies.74 Intrinsic conditions of the spinal cord can also mimic compressive
myelopathies; consultation with a neurologist may be helpful
in these cases.

Additional Testing
If there is concern for infection, a complete white blood cell
count with diferential as well as an erythrocyte sedimentation
rate and C-reactive protein level should be obtained. hese are
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FIG. 103.10 (A) Lateral and (B) swimmer’s view radiographs of a patient with pseudarthrosis at C6–C7 after
multiple previous anterior cervical discectomies and fusions. Note broken screw at C6. (C) Sagittal
reconstruction of computed tomography scan. (D–E), Anteroposterior and lateral radiographs after posterior
C3–T2 fusion and C6–C7 foraminotomies.

discussed in greater detail in the chapter devoted to postoperative infections of the spine.
When planning revision anterior cervical spine surgery, it
may be necessary to send the patient for vocal cord evaluation
by an otolaryngologist to determine if there was injury to the
recurrent laryngeal nerve during the initial procedure. It may
also be necessary for patients to undergo preoperative evaluation of the esophagus if there is persistent dysphagia,

prominent anterior instrumentation, or anterior instrumentation that is backing out.66

Early Postoperative Failure
Most of the conditions leading to early revision, including
infection and hematoma, are discussed elsewhere as complications of anterior or posterior cervical procedures. An
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FIG. 103.11 (A) Sagittal magnetic resonance image (MRI) of a patient with recurrent pain and myelopathic
complaints 4 years after previous C5–C6 fusion. Midline image shows a C4–C5 disc herniation above the fusion.
(B) Paramedian sagittal MRI view also shows large C3–C4 herniated disc. (C) Postoperative lateral radiograph
after removal of plate at C5–C6 and C3–C5 decompression and fusion.

occasional situation ater anterior cervical discectomy and
fusion can be a sequestered disc fragment that had penetrated
the PLL. his may be demonstrated by MRI or CT myelography. To help avoid this occurrence, we recommend careful
evaluation of the preoperative MRI and close scrutiny of the
PLL in all cases. In most cases, we routinely open and resect
the PLL even in the absence of an obvious defect or traversing disc material. If such a retained fragment is suspected
of causing continued symptoms and is detected in the early
postoperative period, the same approach can be used. Tissue
planes can become obscured during the inlammatory phase
of healing by as early as 3 weeks postoperatively. Once the
spine is exposed, the previously placed plate and grat must
be removed. In order to improve visualization in the depth of
the disc space, partial or even complete corpectomy may be
required. We ind it helpful to distract across the segment with
the use of Caspar pin distraction to tension the PLL. A straight
microcurette can be used to create an opening between the
vertically oriented ibers. Ater an opening has been created,
a curved microcurette or blunt nerve hook can help develop
the plane between the dura and PLL. he curette can be
used to gently transect the ibers working serially toward
each side, or a No. 1 Kerrison rongeur can be used if a plane
was suiciently developed. Even with loupes or an operating
microscope, thin remaining layers of PLL can resemble the
dura; thus, careful inspection is necessary to conirm the true
extent of the decompression. Ater the ofending fragment is
removed, repeat grating is necessary and plating (if desired)
should be performed. If additional bone was removed,
a new appropriately sized grat will be necessary; thus, a
preoperative discussion of bone grating options should
be held.

Late Postoperative Failure
Historically, the most dramatic late postoperative failure ater
surgery for degenerative cervical conditions is postlaminectomy kyphosis. Other common conditions causing late failures
include adjacent-segment disease, pseudarthrosis, and failed
laminoplasty.

Adjacent-Segment Degeneration
Degeneration of segments adjacent to a prior fusion has been
the subject of intense interest (Fig. 103.11). Concern about
degeneration of neighboring motion segments has been one
of the primary driving forces behind the development of
nonfusion technologies. he classic study of this phenomenon
was published by Hilibrand and colleagues in 1999.75 In their
series of 374 patients with extended follow-up, symptomatic
adjacent-segment degenerative disease occurred at a rate of
2.9% per year over a 10-year period. In this series, more than
two-thirds of all patients in whom the new disease developed
failed nonoperative management. Wu and colleagues76 published results from a retrospective study over 11 years to calculate the incidence of adjacent-segment disease ater anterior
cervical discectomy and fusion (ACDF) that required secondary fusion surgery. hey found that repeat ACDF surgery for
adjacent-segment disease occurred at a rate of 0.8% per year,
much lower than previously reported. However, at the end of
the 11-year cohort, a considerable portion of patients (5.6%)
received a second operation. An even more recent study,
published in 2014 by van Eck and colleagues,77 included 672
patients who underwent ACDF over a 10-year period. Of
these patients, 101 (15%) underwent revision surgery, 47
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FIG. 103.12 (A) Lateral radiograph of a patient who developed symptomatic adjacent-segment disease at
C6–C7 several years after a two-level anterior cervical decompression and fusion at C4–C5 and C5–C6. (B)
Postoperative lateral radiograph after C6–C7 anterior cervical decompression and fusion using a stand-alone
anchored cage to obviate the need for plate removal.

(47.5%) of which were due to adjacent-segment disease.
Despite their modest odds for success, nonoperative measures
are initially tried in the absence of a progressive neurologic
condition. Nonoperative measures include physical therapy,
nonsteroidal antiinlammatories, and injection therapy.78,79
Patients who fail nonoperative treatment should be considered for surgical intervention. Patients with radiculopathy due
to a lateral disc herniation may be considered for a laminoforaminotomy provided that there is no substantial axial pain or
instability. his procedure has demonstrated success as an
index operation for patients with this pathology.80 Its role for
disease adjacent to an anteriorly fused segment is unknown,
and theoretical concerns exist that abnormal stress transfer
may lead to recurrent problems.
For patients with symptomatic adjacent-segment disease
and substantial axial pain, bilateral radiculopathy, or
myelopathy, anterior surgery should be considered. Although
we preferentially use a let-sided approach for most primary
cases, the decision to attempt reexposure through the same
incision must be considered carefully. Obliteration of tissue
planes leaves the trachea, esophagus, and vascular structures vulnerable. his issue may outweigh the risk of injury
to the recurrent laryngeal nerve through a contralateral
right-sided approach. Some have suggested otolaryngologic
evaluation of vocal cord motility if a contralateral approach
is entertained.81 If a vocal cord is noted to be paretic from
the previous approach, then the repeat approach should be
same sided to avoid the possibility of injuring the contralateral
intact recurrent laryngeal nerve. Hilibrand and colleagues82
reported a fusion rate of 63% for nonplated interbody fusions
for adjacent-segment disease using iliac crest autograt. he
authors of that study suggested using a strut grat in hopes of
increasing the likelihood of fusion. It is our strategy, however,

to perform a plated interbody fusion for such adjacent-level
procedures in hopes of improving the odds of fusion. If the
previous fusion also used an anterior plate, removal may be
required to allow proper position of the plate for the adjacent
level. he speciic design of the previously placed plate should
be identiied preoperatively so that appropriate instruments
can be made available. Newer devices—such as threaded
cages, staples, or cage-staple hybrids—have been introduced
as alternatives that would obviate the need for plate removal/
replating. (Fig. 103.12). Recent studies have attempted to
compare their performance versus traditional methods,83,84 but
literature to document their suitability for revision situations
is currently lacking. Cage dislocation and subsidence have
been reported as complications associated with these devices.
A study by Oh and colleagues84 retrospectively compared the
eicacy of two-level ACDF with cage alone and with cage and
plate constructs with regard to clinical outcome and radiologic
changes. Twenty-eight patients in the cage-alone group and
26 patients in the cage-and-plate group were assessed radiographically looking at fusion rate, kyphosis, disc height, and
subsidence rate. Clinical assessment was also performed using
Robinson’s criteria. hey found similar clinical outcomes in
the two groups. Solid fusion was achieved in 96% of patients
in each group, with shorter fusion durations in the cage-withplate group. Segmental kyphosis was not statistically diferent
between the groups. Subsidence occurred in 10 of 28 (35%)
patients in the stand-alone group versus three of 26 patients
(11%) in the cage-with-plate group. Overall, though cageand-plate constructs result in shorter fusion duration and
lower subsidence rate, both lead to similar clinical outcomes.
Another study by Shi et al.83 compared a cage-plate construct to
a stand-alone anchored spacer in the treatment of three-level
cervical spondylotic myelopathy. hey too looked at clinical

Chapter 103 Revision Spine Surgery

Pseudarthrosis
he incidence of pseudarthrosis ater anterior cervical
interbody fusion ranges from 0% to 20% ater single-level
fusion.85–89 he incidence has been reported to be as high as
50% ater multilevel fusions.90–92 he presence of a pseudarthrosis does not necessarily result in a failed operation,93
but recent studies have suggested that successful bony fusion
increases the likelihood of a favorable result.94,95 In a retrospective study of 48 patients who developed pseudarthrosis
ater ACDF, 67% were symptomatic at latest follow-up or
at the time of further surgery.96 A younger age at the time
of the ACDF increased the likelihood of the pseudarthrosis
becoming symptomatic. In multiple-level ACDFs, the caudalmost operated level accounted for 82% of the pseudarthroses.
Symptoms associated with pseudarthrosis include neck pain
and a “radiculitis” or recurrent radiculopathy similar to the
patient’s preoperative symptoms.94,95
If patients are asymptomatic, treatment of pseudarthrosis
may be nonoperative. Surgical management is indicated in
those patients who have neck pain, neurologic symptoms, or
instability.97 Modiiable underlying factors that contribute to
the risk of nonunion include metabolic abnormalities, smoking,
and patient noncompliance with postoperative restrictions.98,99
Once these issues have been addressed, the surgical approach
must be selected. Both repeat anterior fusion and posterior
laminoforaminotomy plus fusion have been described. he
typical observation has been that the anterior pseudarthrosis
eventually fuses as a posterior arthrodesis is achieved.67 Published studies have reported success in 59% to 80% of patients
treated with anterior repair of cervical nonunions.95,99,100 As
discussed in the previous section, a repeat anterior approach
involves dissection through scar tissue with the associated
risk of injuring the recurrent laryngeal nerve, carotid vessels,
esophagus, and trachea.101,102 Postoperative hoarseness and
dysphagia are also not uncommon.89,103,104
Several studies have retrospectively compared posterior
fusion versus anterior pseudarthrosis repair. Brodsky and
colleagues99 studied 34 patients being surgically treated for
pseudarthrosis ater anterior cervical fusion. Patients treated
with a posterior fusion using wiring techniques had a 94%
fusion rate, compared with 57% in patients who had revision
anterior surgery. Lowery and colleagues100 also reported a 94%
fusion rate with posterior fusion in patients with anterior
cervical nonunion compared with 57% fusion rate for revision
anterior surgery. Carreon and colleagues105 published a retrospective study of 120 patients undergoing repeat surgery for

anterior cervical pseudarthrosis. Twenty-seven had repeat
anterior procedures and 93 had posterior procedures. Patients
in the anterior group had less blood loss and shorter average
hospital stays. he anterior group had a 4% complication rate,
while the posterior group had an 8% complication rate. All of
the complications in both groups were wound or bone grat
harvest site infections. Of the anterior revision group, 44%
required an additional surgery for persistent nonunion,
however, compared with only 2% in the posterior fusion
group. he authors concluded that despite the higher blood
loss, longer hospital stay, and higher complication rate, posterior fusion was preferable to anterior revision due to the
higher fusion rate and much lower incidence of repeat revision
surgery. More recently, McAnany and colleagues106 performed
a meta-analysis to assess the fusion rate and clinical outcomes
of pseudarthroses treated with a posterior or a revision anterior approach. Sixteen studies reported fusion outcomes. he
pooled fusion success was 86.4% in the anterior group and
97.1% in the posterior group; clinical outcomes did not difer
between the groups. he authors concluded that symptomatic
cervical pseudarthrosis can be efectively managed with either
an anterior or a posterior approach.
Given these considerations, we typically use the posterior
approach as our preferred method of treatment for anterior
cervical pseudarthroses. his approach should have three
components: decompression of the afected nerve root,
initial stabilization with internal ixation, and achieving
solid arthrodesis. Decompression can be achieved through a
standard laminoforaminotomy. We typically focus on dorsally
decompressing the nerve root rather than manipulating it
and trying to remove ventral osteophytes or ibrous material.
Lateral mass screws can be augmented by spinous process
wiring if there is concern of the purchase ater laminoforaminotomy. Posterior iliac crest autograt is usually preferred in
order to maximize chances of a solid arthrodesis. In our
practice, the main indication that warrants a repeat anterior
approach is an anterior nonunion associated with unstable
or prominently migrating anterior implants. here have been
several reports of implants eroding through the esophagus in
such cases let untreated.107–110 At the time of such revisions,
careful evaluation of the esophagus is necessary to detect perforation. Placement of dilute indigo carmine dye directly into
the esophagus through a nasogastric or orogastric tube can aid
in the detection of occult injuries. If dye is noted in the wound,
then a defect is present and intraoperative consultation by a
general or head and neck surgeon may be necessary.

Failed Multilevel Decompression for Cervical Myelopathy
he treatment goal in surgical management of patients with
cervical myelopathy is to prevent further neurologic deterioration or promote recovery.111 Barring the previously mentioned
conditions, failure to improve ater decompression may be due
to advanced and irreversible neurologic changes, missed confounding diagnoses, or inadequate surgical decompression.112
In these cases, further imaging studies should be performed to
evaluate for any continued thecal sac compression. he study
of choice is a gadolinium-enhanced MRI. In symptomatic
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outcomes and radiographic parameters. hey found similar
results as the previously mentioned study with no diferences
observed in clinical outcomes and no signiicant diferences
in fusion rates. hey did report signiicant diferences between
the groups with regard to cervical alignment, and they found
subsidence at 9 of 54 (16%) levels fused using the stand-alone
anchored spacer. hey conclude that a plate-cage construct
is superior to a stand-alone anchored spacer with regard to
cervical alignment and subsidence; however, the stand-alone
cage does have good clinical outcomes with high fusion rates.
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patients, MRI may reveal continued anterior thecal sac
compression in up to 40% of patients.113 Myelography and
postmyelography CT are also helpful when MRI indings are
equivocal or for those patients who cannot undergo MRI.114
Unfortunately, in the absence of focal dramatic indings,
there are no good guidelines to select patients for repeat
decompression.113,115
Two relatively common scenarios that can lead to disappointing results ater multilevel surgery for myelopathy are
progressive ossiication of the PLL116,117 and untreated or progressive kyphosis.118–120 Both conditions are covered elsewhere
in this text. In their absence, for selected cases for which
further surgery is contemplated, we individualize the approach
on the basis of the patient’s previous operation. If the previous procedure was an anterior decompression, the posterior
approach is safer and enables adequate visualization of each
nerve root. A laminoplasty may be appropriate for residual
myelopathy in the absence of neck pain or instability adjacent
to the previously fused levels. Laminectomy and fusion may
be more appropriate in patients who had previous multilevel
corpectomies, instability above or below previous fusions, or
those with signiicant axial pain. In patients who had previous posterior decompressions, an anterior approach may be
indicated. Posterior cervical revision surgery is potentially
dangerous because the anatomy is obscured by scar tissue and
the potential for dural injury is high.121 In some of these cases,
limited decompression and anterior fusion of segments with
large disc osteophyte complexes may be adequate to address
residual symptoms.
PEARLS
1. Careful patient selection for primary surgery is the best way to
limit the expansion of one’s failed surgery population.
2. Nonoperative treatment should be attempted, where possible,
before entertaining revision surgery because the overall
outcome is less predictable.
3. Identify previously placed implants and have speciic
equipment available for their removal at the time of revision
surgery.
4. Thoroughly discuss common complications and limitations of
the revision procedure with patients preoperatively rather than
after their occurrence.
PITFALLS
1. Failure to correlate imaging indings with the patient’s clinical
picture may lead to disappointing outcomes.
2. Modiiable risks for pseudarthrosis should be addressed before
undertaking their repair.
3. Revision anterior lumbar surgery has a substantial risk of
complications and requires expertise and careful planning.
Transforaminal and lateral transpsoas approaches can be
considered for adjacent-segment problems after previous
anterior procedures.
4. Posterior approaches for anterior cervical pseudarthrosis may
have higher complication rates but lower rates of future
surgeries than anterior repairs.

KEY POINTS
1. Overall, revision surgery has a less favorable outcome than
primary surgery regardless of the diagnosis.

2. Patient selection is the key to reducing the likelihood of revision
surgery and for reducing the likelihood of repeat revision
surgery.
3. Clarifying the patient’s complaints as primarily axial or leg pain
can be helpful for establishing a treatment approach for failed
lumbar operations.
4. Both anterior and posterior cervical revision strategies have
associated complications and limitations that should be
thoroughly discussed with patients preoperatively.
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Failed Total Disc Arthroplasty
Andrew K. Simpson
Jack E. Zigler

Background
here have been multiple high-quality studies evaluating the
safety and eicacy of both cervical and lumbar disc arthroplasty; the results of these studies have been favorable enough
that surgeons are performing disc arthroplasty surgery with
increased frequency. he aim of this chapter is not to delve
into the vast amount of literature that addresses the safety,
eicacy, and cost-efectiveness of arthroplasty versus fusion.
Rather, the purpose of this discussion is to deine the modalities of disc arthroplasty failure and help surgeons identify,
prevent, and treat failed disc arthroplasty.
Spine fusions have been performed for decades prior to the
development and implementation of disc arthroplasty procedures. Nonetheless, there continues to be a signiicant amount
of controversy and practice variation with regard to the role
of fusion for degenerative conditions. hus, arthroplasty, as
compared to fusion, is in its relative infancy. Two of the most
common failure modalities unique to fusion surgery are
pseudarthrosis and adjacent-segment disease. While we have
long recognized the problem of pseudarthrosis, the role and
relative importance of adjacent-segment disease has been less
easily demonstrated. Disc arthroplasty was born out of the
concept that eliminating motion from a mobile segment or
joint is disadvantageous, which orthopaedic surgeons have
long known and applied in the treatment of degenerative
conditions of the appendicular skeleton—including the shoulders, hips, knees, and, more recently, in the ankles and wrists.
In most of these cases, arthroscopy and arthroplasty are the
irst-line surgical treatment modalities, with fusion being
reserved for salvage procedures.
Disc arthroplasty is a completely diferent procedure from
fusion; as such, many of the complications and failure modalities are very diferent from those associated with fusion. Of
the two most common failure modalities of fusion surgery,
pseudarthrosis does not apply to disc arthroplasty and
adjacent-segment disease has been shown to be signiicantly
decreased following arthroplasty in both the cervical and
lumbar spines. However, disc arthroplasty has its own set of
unique failure modalities.

he increased utilization of disc arthroplasty over time
dictates that there will be more patients undergoing these
procedures with longer follow-up periods. hus, the number
of patients with disc arthroplasty failures will almost assuredly increase signiicantly over time. Currently, there is a
relative paucity of literature from which to glean treatment
recommendations for failed disc arthroplasty. Nonetheless,
we recognize the future need for evidence-based treatment
guidelines for the treatment of failed disc arthroplasty and
have assembled what we consider to be the best practice recommendations for the prevention, diagnosis, and treatment of
failed disc arthroplasty.

Prevention
he goal of this chapter is to identify and deine the various
modalities of disc arthroplasty failure as well as provide
the clinician with strategies for therapeutic intervention
and revision surgery. he technical aspects of primary disc
arthroplasty will be reviewed and discussed elsewhere. he
vast majority of disc arthroplasty failures can be prevented,
as they are oten derived from misjudgment in patient selection or technical shortcomings during the index procedure.
Due to the fact that revision surgery in the anterior spinal
column is fraught with much higher rates of approach-related
complications, especially in the lumbar spine, attending to
some of the most common missteps that lead to failures of disc
arthroplasty is certainly merited. Speciically, we have found
that the majority of failures can be traced back to improper
indications, incomplete discectomy or endplate preparation,
poor mobilization of the segment, or inappropriate implant
sizing and placement.

Patient Selection
Proper patient selection for any spine intervention is at least
as important, perhaps even more so, than perfect technical
execution. Indicating patients for total disc arthroplasty is no
exception. here are some conceptual diferences in the treatment of cervical and lumbar disease; these diferences play
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out when contrasting the literature for cervical and lumbar
disc arthroplasty. Cervical disc arthroplasty is indicated for
reconstruction following neurologic decompression. Lumbar
arthroplasty is indicated for mechanical discogenic low back
pain.
One inherent contrast is the fact that the majority of ventral
neural compression is treated with anterior surgery in the
cervical spine and posterior surgery in the lumbar spine. In
the cervical spine, due to the fact that this is cord-level surgery,
a great deal of radiculopathy is treated with anterior surgery,
with the primary goal of surgery being neural decompression.
Cervical fusion or disc arthroplasty is performed as a consequence of the subtotal discectomy necessary for adequate
neural decompression. In the lumbar spine, however, neural
compression in the absence of signiicant axial symptoms or
instability is oten treated with dorsal decompression alone. In
the absence of instability or deformity, anterior surgery in the
lumbar spine is typically reserved for treatment of axial symptoms, which, by nature, are much less predictable in terms of
surgical outcome. hese inherent diferences between the
treatment of cervical and lumbar disease are at least in part
responsible for the much greater body of evidence supporting
cervical disc arthroplasty outcomes. For the clinician, this
means that indicating the proper patient for lumbar total disc
replacement (TDR) is even more challenging.
Inclusion and exclusion criteria from US Food and Drug
Administration (FDA) investigational device exemption
studies identiied the subsets of patients who would beneit
from either fusion or TDR; 5- to 10-year follow-up of these
patients has demonstrated durable and signiicant improvements in pain, impairment, and satisfaction scores.1–5 here
are multiple patient factors considered to be relative or
absolute contraindications to disc arthroplasty, which have
been demonstrated in the literature to be associated with
higher rates of TDR failure. Patients with very poor bone
quality—certainly those diagnosed with osteoporosis (T-score
<2.5) but even those with osteopenia (T-score <1.0)—are
more likely to have failures of the bone-implant interface. We
routinely check densitometry on potential TDR patients and
utilize more stringent criteria, avoiding lumbar TDR in most
patients with a T-score less than −1.0 and avoiding cervical
TDR when the T-score is less than −2.5. We oten discover
bone density abnormalities in otherwise healthy, relatively
young patients. Patients with endocrine or metabolic bone
diseases that might also afect bone formation are likely to
have similar consequences. On the other hand, patients with
an abundance of bone formation, such as difuse idiopathic
skeletal hyperostosis or ankylosing spondylitis, are also poor
candidates for arthroplasty.
Ossiication of the posterior longitudinal ligament is a contraindication to cervical TDR even if bridging autofusion has
not occurred, as motion preservation is not only unnecessary
but potentially deleterious, given the theoretical risk of continued osteophyte growth that may perpetuate further ventral
neurologic compression. Hypermobility, either through
inlammatory arthritides or systemic collagen disorders, is
more likely to result in instability or supraphysiologic motion
ater disc arthroplasty. Obesity alters the biomechanical

environment, especially for lumbar disc arthroplasty; it should
be considered a relative contraindication, or even an absolute
contraindication, at its extremes to motion preservation. Facet
arthrosis or arthropathy, if symptomatic at the time of surgery,
is likely to result in continued axial pain and should be thoroughly investigated with imaging as well as the clinical history
and examination. Further, many surgeons in our practice will
send patients for facet injections prior to considering lumbar
disc arthroplasty, a negative response to which would certainly
support the absence of symptomatic facet disease.
Instability is a contraindication to motion preservation.
Pars fracture would be an extreme example of this and an
obvious contraindication to disc arthroplasty. However, there
were numerous failures in the early CHARITÉ trials for
unrecognized pars defects.6 More subtle instability is less
easily deined and, as such, comes with a paucity of guidelines.
Patients with more than a few millimeters of static spondylolisthesis, more than a few millimeters of intervertebral translation, or facet efusion on magnetic resonance imaging (MRI)
scan ought to be evaluated carefully and may be considered
relative contraindications to TDR. From the standpoint of
global alignment, we consider lumbar sagittal imbalance and
cervical kyphosis contraindications to disc arthroplasty, and
decision making is based on the extent of kyphosis or sagittal
imbalance, the patient’s clinical symptoms, and the number of
levels being addressed at surgery. Coronal deformity is more
commonly encountered in the lumbar spine and we consider
greater than 11 degrees of scoliosis an absolute contraindication to disc arthroplasty. In practice, however, we typically
abide by more stringent criteria and avoid motion preservation in patients with greater than 5 degrees of coronal curvature
(Fig. 104.1).

Discectomy and Endplate Preparation
Removal of the native disc is the initial procedural step for
disc arthroplasty; performing a near-complete or radical discectomy is of paramount importance for a multitude of
reasons, including neural decompression, exposure of stronger
peripheral bone, and accurate implant sizing and placement.
Shortcuts during discectomy will result in compounding
technical challenges for the surgeon, while near-total discectomy will facilitate improved visualization, restoration of disc
height and lordosis, better implant rim it, sizing, and positioning. In the cervical spine, regional anatomic features make
discectomy straightforward and near-complete removal of the
disc and good visualization from uncus to uncus is rarely a
technical challenge. In the cervical spine, it is our preference
to remove the posterior anulus and posterior longitudinal ligament in order to conirm neural decompression, facilitate
foraminotomy, and allow for parallel distraction of the endplates. his is perhaps a more technically demanding portion
of the cervical discectomy and deserves careful attention as
persistent foraminal compression, either static or dynamic, is
the most common cause of neurologic failure ater cervical
disc arthroplasty. For patients with some uncovertebral spondylosis and bony foraminal narrowing, perhaps for whom a
surgeon is pushing the indication for motion preservation,
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FIG. 104.1 (A) Preoperative radiograph of a patient with a mild coronal deformity. (B) Postoperative radiograph
demonstrating signiicant coronal deformity progression after L5–S1 total disc replacement.

this portion of the procedure is even more important. Patients
with signiicant disc space collapse and spondylosis requiring
extensive bony resection are not indicated for arthroplasty.
Following extensive decompression, they are at increased risk
for implant subsidence and potential segmental ankylosis due
to bone overgrowth with bridging osteophytes or heterotopic
ossiication.
Subtotal discectomy in the lumbar spine, on the other
hand, is much more challenging, predominantly due to the
regional vascular anatomy. Proper management of the great
vessels is paramount for adequate visualization and exposure
of the lateral aspects of the disc space. TDR requires even more
thorough discectomy than anterior lumbar interbody fusion;
thus, access surgeons and spine surgeons performing these
procedures must be even more adept at the anterior approach
to the lumbar spine and the mobilization of the great vessels.
We prefer handheld retractors, which allow for intermittent
and variable tension on the great vessels as needed during
the procedure, though table-mounted retractor systems may
be the only option for spine surgeons working without access
assistance. In general, the most challenging portions of the
disc to visualize and remove are the lateral and posterolateral
portions, especially those ipsilateral to the operator. Adequate
lateral discectomy is important for implant sizing and endplate
coverage, while adequate posterolateral discectomy is important for preventing incomplete decompression and avoiding
inadvertent displacement of disc material dorsally during
prosthesis insertion. Visualization of the posterior portion of
the disc space is oten more challenging at L5–S1, especially
in cases in which there are unfavorable pelvic parameters and
greater sacral slope. Positioning the patient on an operative
table with a break over the lumbosacral junction can help
facilitate visualization and disc preparation. Flexing the
operative table and utilizing Trendelenburg positioning can

create segmental lordosis and bring the lumbosacral disc space
into direct view. he posterior longitudinal ligament should
be released on every case, and even resected if necessary to
allow for parallel endplate distraction in patients in whom
the posterior longitudinal ligament (PLL) is contracted and
ibrotic.
Endplate preparation principles are similar in both the
cervical and lumbar spine, with the goal being to remove the
cartilaginous endplates down to the subchondral cortical
bone. Violation of the cortical endplates and exposure of the
cancellous bone weakens the bone-implant interface, increases
the chance of subsidence, and may contribute to heterotopic
ossiication. here are subtle diferences in technique that are
implant-speciic, more so than just keeled or nonkeeled; these
subtleties are beyond the scope of this work. Nonetheless, the
surgeon’s familiarity with a particular implant and instrumentation is paramount.

Segmental Mobilization
he artiicial disc implant does not confer motion. It allows
and controls the segmental motion that the surgeon is able to
gain at the time of discectomy and release both in the cervical
and lumbar spine. In the cervical spine, a thorough discectomy
and resection of the PLL along with decompression by minor
symmetric uncovertebral joint resection generally mobilizes
the segment adequately. Distraction pins and an intradiscal
mechanical distractor also facilitate good segmental mobilization, with the TDR implant then functioning to control the
motion. Failure to mobilize appropriately, “forcing” an implant
into a tight disc space, or relying on bony endplate resection
to accommodate an artiicial disc replacement implant are all
recipes for failure by lack of motion, subsidence, or bridging
ossiication.
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FIG. 104.2 (A) Intraoperative luoroscopic image demonstrating posterior longitudinal ligament release with a
curved curette. (B) Postoperative radiograph demonstrating poor implant positioning secondary to inadequate
release of the posterior longitudinal ligament and posterior anulus.

he same principles apply to mobilization in the anterior
lumbar spine, but the techniques are diferent. he spine surgeon
must be comfortable working around the great vessels, there
are no external distractor pins, and the visualization is more
diicult due to the depths of the retroperitoneum compared to
the anterior cervical spine. Mobilization is arguably the most
critical step in lumbar arthroplasty technique, determining
the efectiveness of motion preservation. Failure to adequately
release the posterior longitudinal ligament and balance the
lateral annular ibers without violating the endplates can result
in early failure by implant subsidence, improper positioning,
or even by anterior expulsion (Fig. 104.2).

Implant Sizing, Placement, and Alignment
he principles of implant sizing are similar for both cervical
and lumbar disc arthroplasty, the most important of which is
to use the largest-size footprint available that its within the
disc space and to slightly undersize the implant height to allow
for improved motion range. he cortical bone in the periphery
of the endplate is the strongest, meaning that smaller implant
footprints result in higher contact stress on weaker bone.7 In
the cervical spine, there are instances in which a small portion
of the medial aspect of the uncus must be reshaped in order
to achieve appropriate it. his occurs when one implant trial
is undersized and the next-largest size impinges on the medial
aspect of the uncus. In these instances, it is better to reshape
the uncus than to undersize the implant. he identiication of
the midline is an important component of sizing and implant
placement. It is important to identify the midline aspect of
the disc space following appropriate-level veriication. An
anteroposterior luoroscopic view is obtained early in the
procedure and the midline is marked such that every part of
the procedure, including the discectomy, is performed with

reference to the midline. An implant that is not appropriately
placed in the coronal plane can result in issues with direct
nerve impingement on the ipsilateral side or perhaps underdistraction on the contralateral side and associated persistent
stenosis. Sagittal plane implant placement is optimal when the
posterior edge of the implant is in close continuity with the
posterior aspect of the vertebral body, which typically results
in proper placement of the center of rotation.8 Sagittal plane
sizing and placement is less commonly a source of technical
shortcomings, as most surgeons utilize a predominance of
lateral luoroscopy during implant placement.
Implant lordosis is another parameter that can serve as a
source of technical error leading to implant failure. he L5–S1
level presents a unique challenge, especially in patients with
high sacral slope, in that the articulating surfaces of the
implant may experience higher shear forces, resulting in
higher rates of implant failure. Patients with higher, more
vertical sacral inclination should be considered to have a relative contraindication to disc arthroplasty. Direct line-of-sight
visualization of the posterior portion of the disc space may not
be possible if a line drawn through the disc space on a lateral
radiograph intersects below the pubic symphysis. In this situation, arthroplasty at the lumbosacral disc space may not be
technically feasible and a fusion to better resist shear forces
may be a more thoughtful surgical choice.

Failures of Total Disc Arthroplasty
Indications and Technique Issues
Poor patient selection, technical shortcomings, and device
malpositioning are the most common causes of both cervical
and lumbar disc arthroplasty failures.9–12 Although there is
sparse evidence for the management of TDR failures, the
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Intrinsic Implant Failure
TDR implants by deinition have moving parts, and are thus
prone to intrinsic implant failures, ranging from issues with
polyethylene wear to catastrophic material failures. Total
implant failures, including dislocations and implant breakage
or fracture, are extremely rare events that are limited essentially to case reports or very small series.13–16 In these cases,
there is oten a signiicant technical shortcoming related to
mismatch between implant and patient anatomy or implant/
poly assembly, resulting in abnormal wear and early failure of
the components.
While catastrophic implant failures are rare, perhaps a
much more common but less elucidated issue is wear and wear
particles. Polyethylene wear particles result in the activation
of an inlammatory cascade that is associated with osteolysis
and aseptic loosening of joint replacements. his has been well
studied in the larger synovial joints of the appendicular skeleton as it applies to hip and knee replacement. In response to
wear particles, macrophages release cytokines, including
tumor necrosis factor-α and interleukin-1, which can activate
osteoclasts and cause implant loosening.17,18 he release of
these cytokines may also result in the development of neuroinlammatory pain.19
he manufacturing processes and sterilization of polyethylene have been enhanced signiicantly over the last few
decades, and wear issues have been greatly diminished with
the use of partially cross-linked ultra-high-molecular-weight
polyethylene. Polyethylene wear has been evaluated in a small
number of retrieval studies for lumbar disc arthroplasty, and
more recent-generation implants such as the Mobidisc
(Zimmer Biomet) and Active-L (Aesculap) have demonstrated
much lower rates of particulate debris compared with a previous study on an earlier-generation CHARITÉ III (DePuy
Synthes) TDR (1–3 particles/mm2 vs. 231 particles/mm2).20,21
he clinical role of particulate wear has not been described in
the disc arthroplasty literature, although laboratory testing
and measurement of particulate debris is part of every implant’s
FDA submission material. Polyethylene wear is a more signiicant problem in larger joints with greater surface area, biomechanical forces, synovial lining, and range of motion. his is
perhaps why osteolysis and aseptic loosening is a less commonly recognized issue for lumbar and cervical disc arthroplasty. Nonetheless, one should consider that there may be
some role of particulate matter and inlammatory cascade
activation in TDR that, while too low to cause frank osteolysis,
may be signiicant enough to result in neuroinlammatory

pain and could be an underrecognized cause of persistent axial
symptoms ater total disc replacement.

Bone-Implant Interface Failure
Failures at the interface between the bone and TDR implant
are the most common cause of mechanical failure seen in both
the cervical and lumbar spine. Bone-implant issues range from
a more subtle implant loosening, to subsidence, to outright
vertebral fracture. Subsidence is a relatively common issue in
both cervical and lumbar total disc arthroplasty from the
standpoint of incidence and with regard to detection, as most
patients undergo routine postoperative surveillance radiographs and many patients demonstrate some degree of implant
subsidence, the majority of which are asymptomatic. TDR
subsidence is contributed to by poor bone quality, implant
undersizing, malpositioning, or endplate compromise during
preparation or implant placement (Fig. 104.3). Subsidence of 1
to 3 mm is not uncommonly seen radiographically, but symptomatic and clinically relevant subsidence is much less
common. However, it does account for a signiicant portion of
early lumbar TDR failures. In evaluating complications from
the early CHARITÉ disc, more than half of the failures were
caused by device subsidence.16 More modern implant designs
with greater endplate coverage, in addition to surgeon education and improved techniques, have greatly reduced the incidence of clinically signiicant device subsidence.
Implant design plays a signiicant role in the bone–implant
interface. Early biomechanical strength is dictated by the
modality of implant ixation, whereas long-term stability of
the bone–implant interface requires bony ongrowth. Speciically, prosthetic endplates may utilize teeth, keels, or screw
ixation. Not surprisingly, biomechanical studies demonstrated
that pullout strength was greatest for screws, followed by keels,
followed by tooth ridges.22 hus, devices with smaller bone–
implant anchors are more likely to mechanically loosen or
migrate, especially in cases of malpositioning, in which the
center of rotation of the device and the native spine are not
concordant.
he use of keeled implants, though they provide increased
early stability, introduces two well-described potential failure
modalities. First, sagittal plane vertebral body fractures can
occur secondary to deep keel cuts, which increases stress at
the interface between the keel device and the bone. he risk
of this complication is signiicantly heightened when multilevel TDR is performed with keeled devices. he intercalary
vertebral body undergoes both cephalad and caudal keel cuts,
and sagittal plane vertebral fractures have been described ater
multilevel keeled TDR in both the cervical and lumbar
spine.23,24 his is not a frequently encountered clinical issue.
he second unique complication from keeled disc arthroplasty
devices is a posterior vertebral body fracture that can occur
when the keel cuts are too shallow in the anteroposterior
dimension. Also, during implant insertion, the keel bottoms
out dorsally and further attempts at positioning the implant
more posteriorly result in a fracture of the posterior vertebral
body, and possible displacement and neural compression.25
his can occur with any implant, cervical or lumbar, if the
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etiology of these failures has been thoroughly investigated in
the literature through numerous investigational device exemption studies and longitudinal follow-up series. It is clear that
the vast majority of TDR failures are the result of surgeon
decision-making and technical missteps, which are preventable. he previous section presented in detail the most important strategies for avoiding these sources of TDR failure. Poor
indications, failure to adequately mobilize the segment, and
suboptimal implant positioning are the prime causes for poor
postoperative results following arthroplasty.
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FIG. 104.3 (A) Flexion, (B) extension, and (C) anteroposterior radiographs of total disc replacement implant
with endplate subsidence and loosening in a symptomatic patient.

surgeon does not carefully monitor the insertion trajectory
luoroscopically.

Host Response
here are several host responses to TDR that can result in
failure modalities. he two most common types of host
response include (1) osteolysis and its accompanying inlammatory reaction and (2) heterotopic ossiication (HO). We
discussed osteolysis in a previous section, as it is secondary to
intrinsic implant wear characteristics. he remainder of this
section addresses HO, as it has received a great deal of attention, particularly as it applies to cervical TDR.
HO is not an uncommon issue ater cervical disc arthroplasty. As we obtain longer-term follow-up of patients ater
these procedures, we are likely to learn more about how they
behave over time. On the spectrum of potential complications
ater TDR, even signiicant bridging HO resulting essentially
in segmental fusion generally leads to a stable and clinically
positive result. Outcomes of patients with bridging HO mirror
those of patients with a successful anterior cervical discectomy
and fusion (ACDF). We would argue that 10 years of motion
preservation ater disc arthroplasty and subsequent fusion
would have still served the purpose of maintaining a more
favorable biomechanical environment for the adjacent segments for a signiicant time. Nonetheless, signiicant HO and
fusion defeat the technical purpose of a motion-preserving
device.
he prevalence, temporal occurrence, and clinical signiicance of HO have been much more rigorously evaluated as
it applies to cervical TDR. he most commonly utilized

classiication system for HO derives from McAfee and colleagues, which is a 4-point scale deining grade 4 HO as
fusion.26 Chen et al. performed a meta-analysis of HO ater
cervical disc arthroplasty and found that the pooled prevalence of any HO ater 2 years was 58% and the prevalence of
advanced HO (grades 3 and 4) ater 2 years was 17%.27 his
meta-analysis also demonstrated that HO was not signiicantly
related to clinical outcomes. Due to the fact that HO is quite
common and there is signiicant interest in maintaining
implant mobility, there has been a fair amount of investigational work in this arena. Heller et al. found evidence of early
ossiication on CT scans within the irst several months of disc
arthroplasty.28 However, there are currently no clear evidencebased guidelines for the prevention of HO ater cervical or
lumbar disc arthroplasty procedures. Nonsteroidal antiinlammatory drugs (NSAIDs) have long been known to have inhibitory efects on bone healing. Tu et al. evaluated NSAID therapy
in the postoperative period of cervical disc arthroplasty and
found that the patients who are treated with NSAIDs—in
particular, patients treated with cyclooxygenase-2 selective
NSAIDs—had lower rates of HO at 2-year follow up, though
the study was not powered enough to reach clear statistical
signiicance.29 We recommend thoughtful use of NSAIDs
during the postoperative period, as the risks of therapy are
minimal and outweighed by the potential beneit to motion
preservation.

Deformity/Instability
Iatrogenic instability at the index level or iatrogenic deformity
have been described as known complications ater lumbar disc
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Neurologic Failure/Neural Impingement
Neurologic failure or persistent neural impingement is a
failure modality more commonly encountered ater cervical
TDR by nature of the fact that cervical arthroplasty is typically
performed for patients with primary radicular complaints.
Incomplete neural decompression is one of the most common
sources of failure following an arthroplasty procedure. Anterior cervical discectomy and fusion is a rather forgiving operation, and placement of a large interbody grat, even without
direct foraminal decompression, is oten enough to relieve the
patient’s preoperative radicular symptomatology. Disc arthroplasty, however, is a technically more challenging operation,
as the surgeon is forced to limit bony resection, which reduces
visibility. Further, due to the fact that arthroplasty preserves

motion, there continues to be dynamic changes in the volume
of the foramen with motion, which can exacerbate any residual
foraminal stenosis. Additionally, coronal misplacement of an
undersized implant can result in dynamic compression of the
contralateral foramen and persistent or new radiculopathy.
In either the cervical or lumbar spine, failure to remove
posterior disc material can result in displacement of that material into the neural canal or foramen and new postoperative
radiculopathy. Patients who awake with new neurologic signs
or symptoms ater cervical or lumbar disc arthroplasty should
be investigated in the acute setting with CT myelogram, as
MRI is less helpful due to metal artifact (unless the implant is
“MRI forgiving”). CT myelography will assess for disc or bone
fragment in the neural canal or foramen, hematoma, or
implant malposition. he immediate diagnosis of such complications is important, as it allows for an early revision of the
anterior exposure and implant repositioning in the acute
setting, which greatly diminishes the risk of revision anterior
surgery.

Infection
Infection ater total disc arthroplasty in the cervical or lumbar
spine is a relatively uncommon complication; thus, there is
very little literature with regard to evidence-based diagnosis
and treatment modalities for these patients. Joint replacements
in general, however, have been performed throughout the
appendicular skeleton in large numbers and over many years;
we can utilize the wisdom gained from joint arthroplasty to
help guide us in the management of infection ater disc
replacement. In general, late infections of knee and hip
replacements are most commonly treated in a staged fashion
with implant removal, antibiotic therapy, and secondary
exchange arthroplasty. However, multiple approaches to the
anterior column of the cervical spine—and even more so
lumbar spine—present a great deal of technical challenges and
much higher risk of major complications. Additionally, there
may be systematic diferences between infections of the synovial joint space versus those in the anterior vertebral column.
he incidence of infection ater total disc arthroplasty in
either the cervical or lumbar spine is diicult to estimate, as
the rarity of this complication precludes it from being well
studied in most clinical series. At this point, the literature on
infection ater disc replacement is limited to case reports or as
a single case in a cohort of TDR revision patients. As with any
joint arthroplasty, there is a potential both for early and late
infection. Patients will typically present with constitutional
symptoms, axial pain, and perhaps some element of neurologic
involvement. In most cases described in the literature, patients
will also report gastrointestinal symptoms related to approximate anatomic structures, for instance, dysphagia in the cervical spine or a change in bowel habits in the case of lumbar
anterior column infection. Laboratory values typically demonstrate an elevation in inlammatory markers, such as sedimentation rate and C-reactive protein, as well as elevation in
white blood cell count. Depending on the acuity of the infection, imaging may demonstrate subtle indings or, if the
duration of infection is longer, there may be periprosthetic
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arthroplasty. Sagittal plane deformity and kyphosis are rarely
encountered in the absence of catastrophic implant failure.
Supraphysiologic motion and iatrogenic coronal deformity
can occur, however, though with relative infrequency.
Supraphysiologic motion is an uncommon failure modality
of total disc arthroplasty but occurs when postoperative motion
exceeds the patient’s preoperative motion arc and results in
clinical instability and persistent axial pain from compensatory muscle spasm or facet capsular stretch. Patients will typically present with persistent dorsal pain originating from the
paraspinal muscles and facet joints. Over time, many patients
can develop compensatory facet hypertrophy, which can be
diagnosed on advanced imaging with CT scan and MRI. his
is a distinctly diferent entity than patients who had existing
symptomatic facet disease that was merely missed during the
preoperative evaluation. Nonetheless, the diagnostic evaluation of these patients is similar, and diagnostic facet injections
are a useful objective tool. hese patients may beneit from
repeated therapeutic injections, radiofrequency rhizotomies,
or ultimately from a posterior stabilization procedure.
Iatrogenic deformity is another form of instability that can
occur ater lumbar disc arthroplasty, particularly ater multilevel procedures. As was mentioned earlier, signiicant coronal
curvature (oten described as more than 11 degrees) is an
absolute contraindication to disc arthroplasty; however, even
more subtle coronal plane deviations can be precipitated by
disc arthroplasty, which fundamentally requires some removal
of stabilizing structures, such as the anterior and posterior
longitudinal ligaments and anulus. We tend to abide by more
stringent coronal plane exclusion criteria and oten avoid
lumbar disc arthroplasty, especially multilevel procedures, in
patients with even 5 degrees of coronal curvature. Some
amount of asymmetrical disc collapse can generate coronal
deformities that can be corrected through parallel endplate
distraction; however, the condition of the lateral anulus and
supporting structures is similarly compromised and even the
most talented arthroplasty surgeons are at increased risk for
precipitating deformity. Malpositioning of the implant in the
coronal plane is capable of inducing deformity even in the
context of normal preoperative alignment. During multilevel
TDR, these errors are compounded, and surgeons are at
increased risk of creating iatrogenic coronal deformities.
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involvement with subsidence or loss of ixation or perhaps a
sot tissue luid collection noted on advanced imaging.
he recommended treatment of periprosthetic total disc
replacement infection requires implant removal, debridement,
and conversion to a fusion procedure. Antibiotic therapies
alone have limited if any role for the treatment of the prosthetic
infections and risk further periprosthetic involvement and bony
destruction, which may complicate the deinitive therapeutic
intervention. he potential morbidity of multiple anterior
approaches to the cervical—and especially the lumbar—spine
is much greater than that of multiple approaches to the knee or
hip joint. his inherent diference dictates that the treatment
algorithm for disc arthroplasty infection be diferent than for
that of a peripheral joint replacement.
In cases of acute peripheral joint arthroplasty infection of
limited duration, patients oten do well with a more limited
approach, with polyethylene exchange and debridement.
Chronic infections of knee or hip arthroplasty prostheses are
oten treated with staged procedures, with initial debridement
and delayed reimplantation. For disc arthroplasty infections,
however, staged procedures would require multiple anterior
approaches and limited polyethylene exchanges, even for
acute infections, are at higher risk of failure. Based on these
concepts, though with limited data, the best-practice recommendation for TDR infection is implant removal, debridement, and conversion to a fusion procedure, with or without
supplemental dorsal ixation dependent on the status of the
anterior column ater debridement.

Diagnosis of Failed Disc Arthroplasty
History
he appropriate diagnosis and management of the patient
with failed cervical and lumbar disc arthroplasty begins with
a thorough discussion with the patient about the patient’s
history. It is oten very helpful to understand the patient’s
symptoms prior to the disc arthroplasty procedure and
whether the patient had a predominance of mechanical axial
symptomatology or neurologic-mediated symptoms. Depending on the time from the initial surgery, the patient may or not
be able to provide an accurate description of initial symptoms.
Next, it is important to understand the patient’s response
to the initial disc arthroplasty procedure in the immediate
perioperative period, as well as how the patient progresses
over time. For instance, the lack of any signiicant change ater
the procedure may indicate that the patient’s initial surgical
indications may have been misinterpreted or perhaps were
not addressed during the procedure. A few examples of this
may be a patient with signiicant mechanical axial symptoms
that did not change ater surgery, which could indicate that
there is a component of facet or nondiscogenic-mediated pain
that was not addressed or perhaps symptoms originating from
a vertebral level that was not addressed. Another example
may be a patient with signiicant radicular symptoms that
did not change in the perioperative period, which could also
indicate either an etiology from a diferent vertebral level or
a technical shortcoming and incomplete foraminotomy or

indirect foraminal decompression at the level of the surgery.
On the other hand, the patient who does have a signiicant
change in symptoms ater the initial procedure and then
experiences recurrence of prior symptoms or new symptoms
is quite diferent. A signiicant change in symptoms ater the
index procedure would provide substantial evidence that the
initial symptoms came from the operative level. In these cases,
where there is a clear temporal period of symptomatic relief,
the treating spine surgeon can be increasingly conident about
both the etiology of symptoms and the potential reversibility
with further surgical intervention.

Physical Examination
Physical examination of patients with failed disc arthroplasty,
like that of all patients with spine pathology, is vital in understanding the potential etiology of the patient’s symptoms. he
neurologic examination in these patients is no diferent from
that of any spine patient and is of utmost importance. Physical
examination maneuvers evaluating axial symptoms are
perhaps even more important, as diferentiating the causal
agent from the many potential pain generators can be challenging. For instance, a patient with more focal dorsal pain
that is exacerbated with extension maneuvers and has tenderness over the facet joints is more likely to have facet-mediated
pain and facet arthropathy. Contradistinctly, a patient with
deep lumbodorsal pain exacerbated by lexion and sitting with
no dorsal tenderness on examination may have pain from
subsidence or implant loosening mediated by annular nociceptive ibers. While the speciicity of the examination in and
of itself may not be conclusive, in the context of a thorough
history and concordant imaging indings, it is a fundamental
part of the diagnostic algorithm for patients with pain ater
cervical or lumbar disc arthroplasty.

Imaging
Plain radiographs with dynamic views, MRI, and CT scan with
or without myelogram are the most useful imaging studies for
evaluating patients with failed disc arthroplasty. Plain radiography is useful for demonstrating implant size, positioning,
and alignment. Many patients have these studies as part of
routine postoperative surveillance. Dynamic views are important for assessment of functionality of the arthroplasty and to
look for normal motion. hese lexion and extension views
may demonstrate limited motion from heterotopic ossiication
or autofusion or perhaps supraphysiologic motion, dynamic
instability, or implant loosening. Lucencies at the bone–metal
interface, endplate resorption, or subchondral cysts may be
evident on plain radiographs. MRI is helpful for assessing the
neural elements, though—depending on the type of implant
used—the ventral spinal canal may be obscured by metal
artifact. Nonetheless, MRI is still useful for evaluating the
facet joints and looking for facet efusions or indings at the
other vertebral levels that may be contributing to the patient’s
symptomatology. CT scan is useful for evaluating implant
ixation and looking for more subtle loosening. Implant positioning and endplate coverage are better visualized on CT than
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Interventional Procedures
Interventional diagnostic procedures are a valuable source
of objective information in determining whether diagnostic
imaging indings are clinically symptomatic. As it applies to
failed disc arthroplasty, facet injections are oten an integral
part of the diagnostic workup. Patients with suspected pain
from facet arthritis ater disc arthroplasty are oten sent at
our institution for facet injections (intraarticular or medial
branch blocks), which serve both a diagnostic and therapeutic
purpose. A positive response to these injections is of great
diagnostic value and conirms that the facet joints are the
actual pain generator. Further, facet injections and rhizotomies
may serve signiicant therapeutic value and can give some
patients relief without requiring surgical intervention. Patients
with very good transient relief ater facet injections, but who
fail to receive sustained resolution of their symptoms from
repeated injections or rhizotomy, are likely to have good relief
from further stabilization procedures. Surgeons should keep
in mind, however, especially in the cervical spine, that the
incidence of HO and auto-stabilization is not uncommon,
meaning that dorsal-mediated symptoms at the level of disc
arthroplasty may be self-limiting.

Revision Strategies
Revision strategy algorithms for failed disc arthroplasty are
diferent for the cervical and lumbar spine due to the fact that
revision anterior exposure in the cervical spine is associated
with much less risk than that of the lumbar spine. For this
reason, we will address revision strategies for cervical and
lumbar TDR separately in this section.

Cervical Revision Strategies
he available approach options for revision of cervical TDR
include anterior, posterior, or combined approaches. Due to
the familiarity with the anterior cervical approach and the
relative ease of anterior revision surgery, the vast majority of
disc arthroplasty revisions in the cervical spine are performed
with an anterior approach. he timing of revision surgery
for the anterior cervical spine is not nearly as important as
that for revision anterior lumbar surgery; however, for acute
TDR failures, planning for revision surgery as soon as possible limits the amount of adhesions in the index surgical
bed and makes reexposure less demanding. In the delayed
setting, the principles of revision anterior exposure are the
same as for any other procedure. One can choose to perform
revision exposure through the ipsilateral side or may choose a
contralateral approach if virgin territory is desired. Even in the
absence of symptoms, consultation with an otolaryngologist is

recommended to rule out subclinical vocal cord injury from
the index procedure, especially if the surgeon is considering a
contralateral approach.
Depending on the nature of the failure modality and the
implant design, various revision strategies can be considered.
For the most part, we recommend revision of cervical disc
arthroplasty to fusion. here are rare instances when revision
to another disc arthroplasty may be considered. One instance
in which revision disc arthroplasty might be considered is in
the acute setting when there is clearly an implant malposition
or loosening that resulted in failure and when the index
implant can be removed and replaced without signiicant
damage to the endplates or vertebral bone loss. Even in these
instances, patients should be informed and consent obtained
for the potential need for ACDF as a bailout option. ACDF
should be the default solution, as it allows the surgeon the
technical freedom to remove signiicant portions of the vertebral body for safe explantation and can provide a more reliable
result even in the context of endplate compromise, bone loss,
and suboptimal interbody grat placement.
For the most part, choice of interbody grat and fusion
implant can be let to surgeon preference, although one may
want to consider supplemental anterior plate ixation rather
than a stand-alone type device in the context of bone removal
or bone loss. In cases requiring signiicant anterior bone
removal, perhaps when severe subsidence results in kyphosis
and corpectomy is necessitated, a combined approach with
supplemental posterior ixation and fusion may be indicated.
Posterior approaches alone for cervical TDR failures have
a relatively limited role and are rarely performed at our institution. Possible indications for posterior-only revision would
certainly include patients who have an absolute contraindication to revision ventral approach or those with posterior
column laxity with segmental kyphosis. One could also consider the posterior approach for isolated foraminotomy and
decompression in patients with residual foraminal neural
impingement.

Lumbar Revision Strategies
he treatment algorithm for the revision of failed lumbar disc
arthroplasty is vastly more complex than its cervical counterpart owing mostly to the much higher technical diiculty and
complication rates of revision access for anterior lumbar
surgery. Healing in the retroperitoneum makes repeated
access through the same tissue planes technically challenging
ater 2 to 3 weeks. Many access surgeons recommend waiting
3 to 6 months before considering access through the same
approach once that early window has closed.
he incidence of vascular injury for primary anterior
surgery is typically estimated at between 2% and 4%, while the
incidence of vascular injury for revision approaches demonstrated in the CHARITÉ investigational device study was
around 17%, with several other revision procedures aborted
due to diiculty with vessel mobilization.30–32 Very experienced
access surgeons can now perform revision exposures with
lower morbidity but still consider these as potentially highrisk surgeries. Full precautions should be taken, with
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compared to plain radiography. CT scan may also demonstrate
bony abnormalities such as pars fractures and more carefully
evaluate the bony elements of the facet joint. If the neural
elements cannot be assessed clearly on the MRI scan, then the
CT scan should be performed with myelography.
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large-bore intravenous access, ureteral stenting, groin access
prepped and draped, and vascular trays in the operating room.
Retrograde ejaculation, which is a relatively rare event in
primary anterior lumbar fusion performed through retroperitoneal approach (1.7%), has been reported in much higher
rates, as high as 17.5%, if a transperitoneal approach is required
for revision anterior surgery.33,34 Ureteral injury is also an
extremely rare event in primary lumbar access surgery, though
it is much more susceptible in revision anterior retroperitoneal
approaches, and we favor ureteral stent placement prior to any
reexposure.
he most important factors that afect decision making
with regard to lumbar TDR revision approaches include (1)
time from the index procedure, (2) failure modality, (3) index
surgical approach, (4) operative level, and (5) acceptability of
arthroplasty implant positioning.
Timing, much more so than in cervical surgery, is paramount in determining the risk of revision anterior exposure.
Within the irst 1 to 2 weeks of the index procedure, there is
minimal adhesion formation, and reexposure of the anterior
lumbar spine incurs little incremental morbidity. For this
reason, it is advisable to have the patient’s follow-up in the
early postoperative period with radiographic evaluation and
to have a low threshold for revising implants with evidence of
early migration or malpositioning. In this case, anterior revision is similar to cervical TDR revision in that lumbar TDR
revision and reimplantation can be considered if this can be
performed without signiicant damage to the endplates.
However, revision to anterior lumbar interbody fusion ought
to be considered the default, with few exceptions (Fig. 104.4).
he surgical level and the approach utilized for the index
procedure also play a signiicant role in decision making and
planning for possible revision anterior surgery. he typical
vascular anatomy at L5–S1 makes it accessible from either the
let or right retroperitoneal approach as well as a transperitoneal approach. Typically, a let-sided retroperitoneal approach
is used for the index surgery; thus, revision strategy oten
employs a transperitoneal approach or right-sided retroperitoneal approach, the latter favored in cases of young males to
avoid the elevated risk of retrograde ejaculation with a transperitoneal dissection. At L3–L4 or L4–L5, the revision letsided retroperitoneal approach is typically employed, as the
vascular anatomy makes other approaches less favorable. he
situation is one of the most challenging for revision anterior
exposure and is greatly beneited by the involvement of an
experienced access surgeon. he far lateral, or transpsoas,
approach does ofer a potential alternative means to access
failed disc arthroplasty through relatively virgin tissue planes
likely not utilized during the index procedure. However, this
approach is not viable at L5–S1 and may or may not be utilized
at L4–L5, dependent on the patient’s anatomy with regard to
the psoas, vasculature, and iliac crest.
here are a few instances in failed lumbar TDR for
which the revision anterior approach is a necessity. One of
these instances is the case of prosthesis infection. As was
mentioned earlier, the available evidence for this relatively
rare complication demonstrates that device explantation and
debridement are necessary for eradication of the infection.

Another indication for revision through anterior approach is
unacceptable implant position or migration, or component
displacement, which may compress the anterior vascular
structures. In the absence of these or other mitigating factors
that necessitate implant removal or repositioning, a posterior
approach is typically favored in order to avoid the relatively
high morbidity of revision anterior surgery.
Posterior surgical options for failed lumbar TDR include
decompression and/or instrumented posterior fusion. In cases
in which there is failure due to neural impingement but the
TDR implant is functioning well and in good position, a dorsal
decompression is a suitable option. During this procedure, the
surgeon must attend to maintenance of the stabilizing structures and avoid aggressive medial facetectomy or weakening
of the pars. Posterior instrumentation and fusion is the most
common salvage procedure for failed lumbar arthroplasty.
For patients who present with persistent pain secondary to
loosening, subsidence, instability, or facet arthrosis, who have
failed exhaustive nonoperative modalities, and who do not
have a clear indication for revision anterior surgery, posterior
instrumented fusion is the recommended salvage procedure
(Fig. 104.5). Biomechanical studies have suggested that pedicle
screws combined with lumbar disc replacement are biomechanically similar to pedicle screws combined with interbody
femoral ring allograt.35 Conceptually, the disc arthroplasty
prosthesis, if it is in an acceptable position, serves as a spacer
implant that will maintain relative disc height during the fusion
process. It will not serve as a biologic adjunct, however. For this
reason, we tend to focus on optimizing the posterior biologic
environment with thorough preparation of the posterolateral
grat bed as well as decortication of the facet joints to serve as
multiple potential fusion surfaces. In one of the largest series
investigating outcomes ater revision for failed lumbar TDR,
Punt et al. compared posterolateral instrumented fusion alone
versus an anteroposterior procedure with TDR explantation,
interbody grat, and posterolateral fusion and found that
both groups demonstrated similar clinical beneit, with no
signiicant additional beneit aforded by TDR removal.36

Summary
Cervical and lumbar total disc arthroplasty has been demonstrated as a safe and efective alternative to fusion for
treatment of cervical degenerative disc disease associated
with myeloradiculopathy and for lumbar discogenic back
pain in appropriately indicated individuals. Disc arthroplasty
has thus become increasingly utilized. While surgeons are
well acquainted with the diagnosis and management of failed
fusion surgery, we are relatively unfamiliar with the treatment
of failed disc arthroplasty. Nonetheless, we are likely to see
more patients with failed disc arthroplasty in the future; this
chapter attempts to provide spine surgeons with practical recommendations for the prevention, diagnosis, and treatment of
disc arthroplasty failures.
he vast majority of failures are preventable and typically
are the result of improper indications or technical shortcomings during the index procedure. hey are largely avoidable by
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FIG. 104.4 (A) Immediate postoperative radiograph of total disc replacement in a suboptimal position. (B)
Lateral scout image in the same patient, who presented with an acute increase in back pain in the immediate
postoperative period with an anteriorly displaced device. (C) Lateral radiograph after device removal and
revision to stand-alone anterior lumbar interbody fusion. (D) Anteroposterior radiograph after device removal
and revision to stand-alone anterior lumbar interbody fusion.

surgical planning and technique. Careful attention to patient
selection, especially for lumbar TDR, familiarity with the
TDR implant and instrumentation, and thoughtful technical
execution can greatly reduce the occurrence of TDR failures
and the revision burden. When failures do occur, identifying
the etiology through careful history, physical examination,

imaging studies, and possibly with interventional modalities
is paramount to efective treatment.
Surgical revision of cervical TDR failure is dominated by
the revision anterior approach, whereas the much higher rate
of morbidity with revision anterior lumbar approaches gives
way to a much more complex surgical treatment algorithm.
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FIG. 104.5 Postoperative (A) anteroposterior and (B) lateral radiographs after posterior stabilization and fusion
procedure for failed total disc replacement in acceptable alignment.

We recommend adherence to strict inclusion and exclusion
criteria through the implementation of practice-based or
institution-based protocols (including a preoperative dualenergy x-ray absorptiometry scan, CT scan, body mass index
calculation, and so on) in order to reduce the incidence of
failed disc arthroplasty. Using the FDA investigational device
exemption criteria and the long-term follow-ups of patient
cohorts selected within those criteria should reinforce the
ability of arthroplasty to give a predicable result to our patients
and help minimize arthroplasty failures.
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Introduction
he evaluation and management of cervical spine deformity
remains one of the most challenging issues within spinal surgery.
Although multiple etiologies exist, iatrogenic malalignment
represents a signiicant portion of cases. his chapter focuses on
the evaluation of patients with postoperative cervical deformity,
reviews preventive measures, and details our surgical approach.
A series of case examples demonstrates our current techniques
while emphasizing surgical principles.
he importance of global spinal alignment has been
increasingly recognized. In deformity surgery, the cervical
spine should not be viewed in isolation, but within the greater
context of the cervicothoracic junction and overall spinal
balance. More recent clinical and radiographic tools have been
developed to aid in quantifying the nebulous complexities and
building a surgical plan.

and normal alignment, pain can be severe and results from
degeneration of the intervertebral discs and facet joints,
increased stress on the posterior sot tissue complexes, and an
oten-dysfunctional posterior muscle complex. In addition to
progressive pain and deformity, postoperative malalignment
is oten associated with neurologic dysfunction such as
myelopathy and/or radiculopathy.
he physical exam should begin with a careful neurologic
assessment. Progressive malalignment is commonly associated with myelopathy and radiculopathy. Bony and ligament
overgrowth in response to instability hasten central and
foraminal stenosis development. Furthermore, the draping
and lattening of the spinal cord over the kyphotic vertebral
bodies may also contribute to myelopathy and present as
hand and gait disturbance. Evaluation of the patient’s global
and regional alignment allows for quantiication of deformity
severity. Measures such as the chin-brow vertical angle assess
the lack of horizontal gaze.

Assessment of Cervical Deformity
Radiographic Evaluation
Clinical Evaluation
he clinical evaluation of a patient with postoperative cervical
deformity should begin by understanding the nature of the
disability. he impact of the deformity on the patient’s activities of daily living is a critical component and should guide
both nonsurgical and surgical management. A detailed surgical history is critical to preoperative planning. Previous surgical approach, instrumentation, and decompression areas
should help guide surgical planning. Patients with previous
anterior surgery should be considered for evaluation of vocal
cord dysfunction to determine the innervation of the recurrent laryngeal nerve (RLN). Our preference is to approach the
anterior spine opposite a previous surgery, unless RLN dysfunction is identiied, as bilateral RLN palsies will result in loss
of phonation.
he majority of patients have kyphotic deformities, but
scoliosis is also common. he malalignment may be severe,
and patients report inability to maintain horizontal gaze, dificulty eating, high fatigability, and pain. With loss of stability

Standard evaluation in all spine patients should include static
and dynamic radiographs of the cervical spine, including the
cervicothoracic junction, as well as standing scoliosis ilms of
the entire spine. We use the low-dose digital EOS Imaging
system to obtain full-length standing ilms. Advanced imaging,
including computed tomography (CT) and magnetic resonance imaging (MRI) of the operative region should also be
obtained and allow for careful evaluation of the vertebral
artery anatomy, areas of central and foraminal stenosis, the
existing fusion mass, areas with previous laminectomies, and
the presence of pseudarthrosis.
Radiographic measurements allow the surgeon to quantify
the degree of deformity and set goals for operative correction.
A variety of regional and global alignment parameters have
been described and validated.1,2 On the upright lateral radiograph, the C2–C7 sagittal vertical axis is the distance the
center of C2 falls from the posterior-superior aspect of the C7
vertebral body. Cervical lordosis between C2 and C7 can be
measured using a variety of techniques.3 More recently other
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measurements to quantify deformity at the cervicothoracic
junction and the global spine have been described4 but are
beyond the scope of this discussion. Overall, a thorough
radiographic exam is critical to optimizing a safe and efective
preoperative plan.

Deformity Prevention
he best treatment of postoperative cervical deformity is
prevention. Iatrogenic malalignment can be produced during
every step of a cervical spine operation. Errors in patient
positioning, distractor placement, extent of decompression,
instrumentation, selection or placement of bone grat, and
even use of postoperative immobilization may all result in
postoperative cervical deformity. Malalignment may occur
ater single-level or multiple-level operations, anterior or
posterior operations, and decompression procedures with
or without stabilization. he surgeon must pay meticulous
attention to detail at every step of the procedure to prevent
iatrogenic malalignment. his chapter reviews some of the
common causes of iatrogenic malalignment of the cervical
spine, outlines some techniques to avoid postoperative deformity, and discusses the treatment of postoperative cervical
malalignment.

Preventing Iatrogenic Cervical Malalignment
During Anterior Surgery
Positioning
he most common error of patient positioning for anterior
surgery is to put the patient’s neck into hyperlordosis. A rolled
towel is oten placed underneath the patient across the

A

shoulders to extend the neck. Whereas moderate cervical
lordosis is desirable, hyperlordosis such that the spinous
processes are touching is, in general, excessive. If the patient
is fused in this position he or she will oten have severe interscapular and posterior cervical pain, especially if an extensive
foraminotomy is not performed at the time of the procedure.
Extension of the neck narrows the posterior neural foramen
and may result in root compression. To avoid this complication, we routinely inspect the position with the patient supine
to ensure that the neck is in a relatively neutral or slightly
lordotic position. In addition, we examine the localizing
radiograph to verify that the neck is in an acceptable amount
of lordosis. If the patient’s neck is hyperlordotic on this radiograph, we place Caspar distractor pins with the tips converging. When the distractor is placed over the pins, the amount
of lordosis will be reduced (Fig. 105.1). At the end of the
procedure, the goal is to have the neck in a normal lordotic
coniguration.
Coronal malalignment of the cervical spine may also occur.
One potential cause of iatrogenic coronal deformity is taping
one shoulder lower than the other during the initial patient
positioning. Before prepping and draping, we routinely inspect
the patient’s head and shoulder positions to conirm that the
cervical spine is aligned properly and that the shoulders are
level. If a coronal deformity is introduced into the cervical
spine at a single level, the adjacent levels will generally compensate for the malalignment with little efect on the overall
balance. An instrumented fusion over multiple levels performed with the patient improperly aligned, however, may
result in a postoperative deformity with clinical imbalance.
Finally, the surgeon must conirm that the patient is positioned in neutral axial rotation. Axial malalignment may
occur as a result of slight rotation of the head. During the
dissection and retraction, it is common for the surgeon

B

FIG. 105.1 (A) This intraoperative radiograph shows that the Caspar distraction pin has been placed into the
body of C5 parallel to the caudal endplate. Note the hyperlordosis at C6–C7 with the touching spinous
processes. A Caspar pin is then placed into C7 parallel to its rostral endplate. The tips of the pins converge.
When the Caspar distractor is placed over the pins, it brings them into parallel alignment and reduces the
lordosis. (B) Postoperative lateral radiograph shows correction of the hyperlordosis after graft placement and
plating.

Chapter 105 Postoperative Deformity of the Cervical Spine

head back into neutral alignment before grating and plating
are done.

Decompression
We routinely use Caspar distractor pins to open the disc space
during anterior cervical surgery. Although the distractor is
quite useful in exposing the disc space, the surgeon must be
careful in placing the pins. If both pins are placed of center
to one side, the disc space will open asymmetrically, causing
segmental coronal angulation. If the pins are placed in an
oblique position, the disc space will open asymmetrically and
relative lateral translation of the vertebral bodies will occur.
Finally, if the pins are placed in diferent planes, a rotational
malalignment of the vertebra can occur (Fig. 105.2).
Failure to expose the entire disc space may increase the
likelihood of performing an asymmetrical discectomy or
corpectomy. Placing a grat asymmetrically on one side may
result in a coronal plane deformity (Fig. 105.3). his can be
avoided by exposing the intervertebral disc to the uncovertebral joints bilaterally before starting the decompression. hese

Off center

B

Oblique

Off plane

A

C

D
FIG. 105.2 (A) Misplacement of Caspar distraction pins may result in segmental deformity. Placing the pins of
center may cause a coronal malalignment. (B) Converging pins will induce kyphosis when distraction is applied.
(C) Conversely, diverging pins will induce lordosis. Pins placed obliquely of the midline will create a coronal
deformity and a lateral listhesis when distraction is applied. (D) Distracting on pins that are of plane will create
a rotational deformity.
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to inadvertently push the head away from the side of the
approach. Some surgeons do this routinely to assist the exposure. If the surgeon is not aware that the head is rotated
toward the contralateral side and puts a plate on, the segment
will be fused in rotation. he rotational malalignment is obviously compounded when multiple segments are fused with
instrumentation.
he surgeon can avoid creating a rotational deformity by
using one of two techniques. he irst is to ask the anesthesiologist to conirm that the nose is pointed straight up before placing
any grats and beginning the instrumentation. his, however,
requires that the surgeon remember to ask the anesthesiologist. We prefer to use a more foolproof technique of routinely
placing a tape across the forehead to prevent inadvertent rotation of the head during the operation. Another variation on this
technique is to use commercially available head holders with
an elastic chinstrap to stabilize the head. When performing
high cervical approaches to C2–C3 or C3–C4, it is sometimes
advantageous to rotate the neck to the contralateral side to
gain better access to the spine. Under those circumstances, it is
a good idea to write a reminder on the sterile drape to turn the
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lateral structures provide a ixed reference to the surgeon
and assist in performing a symmetrical decompression and
reconstruction.
he type of decompression performed also matters. Long
corpectomies reconstructed with an allograt long bone can
only be placed into a neutral or kyphotic position; because the
grat is straight, it is impossible to produce lordosis. Kyphosis
typically develops as the grat subsides into the endplates.
To avoid this, we routinely use segmental decompression
combining corpectomies at the levels that have retrovertebral compression with discectomies at levels that only have

retrodiscal neural compromise (Fig. 105.4). For patients who
have retrovertebral compression at more than one level, we
perform a procedure that we call corpectomy-corpectomy:
performing corpectomy at one level and skipping the next
level, followed by a corpectomy at the third level (Fig. 105.5).
his type of segmental decompression and ixation using
several small grats rather than one long strut grat allows for
better preservation of cervical lordosis.

Noninstrumented Fusion
A multilevel noninstrumented arthrodesis of the cervical
spine can result in kyphosis as the grats collapse or resorb
(Fig. 105.6). Whereas the use of a plate does not absolutely
guarantee the avoidance of kyphosis, most surgeons would
agree that anterior cervical plates decrease the likelihood of
postoperative kyphosis.5,6

Graft Selection

FIG. 105.3 Asymmetrical placement of graft may cause a coronal
deformity.

he type of grat material used can also inluence the likelihood of postoperative kyphosis. In general, fresh-frozen
allograts are less likely to collapse than freeze-dried bone, and
freeze-dried bone is less likely to collapse than irradiated
freeze-dried bone.7 If a surgeon inds a piece of allograt to be
fragile, it is advisable to use another specimen rather than
implanting an inferior allograt. We most commonly use cortical allograts harvested from the ibula, ulna, radius, humerus,
and occasionally the tibia. We also use dense cancellous
allograt from the patella (Fig. 105.7).

FIG. 105.4 Performing a corpectomy at one level and an adjacent discectomy (corpectomy-discectomy)
provides more sites for ixation and allows the maintenance or establishment of lordosis.
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FIG. 105.5 Leaving a vertebral body intact between two corpectomies
(corpectomy-corpectomy) provides an additional point of ixation in the
middle of a long plate and allows for the maintenance or enhancement of
lordosis.

FIG. 105.6 This patient had been treated many years ago with an
uninstrumented fusion from C4–C6. The graft appears to have resorbed or
collapsed, resulting in segmental kyphosis. Notice the compensatory
hyperlordosis at C6–C7.

he size of the grat also inluences the propensity to develop
postoperative kyphosis (Fig. 105.8). he grats should be large
enough to allow for 1 or 2 mm of subsidence without creating
kyphosis. In addition, the more grat used per level, the less
likely it is to collapse. For this reason, we routinely ill the
disc space with as much grat as possible, which oten means

Although judicious and careful use of anterior cervical plates
can help avoid postoperative kyphosis, poor attention to detail
can result in plate-induced malalignment. If a screw inadvertently perforates an adjacent disc space, it can result in rapid
degeneration and collapse of that disc space. Even if the screw
does not perforate the next disc space, placement of a plate
within 5 mm of an adjacent level increases the likelihood of
adjacent-level ossiication development (Fig. 105.10).8 he
adjacent-level ossiication can become quite profound, causing
rapid deterioration of that adjacent disc space and resulting in
kyphosis. he surgeon must be careful not to use a plate that
is too long, especially when using dynamic or subsidence
plates, because these will migrate toward the adjacent disc
spaces as the grats subside.
When performing anterior cervical fusions on a patient
with preoperative cervical scoliosis, the surgeon must pay
close attention to the overall alignment of the head, neck, and
torso. Oten, even in a patient with severe scoliosis, the spine
rebalances itself such that the patient can hold the head in a
neutral position. If the surgeon corrects the cervical scoliosis
in a patient with severe thoracic curve, the head will be tilted
to one side. his is analogous to correcting only the thoracic
curve in a patient with a balanced and oppositely directed
thoracolumbar curve, thereby causing shoulder asymmetry.
Patients who have long corpectomies are prone to grat
extrusion. he reported incidence is as high as 9%.9 Unfortunately, plates do not help prevent such complications (Fig.
105.11).10 With static plates, extension of the neck loads the
grat as the plate acts as an anterior tension band. In lexion
the grat is unloaded because the anterior cervical plate acts as
the center of rotation. In extension the inferior screws can pull
out, and in lexion they can be driven into the next disc space,
resulting in grat collapse or extrusion. To avoid these complications, we routinely perform circumferential stabilization
in patients who undergo corpectomies at two or more levels.
We also prefer a circumferential approach in patients with
poor-quality bone who undergo single-level corpectomies.

Preventing Iatrogenic Cervical Malalignment
During Posterior Surgery
Positioning
Positioning for posterior cervical procedures is just as critical
as for anterior operations. We routinely use the Jackson frame
(Mizuho OSI) to position our patients for posterior operations.

S E C T I O N

placing two allograts side by side (Fig. 105.9). More recently,
we have moved to using iliac crest allograt. he width and
depth of the disc spaces are measured preoperatively, and an
allograt is hand selected and initially cut immediately before
the skin incision. We prefer to ill the entire disc space, from
uncinate to uncinate, with grat and we oten insert a vertical
“wedge” into a trough cut into the very lateral edge superior
and inferior vertebral bodies. We have experienced higher
union rates with this technique.
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FIG. 105.7 Dense cancellous allograft may be obtained from the patella. This type of graft combines the
structural integrity of cortical bone with the healing characteristics of cancellous bone.

FIG. 105.8 This surgeon placed prefabricated grafts that are clearly
undersized, resulting in segmental kyphosis.

We tape the shoulders down as for the anterior procedures. We
also make sure that one shoulder is not pulled asymmetrically
to prevent an iatrogenic coronal plane deformity. We place
bolsters just underneath the clavicle and use Gardner-Wells
(GW) tongs with bivector traction to allow us to position the
neck in either lexion or extension. We check the position
preoperatively to ensure that we can place the neck into an
adequate amount of lexion and extension. Foraminotomies
are best accomplished with the neck in maximal lexion, which
unshingles the facets and exposes the underlying superior
articular facet. If the neck is not adequately lexed during a
foraminotomy, a large amount of the overhanging inferior
articular facet must be resected to expose the underlying
superior facet. his may weaken the structure and lead to a
fracture. More commonly, it makes it diicult to place a lateral
mass screw in patients who require fusion and decompression.
Before fusion, we change the weight from the lower, or lexion,
rope to the upper, or extension, rope. he advantage of using
bivector tong traction is that the surgeon can easily alter the

position of the neck intraoperatively. With ixed head holders
such as Mayield tongs, an assistant has to crawl under the
table to reposition the head holder.
Although it is important to position the neck properly for
ixation of the subaxial spine, it becomes even more critical
when one is performing an occipitocervical or an occiput-tothoracic fusion. If the neck is improperly positioned and
instrumented, the resulting malalignment can be quite debilitating. Phillips and colleagues11 measured the occipitocervical
angle on 30 normal cervical spine radiographs of patients in
lexion, extension, and neutral alignment. he occipitocervical
angle was deined as the angle between the McRae line (the
line connecting the basion and opisthion, which demarcates
the foramen magnum on a lateral radiograph) and a line
parallel to the rostral endplate of C3. he mean occipitocervical angle on the neutral radiographs was 44 degrees. Phillips
and colleagues11 recommend that when performing an occipitocervical ixation and fusion, the surgeon should try to ix the
occiput and upper cervical spine in as close to this value as
possible to provide the patient with a functional head position
(Fig. 105.12). We concur with this for patients with occipitocervical fusions. However, when performing occiput-to-thoracic fusions, we prefer to ix the patient with 5 to 10 degrees
of lexion compared with normal. his is because these patients
are unable to bend their necks at all, and if they undergo
fusion looking straight ahead they cannot look down to see
their own bodies.

Decompression
Deformities can result from overly aggressive decompressions
of the cervical spine. Even minimally invasive procedures such
as posterior cervical foraminotomies can result in a postoperative deformity. If the procedure is performed through a
small tubular retractor by a surgeon who is not intimately
familiar with the microanatomy of the facet joint or who loses
anatomic landmarks, too much of the facet may be resected.
Zdeblick et al. demonstrated that resection of more than 50%
of a facet can result in instability (Fig. 105.13).12 To prevent
this, the surgeon must always identify and visualize the lateral
and medial aspects of the facet joint and take care to resect
only the medial half of the joint.
A more common deformity-causing decompression is a
laminectomy without a fusion. Laminectomies in children
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FIG. 105.9 When using cortical allografts, we prefer to use two or three grafts to maximally ill the disc space.
(A) Double grafts before insertion. (B) Grafts in place. (C) Radiographic appearance of grafts. (D) At C6–C7 and
below, three ibular grafts are occasionally necessary to ill the entire disc space.

have been associated with a high incidence of postlaminectomy kyphosis (Fig. 105.14).13 Even in adults it is diicult to
predict when a patient might develop postoperative kyphosis.
We therefore reserve complete laminectomies for patients who
have signiicant anterior-stabilizing osteophytes with minimal
range of motion of the cervical spine.
To avoid the complications associated with complete laminectomies, we prefer to perform laminoplasties. Laminoplasties are not without potential complications, however. It is
possible to resect too much of the facet when performing
foraminotomies along with laminoplasties that can result in
instability and deformity. In addition, when performing a
laminoplasty of C2, care must be taken to reattach the semispinalis cervicis muscle, which acts as the major extensor
muscle of the neck. Failure to reattach this muscle can result
in cervical kyphosis.

Noninstrumented Fusion

FIG. 105.10 If a plate is too close to the neighboring disc space,
adjacent-level ossiication disease may occur.

We believe that noninstrumented fusions of the posterior
cervical spine are rarely, if ever, indicated. With safe and efective modern instrumentation, including lateral mass screws,
spinous process wires/cables, and polyaxial screw-rod instrumentation, it is rare for us to ind a situation in which we
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FIG. 105.11 (A) This patient had a two-level corpectomy. Graft extrusion occurred despite postoperative
immobilization in a two-poster brace. (B) This lateral radiograph illustrates what can happen after a long
corpectomy. The plate does not prevent subsidence and collapse of the graft and screw into the next disc
space occurs.

would consider a noninstrumented arthrodesis. A patient who
undergoes a noninstrumented arthrodesis oten has pain
posteriorly, resulting in the loss of normal lordosis. As the
spine fuses, it generally does so in a kyphotic or, at best,
straight alignment (Fig. 105.15).

Inadequate Instrumentation

FIG. 105.12 It is important to position the patient properly before an
occipitocervical or occipitocervicothoracic fusion to provide the patient
with a functional position after fusion. We place the neck in slight lexion so
that the patient can see his or her own body.

he use of inadequate instrumentation can result in postoperative malalignment. For example, in trauma cases in which
patients have signiicant osteoligamentous disruption resulting in an unstable spine, the surgeon must achieve solid ixation with instrumentation to stabilize that segment. If the
spinous processes and/or the lateral masses have been disrupted so that adequate bony purchase cannot be obtained,
the ixation may have to be extended cranially and caudally
until good purchase is located. Alternatively, circumferential
stabilization can be performed. If the ixation is still inadequate,
consideration should be given to immobilizing the patient in
a halo vest. To the extent possible, all ixation points should
be used. he greater the instability, the greater the necessity to
obtain adequate bony purchase at multiple levels (Figs. 105.16
and 105.17).
When using lateral mass or pedicle screws and rods, the
surgeon must be aware that the relatively lexible cervical
spine will conform to the shape of the rod. If the rod is not
contoured properly to produce an acceptable sagittal alignment, the cervical spine will conform to the rod and be ixed
in a suboptimal alignment. Modern polyaxial screws allow for
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FIG. 105.13 Resection of more than 50% of the facet, particularly in the setting of a complete laminectomy,
may lead to kyphosis.

FIG. 105.15 A noninstrumented posterior cervical fusion with loss of
cervical lordosis.
FIG. 105.14 Sagittal magnetic resonance image demonstrating cervical
kyphosis in a patient who underwent multilevel laminectomies without
fusion in childhood.

some mediolateral ofset of the screw heads. However, if the
screws are placed too far laterally or medially beyond the
ability of the screw to accommodate the placement, lateral
listhesis of one vertebral segment may occur. If the listhesis is
extreme, it may even cause nerve root compression. his can
be especially troublesome when attaching a C2 pedicle screw

(directed from a lateral-to-medial direction) to a lateral mass
screw at C3 (directed from a medial-to-lateral direction). he
directional change of these screws is such that occasionally C3
must be bypassed and the rod placed from C2 down to a screw
at C4. A similar situation arises when transitioning from a
lateral mass screw at C6 or C7 to a pedicle screw at the adjacent
caudal level.
Even when an arthrodesis is performed with the neck
in lordotic alignment with adequate ixation, postoperative
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FIG. 105.16 Inadequate ixation after traumatic injury to the cervical spine may lead to iatrogenic deformity.
This spine is not fully reduced, and these types of sublaminar wires are inadequate to maintain proper
alignment. In addition, they are contraindicated in patients with neurologic deicits.
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FIG. 105.17 All available ixation points should be used to reduce the likelihood of implant failure and
deformity.

malalignment may occur. Patients with a preoperative kyphotic
alignment due to degenerative disc disease who are fused with
the neck in extension are at risk for developing postoperative
kyphosis. he screws may loosen or the rods may bend as the
spine settles back into its preoperative kyphotic alignment.
Patients who have severe preoperative kyphosis or who have
poor muscle control are oten best treated with a circumferential procedure.

Surgical Treatment of Iatrogenic Deformity
Our surgical algorithm depends on multiple factors, including
symptom pattern, deformity characteristics, previous surgeries, location of fusion mass, neurologic status, and clinical
factors such as patient comorbidities. For patients deemed
appropriate for maximal correction, the location of existing

fusion mass drives our surgical planning. In addition to standard anterior/posterior decompression and instrumentation
techniques, the deformity surgeon must oten rely on spinal
osteotomies or a combination thereof.
In general, we characterize cervical osteotomies as an anterior osteotomy (ATO), the posterior-based Smith-Petersen
osteotomy (SPO), or a pedicle subtraction osteotomy (PSO).
Additional classiication systems, such as that proposed by
Ames and the International Spine Study Group, have further
subclassiied cervical osteotomies for rigid deformity. In
one of our recent publications, the results of 61 patients
undergoing cervical osteotomy over a 10-year period were
analyzed for corrective potential and blood loss.14 On average
isolated SPO, PSO, and ATO yielded 10, 35, and 17 degrees
of angular correction, respectively, whereas an ATO with
SPO provided at least equal correction of a PSO with less
blood loss.

Chapter 105 Postoperative Deformity of the Cervical Spine

Anterior Osteotomy
When approaching the anterior spine for rigid kyphosis, patient
setup is critical for optimizing access. he patient is placed supine
with a foam donut and sheets under the head. GW tongs are
placed and traction initiated using 5 lb of weight. All patients
with previous anterior surgery undergo the aforementioned
evaluation. To approach the deformed spine a standard SmithRobinson approach is used with a horizontal incision along
Langerhans lines and extensive sot tissue dissection to allow
access at least one to two levels above and below the desired
area. Scoliotic spines are approached from the convex side where
appropriate. Care must be taken to evaluate the preoperative
MRI to determine the relationship of the vertebral artery to
the costal processes and the foramen transversarium.
When performing an ATO, wide, symmetrical exposure of
the anterior cervical spine is essential to a successful procedure. During exposure it is sometimes diicult to determine
where the former disc space was. he best way to identify this
is to elevate the longus colli muscles far laterally over the
transverse processes. A Penield No. 4 dissector can be used
to palpate the lateral margin of the uncovertebral joint. his
identiies where the old disc space used to be. To release the
fusion mass and allow correction of the kyphosis, the entire
width of the disc space must be exposed and drilled. he
surgeon must be careful to maintain parallel surfaces of all
osteotomies to prevent creating a new deformity. To achieve
this, a total of four Caspar pins are placed perpendicular to
the anterior plane above and below the levels of the resection
to aid in generating lordosis. In the kyphotic spine, the pin
tips will diverge while the insertion ends converge.
Once the area of interest is identiied, a high-speed burr is
then used to take down the fusion at the level of the original
disc space. We routinely use a 3-mm carbide tip burr to
perform this decompression. A diamond burr is not necessary
and simply delays the case and increases the amount of heat
production, which can injure the neural elements. Central
bony resection is performed posteriorly to the level of the
posterolateral ligament with the burr in constant motion. he
lateral bony resection should be approached with extreme
caution as the vertebral artery remains at risk for injury. he
lateral border of the uncinate process is deined with a microcurette aimed medially to make room for placement of a
Penield No. 4 or 2 dissector or small cottonoid. With the
lateral edge protected, the high-speed burr is used to resect
the lateral bone from ventral to dorsal. Remaining bony shell
can be removed with a microcurette. his can only be accomplished ater burring all the way posteriorly through the fusion
mass until the posterior longitudinal ligament is visualized. If
the posterior longitudinal ligament has already been resected,
there is usually still scar ventral to the thecal sac that protects
it from inadvertent laceration by the burr. he bone should be
resected uncinate to uncinate to allow closure without nerve
root compression within the foramen. Asymmetric resection
can also allow correction in the coronal plane. he degree of
this osteotomy may range from partial uncovertebral joint

resection to partial and complete corpectomy depending on
corrective needs (Ames grade 1, 3, 4).
Once the ATO is complete, deformity correction is initiated by removing the sheets from underneath the patient’s
head while gently pressing on the forehead. We have found
downward pressure on the head to be the safest technique
and even capable of achieving correction through a posterior fusion mass. In addition, a vertebral body spreader (or
Cobb) can be placed into the disc space itself. he disc space
is then gradually distracted one click at a time, using all
three devices. If the posterior fusion mass is not massive,
it oten has some plasticity such that placing enough extension moment on the anterior spine can bend it. Slow, steady
distraction causes plastic deformation of the posterior fusion
mass and achieves relative extension across the osteotomy. By
slowly performing these maneuvers, one can oten extend the
disc space by 3 to 5 mm. An additional 10 to 20 lb are placed
on the GW tongs if needed.
Once correction is achieved, a structural grat is placed in
the anterior half of the disc space that has been created. A
structural grat of maximal mediolateral width, shaped with
the anterior height taller than the posterior, is sized to it
snugly into the expanded osteotomy site. he ideal grat has
good contact with the anterior aspect of the vertebral bodies
but has some room to settle into further lordosis following the
subsequent posterior osteotomy. he grat should only occupy
approximately the anterior two-thirds of the vertebral body so
that there is no chance of retropulsion during the posterior
operation. he surgeon should also ensure that the posterior
aspect of the endplates behind the grat is not touching,
because further extension can be obtained ater the posterior
osteotomy if needed.
An anterior plate with ixed-angle screws is used if the
deformity has been completely corrected, but if further
posterior correction is desired a trapezoid-shaped grat is
placed in the anterior portion of the osteotomy site. A buttress
plate at the lower level is placed to prevent grat extrusion
during the posterior portion of the procedure. Alternatively,
a dynamic cervical plate, which allows for translation, may
be used to hold the grat(s) in place. By placing the grat
on the anterior portion of the disc space during the anterior operation, the surgeon can hinge of of this grat and
extend the spine ater removing the dorsal fusion mass. For
circumferential cases, this technique can sometimes prevent
having to perform a three-part operation with an anterior,
posterior, followed by a repeat anterior operation. Even if
additional correction is not needed, we commonly augment
the anterior procedure with a posterior arthrodesis and
instrumentation.

Posterior Osteotomy
Posterior osteotomies range from partial to complete facet
joint resection (SPO) to a closing-wedge pedicle subtraction
osteotomy (PSO). Whether performed as the irst procedure
or as a second stage ater an anterior surgery, the patient is
placed in prone position using a GW bivector traction setup
as previously described.
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When performing an SPO, a midline posterior approach
is performed with meticulous dissection to stay midline and
minimize blood loss. In cases of previous posterior arthrodesis,
all sot tissues are stripped from the spine. Any bone between
the spinous processes is resected, and a thin Leksell rongeur
can be used to take down the fusion mass over the facet joints.
he remaining bone is then resected with a 3-mm high-speed
burr. Lateral mass screws are then placed. he neck is then
placed into a normal lordotic position using the extension
rope of the bivector traction described earlier. If the spinous
process or fusion mass is adequate, a cable connecting the
cranial and caudal segments can be used to help extend the
spine and hold it in the desired position until the rods are
engaged into the lateral mass screws. Suicient bone must be
removed, both to allow correction of the deformity and to
ensure that neural compression does not occur during this
step. As in primary posterior procedures, the surgeon should
use all available ixation sites to ensure a solid construct.
In performing a PSO, the same steps are taken with
additional bone resection and closure required. We have
been using PSOs less oten given the corrective power of
a combined ATO/SPO approach, for which blood loss and
complications are signiicantly less. Nonetheless, a PSO can
provide powerful angular correction and may be indicated
in certain circumstances of severe cervical kyphosis, such
as those where an anterior Smith-Robinson approach might
not be safe. In general a cervical PSO is performed at C7 or
below. Typically the vertebral artery will not be present in the
foramen at C7, and the size of the canal and mobility of the
C8 nerve root tend to result in a safer operation. Surgeons
should appreciate that cervical PSO poses signiicant risk of
cervical nerve palsies of the hand. For a detailed step-by-step
description of the PSO technique, see the work by Wollowick
and Riew et al.15

FIG. 105.18 This patient has had a laminectomy and subsequent
corpectomy. Note that the two halves of the spine are connected only by
soft tissue posteriorly and by the newly placed graft anteriorly.

Surgical Algorithm and Case Examples
Prior Laminectomies
A special situation arises when a patient who has previously
undergone a laminectomy has persistent anterior compression
and requires an anterior corpectomy with reconstruction. In
these cases, we generally recommend a circumferential operation with anterior corpectomy followed by posterior stabilization with lateral mass instrumentation. Even with halo vest
immobilization postoperatively, these patients are at a high
risk for grat extrusion, collapse, and recurrent kyphosis.16
Patients who have undergone a laminectomy and subsequently
undergo an anterior corpectomy have two halves of the spine
connected only by sot tissues (Fig. 105.18). hese patients are
extremely unstable to both rotation and lexion-extension
forces. We strongly believe that in the majority of cases these
patients are best treated with instrumentation circumferentially as well as adequate postoperative immobilization.
In patients who have excellent bone quality and who
only require a single-level corpectomy, the surgeon can
occasionally perform a single-level corpectomy at the level
of retrovertebral compression and discectomies at the levels

FIG. 105.19 This patient had a postlaminectomy kyphosis and myelopathy.
There was cord compression behind C5, necessitating a corpectomy. At
C3–C4, C6–C7, and C7–T1 there was only retrodiscal compression, which
was decompressed with discectomies. With four ixation points above and
six ixation points below the corpectomy, in a patient with good bone
density, an anterior-only procedure was suiciently rigid and stable to
achieve a solid fusion with acceptable alignment.

with only retrodiscal compression. If four screw points can
be obtained above the level of the corpectomy and four to
six points below, and if a rigid collar is used postoperatively,
it may be possible to treat the patient with an anterior-only
operation (Fig. 105.19). But for the majority of patients who
have signiicant kyphosis and persistent stenosis requiring a
cervical corpectomy, circumferential instrumentation is indicated. Because these patients have unstable cervical spines, the
use of lateral mass instrumentation alone may result in failure,
especially in patients with osteoporosis (Fig. 105.20).
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FIG. 105.20 This patient had congenital spinal stenosis, ossiication of posterior longitudinal ligament, and
kyphosis, the combination of which was causing myelopathy. After a laminectomy, she developed further
kyphosis. We decompressed and instrumented her circumferentially. In someone with chronic kyphosis, there is
a propensity for the kyphosis to recur, especially if the patient is osteoporotic. Adequate circumferential ixation
is critical for preventing postoperative malalignment in such situations.

Prior Fusion

Prior Posterior Fusion

he fundamental principle of the treatment of iatrogenic
cervical deformity is to approach the spine irst from the side
(anterior or posterior) with the previous fusion. Performing
an osteotomy through the previous fusion provides the lexibility necessary to realign the spine. As discussed later, in cases
of previous circumferential fusion, approaching the spine
anteriorly irst may allow the surgeon to perform a two-stage
operation and avoid the need for a three-stage procedure.
Ater the deformity is corrected, the surgeon must obtain solid
ixation. Sometimes this can be accomplished with either
anterior or posterior instrumentation, but oten we prefer to
use circumferential ixation for patients requiring osteotomies.
Finally, the patient must be immobilized properly in the
postoperative period.

In cases of previous posterior fusion, the posterior spine is
approached irst and osteotomies are performed through the
fusion mass. Any bone between the spinous processes is
resected, and a thin Leksell rongeur can be used to take down
the fusion mass over the facet joints. he remaining bone is
then resected with a 3-mm high-speed burr. Lateral mass
screws are then placed. he neck is then placed into a normal
lordotic position using the extension rope of the bivector
traction described earlier. If there are adequate spinous
processes or fusion mass, a cable connecting the cranial and
caudal segments can be used to help extend the spine and hold
it in the desired position until the rods are engaged into the
lateral mass screws. Suicient bone must be removed, both to
allow correction of the deformity and to ensure that neural
compression does not occur during this step. As in primary
posterior procedures, the surgeon should use all available ixation sites to ensure a solid construct.

Prior Anterior Fusion With No Posterior
Fusion Mass
A patient with a previous anterior fusion and a kyphotic
deformity is treated irst with an anterior procedure. he
nature of the prior operation, the nature of the deformity, and
the location of neural compression, if any, all afect the surgeon’s decision about whether to perform a discectomy, a
corpectomy, or a combination procedure (e.g., corpectomycorpectomy, corpectomy-discectomy).

Case Study 1
his case (Fig. 105.21) illustrates what can be done if a patient
has only a solid posterior fusion mass with no fusion anteriorly. his patient had undergone a posterior cervical fusion at
an outside institution using wires. She presented to us several
years later with severe neck pain, kyphosis, and persistent
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FIG. 105.21 Case study 1 in a patient with a solid posterior fusion mass with no fusion anteriorly. (A)
Preoperative lateral radiograph. (B) Magnetic resonance image. (C) Postoperative lateral radiograph.

myeloradiculopathy. She was found to have disc protrusions
at C5–C6 and C6–C7. She had retrovertebral compression
behind C4 and retrodiscal compression at C5–C6 and C6–C7.
We approached her posteriorly irst and performed an osteotomy through the facet at C3–C4. We were then able to
correct most of her kyphosis posteriorly using segmental
instrumentation. We then turned her anteriorly and performed
combinations of corpectomies and discectomies to restore her
overall alignment and to decompress her C5–C6 and C6–C7
levels. She did quite well postoperatively with complete resolution of myeloradiculopathy and axial neck pain.

Case Study 2
his case (Fig. 105.22) illustrates the use of the fusion mass
to achieve a solid fusion and obtain bony ixation points.
his child was status post C1 and C2 laminectomy and
occipitocervical fusion for congenital cervical anomalies.
Unfortunately, the occipital ixation pulled out but the child
went on to a solid fusion with the neck in kyphosis (see Fig.
105.22A). As the child continued to grow, C2 began to grow
into the foramen magnum, causing compression of the pons.
We performed an osteotomy of the fusion mass (see Fig.
105.22B). he bone between the foramen magnum and the
fusion mass was resected, revealing the underlying thecal sac.
hen the fusion mass was cut on the lateral margins down
to about C3. At the caudal margin, a trough was created so
that it could act as a hinge from which the fusion mass could
be lited dorsally to decompress the proximal spinal cord.
We then extended the neck and dorsally lited up the fusion
mass (see Fig. 105.22C). he dorsal aspect of the skull at the
level of the foramen magnum was in contact with the fusion
mass. A small window was let centrally so that we could
directly visualize the proximal cord to conirm that there was
no compression. Occipitocervical instrumentation was then
placed both laterally into the fusion masses and centrally
into the fusion masses and the remaining spinous processes
(see Fig. 105.22D). Normally such a small child would have

poor ixation points. However, using any and all bony ixation
points can allow for solid rigid ixation. he patient had a
functional head position ater surgery, and a solid fusion was
obtained (see Fig. 105.22E and F).

Case Study 3
his case (Fig. 105.23) illustrates what can be done with a
multiply operated patient with a problem with sot tissue
coverage. In this case the patient had a C6 corpectomy and a
posterior fusion from C4–C7 at another institution (see Fig.
105.23A). his was complicated by a postoperative infection,
which necessitated that the wound be kept open and allowed to
granulate in. At the time of her presentation to us, the spinous
processes were still exposed (see Fig. 102.23B) and she reported
intolerable neck pain. We treated her initially by placing her in
a halo vest to extend the neck to decrease the tension on her
wound. his allowed the wound to inish granulating in so that
the spinous processes were covered. We operated on her once
the erythrocyte sedimentation rate had normalized and we
were sure that there was no further evidence of any infection.
She was fused from C4–C7 and autofused from C7–T1. We
approached her posteriorly irst and took down the old fusion
mass at C4–C5 and then reinstrumented her from C2–C6.
We also fused and instrumented T1–T2 but did not attach
the cervical and thoracic constructs because she had a solid
fusion over this intervening area and because this was the
area where she had the least amount of sot tissue coverage.
We believed that dominoes at this level would have been too
bulky in an area where she had little to no sot tissue coverage.
We then turned her anteriorly and performed discectomies
and fusions at C2–C3, C3–C4, and C4–C5. Because of the
titanium cage that was placed anteriorly, we elected not to
perform an osteotomy through the old fusion mass. Although
we certainly could have achieved a better correction by taking
down the old fusion mass at the C6 corpectomy site, this
would have necessitated an anterior osteotomy followed by
another posterior operation. We believed that this would have
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FIG. 105.22 Case study 2 illustrating use of a fusion mass to achieve a solid fusion and obtain bony ixation
points. (A) Fusion in kyphosis after implants pulled out. (B) After osteotomy of fusion mass. (C) After closure of
the osteotomy. (D) Multiple ixation points are obtained. (E) Postoperative radiograph. (F) Preoperative and
postoperative images.
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FIG. 105.23 (A) Preoperative lateral neutral radiograph. (B) Exposed spinous processes with friable skin that
was stretched tight. (C) Postoperative lateral radiograph showing correction with kyphosis.
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unnecessarily prolonged her case. he posterior operation was
performed in 4 hours, and the anterior operation was performed in 1 hour and 45 minutes, allowing us to extubate the
patient immediately postoperatively. We were able to correct
her from 12 degrees of kyphosis to 4 degrees of lordosis over
the C4–C5 segment (see Fig. 105.23C).

Prior Circumferential Fusion
A patient with solid arthrodeses anteriorly and posteriorly
with a cervical deformity presents a challenge to the surgeon.
In these cases, the surgeon oten has to perform releases
anteriorly and posteriorly before being able to correct the
deformity. Although some surgeons recommend a “540-degree”
procedure (anterior-posterior-anterior) for deformity correction, we have found that patients can be treated with a twostage (anterior then posterior) procedure with acceptable
results.17 he technique uses the plasticity of the posterior
fusion and the capability of modern anterior cervical plates to
allow translation and angulation of the screws to achieve
deformity correction in two steps.
he irst part of the procedure is to approach the spine
anteriorly and release the anterior fusion mass, as described
previously. he osteotomy or osteotomies extend across the
entire width of the fusion mass to ensure complete release and
maximal lexibility. he posterior aspect of the vertebral body
is resected slightly greater than the anterior aspect so that it
can be closed down further. horough foraminotomies must
be completed at all osteotomized levels. Four Caspar distractor pins are then placed across the osteotomy site(s): two on
the right side and two on the let. In addition, a vertebral
body spreader can be placed into the disc space itself. he disc
space is then gradually distracted one click at a time, using
all three devices. If the posterior fusion mass is not massive,
it oten has some plasticity such that placing enough extension moment on the anterior spine can bend it. Slow, steady
distraction causes plastic deformation of the posterior fusion
mass and achieves relative extension across the osteotomy. In
patients with posterior instrumentation and fusion, a partial
correction can still be obtainable during the anterior portion
of the case. We use the same reduction technique of using the
surgeon’s hand against the patient’s forehead through sterile
sheets to assist the Caspar pin distraction and vertebral body
elevator in deformity correction while minimizing the risk of
vertebral body fracture or pin cut-out. he torque generated
by the force of the surgeon’s hand and the long lever arm will
create a signiicant torque that can cause the posterior rods to
bend into lordosis. By slowly performing this maneuver, the
disc space can be extended by 3 to 5 mm.
Ater anterior deformity correction, the occiput should be
resting on the table without any sheets. hen a total of 10 kg
weight is placed on the GW tongs to maintain correction and
stability, and the vertebral body spreader and Caspar pins are
removed. If complete deformity correction has been achieved
with only an anterior osteotomy, bone grat can be placed
followed by plate ixation with ixed-angle screws. We typically
augment anterior ixation with posterior screws placed in situ
even if no further correction is needed.

If the deformity correction is not complete, a structural
grat is placed in the anterior half of the disc space that has
been created. A trapezoid-shaped structural grat, with the
anterior height taller than the posterior, is sized to it snugly
into the expanded osteotomy site. he ideal grat has good
contact with the anterior aspect of the vertebral bodies but has
some room to settle into further lordosis ater the subsequent
posterior osteotomy. he grat should only occupy approximately the anterior two-thirds of the vertebral body so that
there is no chance of retropulsion during the posterior operation. he surgeon should ensure that the posterior aspect of
the endplates behind the grat is not touching because further
extension can be obtained ater the dorsal osteotomy. Given
that the superior and inferior edges of the osteotomy site are
oten cancellous, there is a risk for subsidence. To reduce this
risk, the largest possible surface area of bone grat should be
used in the medial to lateral direction, which minimizes the
stress at the osteotomy site. In addition, by slightly oversizing
the grat in the cephalad-to-caudal direction, some of the
anticipated subsidence can be counteracted. A cervical buttress plate is then placed to hold the grat(s) in place. his
prevents grat extrusion when the patient is prone and is ixed
only to one side of the osteotomy to allow further correction
from the posterior approach. A drain is placed, and the anterior wound is closed.
he patient is then turned to a prone position, and the
posterior osteotomies are performed. By placing the grat on
the anterior portion of the disc space during the anterior
operation, the surgeon can hinge of of this grat and extend
the spine ater removing the dorsal fusion mass. his technique
can prevent performing a three-part operation with an anterior, posterior, followed by a repeat anterior operation.

Case Study 4
his case (Fig. 105.24) illustrates an anterior-posterior procedure to correct postoperative kyphosis in a patient with a
circumferential fusion. his patient presented to us ater
having had six prior operations, including an anterior cervical
discectomy and fusion from C3–T1 and a posterior fusion
from C3–C7. Although he had achieved a solid fusion from
C3–C6, he had a pseudarthrosis at C6–C7 and was kyphotic
at C4–C5 and C5–C6. In addition, he had severe facet arthrosis
at C2–C3. We performed anterior osteotomies at C4–C5 and
C5–C6 and repaired the pseudarthrosis at C6–C7. We placed
structural grats at all levels and plated him anteriorly. he
anterior operation took 3 hours and 20 minutes. We then
turned him posteriorly and performed osteotomies through
the posterior fusion mass. We fused and instrumented from
C2 to T1. he posterior operation took 3 hours. he patient
was let intubated overnight to protect his airway. Following a
cuf-leak test, he was extubated.
Finally, it should be remembered that not all deformities
need to be completely corrected. As long as the deformity is
not causing excessive amounts of axial neck pain, myelopathy,
or radiculopathy, a partial correction oten suices. Fig. 105.25
demonstrates a patient with rheumatoid arthritis and
occipitocervical subluxation. his is best appreciated on the
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FIG. 105.24 (A) Lateral radiograph, (B) midsagittal computed tomography (CT) scan, and (C) axial CT scan
through C2–C3 facet joint of a patient with six prior cervical spine operations. Postoperative (D) lateral and (E)
posterior radiographs demonstrating circumferential ixation.

lexion-extension views of the upper cervical spine where the
basion is anterior to the tip of the dens inlection and posterior
to it in extension. he sagittal MRI shows an area of increased
signal in the superior posterior aspect of the dens, just below
the clivus. his represents the area of subluxation when the
neck is in extension, as it was for this MRI. Because the patient
had multilevel subluxations and an autofusion at C5–C6,
which was in kyphosis, we elected to expedite the operation
by performing decompressions and fusion circumferentially
but not correcting the focal kyphosis at C5–C6. She also had
numerous antibodies, which precluded the blood bank from
being able to type and crossmatch her for any transfusions.
We therefore performed a partial correction to achieve a
modest improvement in the sagittal alignment. Because of
the persistent kyphosis, it was not possible to contour a single
plate, nor did we believe that it was absolutely necessary. Given
that she had rheumatoid arthritis on corticosteroid therapy,
we believed that circumferential stabilization would enhance
the fusion rate. Indeed, the one area where she is not fused
on the lateral radiograph is C7–T1, between the two plates.

Although we did not get a perfect correction, we were able
to achieve an excellent functional outcome without excessive
blood loss or operative time.

Case Study 5
his patient (Fig. 105.26) underwent multiple failed anterior
and posterior fusion procedures from C3–C7 at another
institution. Her latest operation, an occipitocervical fusion
to C7, resulted in pseudarthrosis, skull plate pullout, cervical
kyphoscoliosis, and both chin-on-chest and ear-on-shoulder
deformities with resultant pain and functional disability (see
Fig. 105.26A–F). She underwent a posterior-only pedicle
subtraction osteotomy and revision posterior spinal fusion
from occiput to T4. To address both the coronal and sagittal
plane deformities, a bigger wedge cut was made on the let
side at C3–C4 and C7–T1. he pedicles of C4 and T1 were
taken down bilaterally and correction achieved through these
osteotomies. A large laminectomy was performed at C3, C4,
C7, and T1, in addition to foraminotomies at C3–C4 and
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FIG. 105.25 (A) Flexion and (B) extension lateral radiographs of a patient with rheumatoid arthritis and
occipitocervical subluxation. (C) Sagittal magnetic resonance image demonstrates severe cervical stenosis and
occipitocervical subluxation. (D) Postoperative lateral radiograph. The focal kyphosis at C5–C6, where she had
autofocused, was not corrected, but the overall cervical alignment and myelopathy were improved. Care was
taken to make sure that the overall alignment was acceptable.

C7–T1. he deformity was then gently corrected by placing
the neck in extension and shiting the traction weight to the
extension rope from the lexion rope. At this point, permanent occipitocervical rods were placed. Visual inspection and
intraoperative radiographs demonstrated excellent deformity
correction in both planes (Fig. 105.26G–J).

Case Study 6
his patient had undergone ive previous anterior and posterior
surgeries, including posterior wound infection. She presented
to us with postlaminectomy kyphosis and myeloradiculopathy,
with obvious sagittal plane deformity adjacent to her previous
distal cervical fusion (Fig. 105.27A–E). During the pedicle

subtraction osteotomy at C7, ater the pedicles of C7 had
been completely taken down with C7 and C8 nerve roots free,
an inadvertent vertebral artery injury was created and was
immediately packed of (Fig. 105.27F). Bleeding was quickly
controlled. Despite adequate bilateral decancellation, the neck
was unable to be extended. Due to the injured vertebral artery,
further let-sided decancellation would have been potentially
unsafe. herefore the decision was made to place temporary
rods and close the posterior wound and perform an anterior
osteotomy at C7 with C7 corpectomy. he patient was then
placed in the prone position again for inal correction and
instrumentation as well as arthrodesis. She achieved excellent
correction and experienced no untoward sequelae from the
vertebral artery injury (Fig. 105.27G–K).
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FIG. 105.26 Preoperative (A) lateral and (B) anteroposterior (AP) radiographs, (C–D) midsagittal computed
tomography scan images, and (E–F) clinical images of a patient with chin-on-chest and ear-on-shoulder
deformities. The patient underwent an asymmetric pedicle subtraction osteotomy at C4 and at T1 to correct
her deformities in both the coronal and sagittal planes. Postoperative (G) AP and (H) lateral radiographs and
(I–J) clinical images demonstrating excellent correction.

Case Study 7
his patient had been involved in a helicopter crash in the
distant past and had sustained an unspeciied cervical spine
injury that was treated nonoperatively (Figs. 105.28A–E). He
was then found to have developed a pseudomeningocele anteriorly but subsequent attempt at anterior surgical correction
at another institution failed (the patient developed excessive

bleeding and an arteriovenous istula and the procedure was
aborted), and the pseudomeningocele continued to enlarge.
He then underwent laminectomies on the let side from C3–
C7. On presentation to us, he had severe radicular symptoms,
worsening pain, an enlarging pseudomeningocele, and rotational and coronal plane deformities. he patient underwent
a corpectomy at C6, anterior cervical discectomy and fusion
at C3–C4 and C7–T1, and repair of pseudomeningocele
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FIG. 105.27 (A) Preoperative lateral radiograph, (B) midsagittal computed tomography scan, (C) magnetic
resonance image, and (D–E) clinical images of a patient with myeloradiculopathy resulting from
postlaminectomy kyphosis. (F) Intraoperative image (of a diferent patient) showing the anatomic relationship
between the exiting C7 and C8 nerve roots and the vertebral artery. (G) Anteroposterior and (H) lateral
radiographs and (I–J) clinical images demonstrating excellent correction.
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FIG. 105.27, cont’d (K) Postoperative angiogram revealing occluded vertebral artery.

(Fig. 105.28F–H). Following the anterior procedure, the
patient was placed in the prone position for posterior cervical fusion from C2–T1. Copious amounts of bleeding were
encountered despite the fact that the arteriovenous istula
had been embolized preoperatively. C2 laminar screws were
used bilaterally, followed by placement of lateral mass screws
from C3 bilaterally and from C4–C7 on the right side and
pedicle screws at T1. he lateral masses on the let could
not accept screws due to the bone deiciency from previous
surgeries (Fig. 105.28I–J). he patient responded well and
motor examination was normal until postoperative day 3,
when he developed signiicant weakness of the let deltoid,
biceps, and triceps, presumably from stretch injury related
to correction of the coronal plane deformity. He was taken
back to the operating room. Upon inspection of his construct,
it was clear that the C2 screws had loosened and the let
C3 screw had completely pulled out. he rods were removed
and were contoured into a less-corrected (i.e., more scoliotic)
position to reduce the stretch on the nerve roots. A third
supplemental rod was placed to secure the tenuous posterior
ixation using spinous process screws at C2, C7, and T1. We
achieved further ixation of C2 using a short pedicle screw on
one side and a pars screw on the other side (Fig. 105.28K–L).
Allowing the cervical spine to relax back into a more scoliotic
position enabled return of deltoid function on the basis of
the intraoperative spinal cord monitoring data, so no further
correction was attempted. he patient experienced dramatic
improvement in his pain, made a complete neurologic and
functional recovery, and was satisied with his neck position.

by infections, wound dehiscence, instrumentation removal,
myelopathy, and myelomalacia. He presented to us with
signiicant ear-on-shoulder and chin-on-chest deformities in
a wheelchair, with inability to achieve a horizontal gaze (Fig.
105.29A–B). He had collapse at C6–C7 following anterior
C3–C6 fusion (Fig. 105.29C–F). We performed an osteotomy
through C6 and C7 anteriorly, corpectomy of C7, with anterior
cervical discectomy and fusion at T1–T2, T2–T3, and C2–C3.
Using distraction on the Caspar pins, we were able to correct
part of the kyphosis via plastic deformation of the posterior
facets and lamina that had been fused. Ater placement of the
trapezoidal grats and buttress plates anteriorly to prevent grat
extrusion, the patient was placed prone for posterior cervical
fusion. C2 received a laminar screw on one side and a pedicle
screw on the other. We performed a laminectomy at C6 and
a Smith-Petersen osteotomy at C6–C7 ater decompression.
Next, the neck was corrected into a more neutral sagittal
alignment, and the instrumentation was locked in place. An
incomplete correction of his scoliosis was intentional in order
to not put additional strain on the implants given the patient’s
extremely poor bone quality. His gaze, sagittal alignment, and
to some extent his coronal alignment, although not perfect,
were dramatically improved from baseline (Fig. 105.29G–J).
When correcting coronal malalignment, root palsy on the
concave side is common, increasing with greater correction. It
may be advisable to correct the alignment in stages or accept
some degree of undercorrection. Fortunately, in all of our
cases, the root palsies have been transient.

Case Study 9
Case Study 8
his patient with cerebral palsy had undergone numerous
spinal operations before presenting to us, including multiple
posterior and anterior procedures that were complicated

his patient presented with ive previous cervical operations
all done by diferent surgeons at an outside institution resulting in anterior cervical discectomy fusions from C3–C7,
posterior cervical fusion from C3–T2, and kyphosis with
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FIG. 105.28 Preoperative (A) lateral and (B) anteroposterior (AP) radiographs, (C) axial computed tomography
myelogram, (D) magnetic resonance imaging (MRI), and (E) sagittal MRI of a patient with pseudomeningocele,
radiculopathy, and disability after laminectomy and failed attempt at anterior repair. (F–H) Intraoperative images
demonstrating pseudomeningocele repair. Initial postoperative (I) lateral and (J) AP radiographs.
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FIG. 105.28, cont’d Patient was taken back on postoperative day number 4 for progressive C5 palsy from
overcorrection of coronal deformity. (K–L) Final postoperative radiographs, with supplemental C2, C7, and T1
spinous process screws and a third stabilizing rod.

laminectomies at T1 and T2. Unfortunately, the patient had
become fused in kyphosis with a protracted neck. She complained of severe neck pain as well as her cervical deformity.
We approached the T2–T3 level irst, took out the disc in
its entirety, and then decorticated the end plate. We placed a
low-proile stand-alone cervical interbody cage that was
packed with fresh-frozen allograt bone, local autograt, and
demineralized bone matrix. Ater tamping it in place, we ixed
it with one 12 mm screw angled caudally. We then resected
the T1–T2 disc in its entirety ater visualizing the posterior
longitudinal ligament. We reconstructed it with a 14 × 16
footprint 8 mm tall stand-alone cage packed with the same
material as at T2–T3 level, ixed with one 14 mm screw. he
C7–T1 level was solidly fused with some bony overgrowth. We
did an anterior osteotomy through this as described above. We
were able to open up the disc space in order to put in an 8 mm
tall 14 × 16 stand-alone cage packed with the same material
as the other levels.
We then turned the patient to a prone position. We removed
the screws at C6, T1, T2 bilaterally, traded out the C6 screws,
decided to go up to C5 and put in screws bilaterally into
the lateral masses. She had a solid fusion at C7–T1, T1–T2,
and even T2–T3 was fused. T3–T4 was not fused. We went
ahead and took down the facet joint completely on the let
side at C7–T1, removed the bottom 20% of the C7 pedicle,
and decompressed the C8 nerve root because she had some
decrement of her ulnar nerve on the let side. We then placed
back the screws at C7 and T1 bilaterally. We performed SPOs
at T2–T3 and T1–T2, taking down the facet joint until we were
able to mobilize the two spaces. hereater, we put in bilateral
pedicle screws at T1, T2, T3, and T4. We decided to take out
the C5 screw on the let side so that we could take the cobaltchrome rod and have everything it. We extended the neck
with GW tongs to reduce the kyphosis, and we put lateralizing
connectors on the right at C6 and T1. Using a 3.5 mm diameter cobalt-chromium rod, we were able to obtain lordosis of

the spine. Postoperatively the patient had good correction of
her cervicothoracic alignment (Fig. 105.30).

Case Study 10
his patient presented with a history of a C5 cervical corpectomy done at an outside institution in the remote past with
kyphotic collapse and autofusion at C6–C7 and C7–T1. He
has a chin-on-chest deformity with kyphoscoliosis and spondylosis at C2–C3 and T1–T2. He reported severe neck pain
and the inability to keep his head upright.
On anterior exploration, C6–C7 was solidly fused. We took
down the fusion through an anterior osteotomy at C6–C7 and
then put in a low-proile stand-alone cage packed with freshfrozen allograt, local autograt, and demineralized bone
matrix. he cage was secured with one 14 mm screw. Next, an
osteotomy at C7–T1 was performed and the head was pushed
down to correct the deformity at this level. Another low-proile
stand-alone cage was used at this level with the same packing
material and ixation as the C6–C7 cage. Next, a T1–T2 discectomy was done and reconstructed with the same cage,
packing material, and screw as the prior levels.
he patient was then lipped prone. C2 pars screws were
placed bilaterally followed by lateral mass screws on the let
side at two levels and on the right side at three levels. hen
pedicle screws were placed at T1, T2, and T3 bilaterally. We
put a 3.5 mm diameter rod on the right side and a 3.2 mm
diameter rod on the let. We also put translaminar screws at
C7, T1, T2, and T3. We decorticated the facets and performed
Ponte osteotomies at C6–C7 and C7–T1 using a 1 4 -inch
osteotome, cutting into the facet joints bilaterally. We extended
the neck and compressed the spinous process rods to get
lordosis at C7 to T3. Lastly, we placed the other 3.2 mm titanium rod and, ater compressing, put in facet screws at all
levels (Fig. 105.31).
Text continued on p. 1930
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FIG. 105.29 Preoperative (A) lateral and (B) anteroposterior (AP) clinical images of a
patient with severe kyphoscoliosis. (C) Lateral and (D) AP radiographs, (E) midsagittal,
and (F) midcoronal computed tomography images. After anterior corpectomy of C7
and buttress plating, the patient was placed prone and underwent a Smith-Petersen
osteotomy at C6–C7. Some scoliosis was retained in order to not put excessive strain
on his implants given the patient’s poor bone quality. Postoperative (G) lateral and (H)
AP radiographs, and (I–J) clinical images revealing excellent correction of both planes
with normalized horizontal gaze.

A

B
FIG. 105.30 (A) Preoperative EOS standing lateral, anteroposterior, clinical and radiographic images. (B)
Preoperative lexion and extension laterals.
Continued
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FIG. 105.30, cont’d (C) Preoperative three-dimensional computed tomographic reconstructions, and (D)
postoperative radiographs (compared with preoperative) and clinical photographs revealing excellent
correction of both planes with normalized horizontal gaze.
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FIG. 105.31 (A) Preoperative EOS standing lateral and anteroposterior clinical images and radiographs. (B)
Preoperative lexion and extension laterals.
Continued
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FIG. 105.31, cont’d (C) Preoperative three-dimensional computed tomographic reconstructions, and (D)
postoperative radiographs (compared with preoperative) and clinical photographs revealing excellent
correction of both planes with normalized horizontal gaze.

Case Study 11
his patient had multiple anterior and posterior operations
done at several outside institutions. He developed kyphosis
and intolerable pain. He had anterior cervical discectomy
and fusion at C5–C7 with collapse at C6–C7 into kyphosis, posterior cervical laminectomy at C5, C6, and C7 with

instrumentation followed by removal of instrumentation, and
multiple anterior and posterior operative procedures with
cervical kyphosis at C6–C7 and C7–T1.
An anterior osteotomy was performed at C6–C7, burring
all the bone from uncinate to uncinate all the way back posteriorly until the posterolateral ligament was reached. Ater
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PEARLS
1. Iatrogenic malalignment of the cervical spine may be prevented
with careful intraoperative positioning using radiographic
veriication.
2. Bivector cervical traction using GW tongs allows the surgeon to
place the cervical spine into a lordotic position for fusion after
the exposure and decompression are completed.
3. The use of multiple small grafts (corpectomy-discectomy or
corpectomy-corpectomy) allows for better preservation of
cervical lordosis than does the use of a single longer graft.
4. Correction of iatrogenic cervical kyphosis in the presence of a
circumferential fusion may be performed with an
anteroposterior procedure with the use of an appropriately
sized and shaped anterior graft and a plate that allows screw
translation and angulation.
PITFALLS
1. Of-center placement of anterior cervical distraction pins, if not
recognized, may create iatrogenic cervical malalignment in the
coronal plane.
2. Aggressive decompressive laminectomies without fusion,
particularly in children, may lead to iatrogenic cervical kyphosis.
3. A corpectomy at the same level as a previous laminectomy
creates signiicant instability; circumferential ixation is usually
necessary in this situation.

KEY POINTS
1. During anterior cervical procedures, if the patient is fused in
hyperlordosis, he or she will often have severe interscapular
and posterior cervical pain, especially if an extensive
foraminotomy is not performed at the time of the procedure.
2. Caspar pin misplacement may lead to angular, rotational, or
translational deformities.
3. Anterior cervical grafts should be large enough to allow for 1
or 2 mm of subsidence without creating kyphosis.
4. Correction of a cervical scoliosis, without appreciation for a
severe thoracic curve, may lead to the head being tilted to one
side. Therefore it is critical to pay close attention to the overall
alignment of the head, neck, and torso.
5. The advantage of using bivector tong traction (i.e., lexion and
extension) in posterior cervical fusion surgery is that the
surgeon can easily alter the position of the neck
intraoperatively. With ixed head holders such as Mayield
tongs, an assistant has to crawl under the table to reposition
the head holder.
6. When performing a foraminotomy, it is critical to remove no
more than 50% of the lateral mass to prevent iatrogenic
instability.
7. Patients with a preoperative kyphotic alignment due to
degenerative disc disease who are fused with the neck in
extension are at risk for developing postoperative kyphosis;
therefore circumferential fusion is often best in these situations.
8. Traumatic cervical spine injuries ixed with inadequate
instrumentation or bony purchase may lead to postoperative
malalignment.
9. Patients who have undergone a laminectomy and
subsequently undergo an anterior corpectomy have two
halves of the spine that are connected only by soft tissues. The
signiicant instability that this introduces mandates
circumferential fusion as well as adequate postoperative
immobilization.
10. When circumferential treatment of iatrogenic cervical
deformities is required, we generally prefer going in anteriorly,
decompressing, and putting in undersized grafts and buttress
plates to allow more correction posteriorly, then going in
posteriorly to further correct and lock in the construct.
11. Correction of cervical scoliosis is associated with a high
incidence of root palsies on the concave side. This is probably
due to a stretch of the root or plexus and seems to recover
over a period of weeks.

KEY REFERENCES
1. Hilibrand AS, Fye MA, Emery SE, et al. Increased rate of
arthrodesis with strut grafting after multilevel anterior cervical
decompression. Spine. 2002;27:146-151.
This paper reports a higher rate of fusion among patients who
underwent corpectomy with strut grafting compared with patients
treated with multiple cervical discectomies and interbody grafts.
2. Kaiser MG, Haid RWJ, Subach BR, et al. Anterior cervical plating
enhances arthrodesis after discectomy and fusion with cortical
allograft. Neurosurgery. 2002;50:229-238.
The authors report an increased rate of fusion after anterior cervical
plating and discectomy with allogenic interbody graft with the use
of a plate.
3. Riew KD, Hilibrand AS, Palumbo MA, et al. Anterior cervical
corpectomy in patients previously managed with a
laminectomy: short-term complications. J Bone Joint Surg Am.
1999;81:950-957.
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decompressing the C7 nerve root bilaterally, the C6–C7 space
was expanded with Caspar distractors and by pushing down
on the forehead ater removing the sheets from under the back
of his head. Ater doing this, there was good correction at
C6–C7. We inserted fresh-frozen structural iliac crest allograt
into the disc space, then ixed it in place with an anterior cervical plate with ixed-angle anterior screws. Two screws were
placed into C6 and two screws into C7. Next, a C7–T1 discectomy was performed and low-proile cage was packed with
fresh-frozen allograt, demineralized bone matrix, and local
autograt and then placed in the prior disc space. We tamped
it in place and ixed it with one 12 mm screw directed caudally.
It should be noted that we did not perform an osteotomy at
this level. Instead, we performed an anterior cervical thoracic
discectomy and fusion at C7–T1.
Next, we lipped the patient prone and redecompressed
C5, C6, and C7 because of scarring. Without this procedure,
buckling of the scar on the posterior dura would have
occurred with neck extension. We put in lateral mass screws
at C4, C5, and C6 bilaterally and pedicle screws at T1, T2,
and T3. We then burred down the C6–C7 facets, which had
not broken but had plastically deformed. We then used an
osteotome to complete the osteotomies bilaterally at C6–C7.
At C7–T1, the facet joint was not fused on the right side. We
performed an SPO by opening it up using a burr followed by
an osteotome. On the let side, there was a small amount of
fusion mass, which was taken down with a burr followed by a
curved 0.25-inch osteotome to inish the osteotomy. We then
placed 3.5 mm diameter titanium rods bilaterally with a side
connector at T1 bilaterally. We used a spinous process cable
at T1–T2 and T2–T3 to further extend the upper thoracic
spine. We also used curved rods to help the cervical correction
(Fig. 105.32).
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FIG. 105.32 (A) Preoperative EOS standing lateral and anteroposterior clinical images and radiographs. (B)
Preoperative lexion and extension laterals.
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FIG. 105.32, cont’d (C) preoperative three-dimensional computed tomographic reconstructions, and (D)
postoperative radiographs (compared with preoperative) and clinical photographs revealing excellent
correction of both planes with normalized horizontal gaze.
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The authors report a high rate of complications after corpectomy
in patients who had a prior laminectomy and conclude that
circumferential ixation may be necessary in these patients.
4. Zdeblick TA, Abitol JJ, Kunz DN, et al. Cervical stability after
sequential capsule resection. Spine. 1993;18:2005-2008.
This paper describes the importance of limiting the extent of
facetectomy to preserve segmental stability in the cervical spine.
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Arachnoiditis and Epidural Fibrosis
Robert F. Heary
Antonios Mammis

Spinal arachnoiditis is a nonspeciic inlammatory process
of the arachnoid layer of the spinal cord or cauda equina.
Arachnoiditis was irst described by Victor Horsley in 1909.1
Since Horsley, numerous authors have described it with
a variety of terms, including chronic spinal arachnoiditis,
adhesive spinal arachnoiditis, meningitis serosa circumscripta
spinalis, chronic spinal meningitis, spinal meningitides with
radiculomyelopathy, lumbar adhesive arachnoiditis, spinal
arachnoiditis, spinal ibrosis, and lumbosacral adhesive arachnoiditis. Furthermore, on the basis of speciic radiographic or
pathologic indings, arachnoiditis can be termed arachnoiditis
ossiicans, calciic arachnoiditis, or pachymeningitis.1

Anatomy
he arachnoid mater is an avascular membrane that lies
between two vascularized membranes, the pia mater and dura
mater. he arachnoid is attached to the underlying pia by
numerous arachnoid trabeculae, creating a space between the
arachnoid and the pia.2 his space, or potential space in some
instances, transmits arterioles and is referred to as the subarachnoid space. he arachnoid is composed of layers of
squamous cells held together by a network of connective
tissue. he arachnoid contains intercellular pores, which allow
for the passage of molecules.3

Pathogenesis
A chronic infection or irritation can cause the arachnoid membrane to become thickened and adherent to both the overlying
dura mater and the subjacent pia mater.4 he pia-arachnoid
carries the blood vessels to the spinal cord; this layer contains
mesenchymal cells. In 1951, Smolik and Nash5 recognized
that when the outer arachnoid layer is injured, both the blood
vessels and mesenchymal cells lend themselves to extensive
proliferation. he ensuing reaction between the pia-arachnoid
and the dura mater leads to obliterative arachnoiditis.
When the arachnoid membrane is exposed to an insult,
an inlammatory response ensues, characterized by ibrinous exudates, neovascularization, and a relative paucity of

inlammatory cellular exudates.6,7 Vascular occlusive changes
can lead to spinal cord ischemia.4,8–11 he small perforating
blood vessels that supply the portions of the white matter
may be obliterated, with resultant necrosis and cavitation
of the spinal cord parenchyma.8,9,11 In addition to ischemia,
blockage of venous return from the spinal cord or occlusion
of cerebrospinal luid (CSF) pathways may occur.8
he stages of progressive inlammation of the arachnoid
that occur in lumbosacral arachnoiditis were described by
Burton.12 he initial stage, radiculitis, consists of an inlamed
pia-arachnoid with associated hyperemia and swelling of the
nerve roots. he second stage, arachnoiditis, is characterized
by ibroblast proliferation and collagen deposition. During
this stage, nerve root swelling decreases and the nerve roots
adhere to each other and to the pia-arachnoid. he inal stage,
adhesive arachnoiditis, is the resolution of the inlammatory
process and is characterized by dense collagen deposition.
here is marked proliferation of the pia-arachnoid, as well as
complete nerve root encapsulation, hypoxemia, and progressive atrophy. For reasons that are not fully understood, the
adhesions occur preferentially on the dorsal segments.1 he
exact time course of these three phases has not been elucidated. Furthermore, it is not known how the speciic causative
insult for the development of arachnoiditis might afect the
time course of each of the three phases.
Yamagami and colleagues13 postulated that the pathologic
changes in arachnoiditis may be secondary to diminished
nutritional supply. hey found that, in an experimental
rat model, the development of arachnoiditis and neural
degeneration directly corresponded to the magnitude of
extradural inlammation and wound healing processes that
occurred ater laminectomy, with or without foreign bodies.
Furthermore, adhesions of the arachnoid cause the nerve
roots to lump together and, in doing so, these nerve roots are
isolated from contact with the CSF, with resultant nutritional
compromise.13

Etiology
In the irst half of the 20th century, arachnoiditis was
most oten attributed to infectious causes.8 Furthermore,
1935
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arachnoiditis had been described mainly in the cervical and
thoracic regions.1 Since the 1950s, there has been a trend
toward a higher incidence of arachnoiditis of noninfectious
origin afecting the lumbar region.1,8 he precise causes of
spinal arachnoiditis are not clear and, likewise, the incidence
and prevalence of spinal arachnoiditis in the general population is unknown.8
As stated previously, arachnoiditis was mainly of infectious
origin in the irst half of the 20th century. Syphilis, tuberculosis, and gonorrhea were the most prevalent causes.1,14 Less
common infectious causes include parasitic diseases and viral
meningitis.15,16 hese infectious causes are important to differentiate from noninfectious causes of arachnoiditis because,
in most cases, efective treatment is available for arachnoiditis
of infectious origin. However, despite adequate treatment of
the causative agent, scarring of the arachnoid membrane may
lead to permanent damage.
here are a number of important noninfectious etiologies
of arachnoiditis. In the 1940s, blood in the CSF following
subarachnoid hemorrhage or surgery became the most
prevalent cause of arachnoiditis.1 Spinal arachnoiditis following subarachnoid hemorrhage continues to be common
and is usually treated in a conservative fashion.17 he breakdown products of hemoglobin form free radicals, and it has
been postulated that these cause damage to nerves.18,19 In
experiments on dogs, it has been shown that injecting blood
breakdown products into the subarachnoid space causes
more meningeal inlammation than does the injection of
fresh blood.18 Cases of patients who have received epidural
blood patches have given controversial results. Digiovanni
and colleagues20 described that the placement of an autologous blood patch into the epidural space produced no more
inlammation than a standard lumbar puncture. Other
authors, though, have described cases in which an epidural
blood patch had allegedly been responsible for arachnoiditis.21
Abouleish and colleagues22 described 118 cases of epidural
blood patches over a 2-year period. his group found 19 cases
of axial back pain, two cases of radiculopathy, and no cases of
arachnoiditis.22
Oil-based contrast media have been historically important
causes of arachnoiditis. Iophendylate (Myodil, Pantopaque) is
an oil-based contrast medium used in diagnostic myelograms.
It was irst used in the United States, in 1944, and its usage
continued for 40 years. In Sweden, iophendylate was banned
from clinical use in 1948 secondary to animal studies that
identiied it as a causative agent for arachnoiditis.23 he incidence of arachnoiditis ater the use of iophendylate is dose
dependent and is quoted as 1%.24 Iophendylate has a long
half-life; thus, it is usually removed from the thecal space by
aspiration at the conclusion of the myelogram.8 Oten, this
removal process is not entirely successful and, in fact, incomplete removal of the contrast dye may produce further trauma
and cause bleeding into the CSF.4
Guyer and colleagues25 listed the following factors as
inluencing the development of arachnoiditis ater myelography: the type of contrast agent used (the risk is greater with
the oil-based medium than with the water-soluble medium
and greater with the ionic medium than with the nonionic

FIG. 106.1 Myelogram with oil-based medium demonstrating the marked
lack of illing of nerve roots of adhesive arachnoiditis.

medium), the dosage of contrast medium, and the observation
time ater myelography (Fig. 106.1).
he use of intrathecal medications, either steroids or anesthetic agents, has been implicated as a cause of arachnoiditis.
Intrathecal injection of corticosteroids was previously used for
multiple sclerosis.8 Epidural injection of corticosteroids for
back pain is a common practice. One of the most commonly
used agents is methylprednisolone acetate (MPA), which has
been reported to cause arachnoiditis.26–28 MPA is suspended
in polyethylene glycol, which can cause arachnoiditis.26–28
Furthermore, MPA is known to easily cross the intrathecal
space, thus causing arachnoiditis.28 Animal studies, though,
have not shown MPA to cause signiicant meningeal inlammation ater epidural injections.29–31
he use of intrathecal bupivacaine, with or without epinephrine, has also been reported to cause arachnoiditis.
Boiardi and colleagues32 described several cases of arachnoiditis ater administration of bupivacaine with epinephrine.
Gemma and colleagues33 described a case of arachnoiditis
ater intrathecal administration of bupivacaine without epinephrine. It is unclear in these cases whether the arachnoiditis
was triggered by the bupivacaine or other preservatives. Furthermore, it is unclear whether epinephrine plays a role in the
pathogenesis of arachnoiditis.
A history of spinal surgery is a risk factor for arachnoiditis.8
In particular, some investigators have speciically stated that
surgery for a herniated intervertebral disc may lead to arachnoiditis.5,7,25 Carroll and Wiesel34 showed that a postoperative
pain-free interval lasting between 1 and 6 months, followed
by the gradual onset of leg pain, increases the likelihood that
some scar tissue is responsible for the symptoms. Smolik and
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Nash5 showed that simple dural retraction for the visualization
of a ruptured intervertebral disc may trigger arachnoiditis.
Haughton and colleagues35 showed that the nucleus pulposus
of an intervertebral disc was able to cause focal arachnoiditis
in monkeys.

Clinical Features
he diagnosis of arachnoiditis requires a detailed medical
history and physical examination, as well as a review of conirmatory radiographic imaging studies. In obtaining a medical
history from a patient with arachnoiditis, the clinician should
seek three major characteristics of the pain. Pain of arachnoiditis is typically described as a burning pain that is constant
and worsened by activity.12 he pain of arachnoiditis may be
located in the back or the lower limbs or both. he symptoms
of arachnoiditis can vary from nonspeciic back pain to
radiculopathy and myelopathy.36 Intractable pain that occurs
secondary to arachnoiditis has a poorly localized pain pattern
that is difuse. In many patients, arachnoiditis is asymptomatic
and is discovered as an incidental radiographic inding.37 he
pain symptoms of chronic arachnoiditis may be similar to
those of other chronic pain syndromes, such as complex
regional pain syndrome. he exact relationship of these pain
syndromes has not been fully elucidated.
he physical examination indings in patients with arachnoiditis have been reviewed in two large clinical series. Burton
followed 100 patients with arachnoiditis and found little motor
weakness to be present.12 hese patients were commonly
found to have a positive straight-leg raise sign, a tender sciatic
notch, limited range of motion of the trunk, and paravertebral
muscle spasms. Guyer and colleagues25 followed 51 patients
over more than 10 years and found that a decreased range of
motion of the trunk was the most common inding on physical
examination. In cases of chronic arachnoiditis with resultant
syrinx formation, physical examination indings of syringomyelia are present. hese include dissociative sensory loss and
variable long tract signs.8

Radiographic Features
Ater a history and physical examination, radiographic
imaging studies are used to conirm the clinical impression
of arachnoiditis. Plain radiographs are not a useful diagnostic
tool for detecting or conirming the presence of arachnoiditis.
On myelography, two distinct patterns of radiographic
arachnoiditis can be diferentiated. In type 1 arachnoiditis,
there is pure adhesion of the nerve roots to the meninges with
a homogeneous contrast pattern. No nerve root shadows are
seen, and there is a rounded shortening of the nerve root
pocket. In type 2 arachnoiditis, some proliferation is added
inside the dural sac, which may be localized or difuse.38 he
illing defects, narrowing, shortening, or occlusion of the
spinal canal are also seen in this type of arachnoiditis. In early
arachnoiditis, there is central nerve root clumping and thickening. As the arachnoiditis progresses, the nerve roots become
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FIG. 106.2 (A) Myelogram demonstrating normal nerve root illing. (B)
Myelogram of the same patient 7 years later. Clear evidence of arachnoiditis
is shown by the thickened, “clumped” nerve roots that no longer show the
normal illing of the nerve root sleeves.

adherent peripherally to the thecal sac and the terminal thecal
sac appears “sleeveless” where the nerve roots do not ill it out
in the normal pattern.8 his inding can cause the thecal sac
to appear empty.
On magnetic resonance imaging (MRI), one of three patterns is commonly found.39 he irst pattern is characterized
by conglomerations of nerve roots, which are located centrally
within the thecal sac. he second pattern is characterized by
nerve roots that are clumped and attached peripherally to the
meninges (Fig. 106.2). his appearance is similar to the empty
sac appearance of myelography. he third pattern demonstrates increased sot tissue signal within the thecal sac with
central obliteration of the subarachnoid space (Fig. 106.3).
At times, computed tomography or MRI reveals calcification or ossification of the spinal arachnoid in an entity
called arachnoiditis ossificans. There are several subtypes of
spinal arachnoiditis ossificans based on imaging characteristics. Type 1 has a semicircular arrangement, type 2 is
circular, and type 3 demonstrates englobing of the caudal
fibers.40–42

Spinal Epidural Fibrosis
Spinal epidural ibrosis is an entity observed ater spine surgery
that contributes to up to 14% of cases of failed back syndrome.
Spinal epidural ibrosis is caused when ibroblasts from
damaged paraspinal muscles enter the vertebral canal and
proliferate, forming extensive epidural scarring.43 his entity
has been most typically described ater cases of discectomy,
whether open or percutaneous, as well as cases of implantation
of spinal stimulating electrodes.43,44
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FIG. 106.3 (A) Computed tomographic myelogram demonstrating clumping of nerve roots in the thecal sac.
(B) T2-weighted magnetic resonance imaging demonstrating the “empty sac” appearance of arachnoiditis. Note
the peripheral location of the nerve roots within the thecal sac.

Treatment
A number of therapies are aimed at preventing or treating
arachnoiditis or epidural ibrosis. Much of the research aimed
at preventing failed back syndrome has dealt with strategies
to prevent epidural ibrosis.
In a rat model of spinal epidural ibrosis, the administration
of tissue plasminogen activator helped to prevent postlaminectomy epidural ibrosis. he presence of arachnoiditis was
also less in the treatment group (P <.01).45 Lee and colleagues46
showed that the administration of 0.1 mg/mL of mitomycin
C reduced epidural ibrosis ater lumbar laminectomy in a rat
model. his group made macroscopic, histologic, and MRI
evaluations of the animals.46 Epidural scarring was signiicantly reduced and dural adhesions were absent, while wound
healing was not afected.
In a dog postlaminectomy model, it has been shown that a
single fraction of 700 cGy external beam radiation helped to
prevent epidural ibrosis and arachnoiditis. he authors demonstrated statistically signiicant reductions in the extent of
ibrosis and density of ibroblasts. MRI conirmation of the
eicaciousness of the therapy was also demonstrated.47
A recent study in humans aimed to evaluate the role of
epidural steroids in preventing epidural ibrosis. Eighty-ive of
178 patients received epidural steroids following discectomy.
Patients were followed for 1 year and were assessed by questionnaires containing the pain scale. Application of epidural
steroids resulted in less pain on the irst and third days ater
surgery, resulted in shorter hospital stays, but did not prevent
failed back syndrome or prevent epidural scar formation.48
he role of surgery in the treatment of arachnoiditis and
epidural ibrosis is controversial. Surgical procedures that
have been used to treat arachnoiditis include spinal fusion
procedures, decompressive spinal procedures without fusion,
neuroablative procedures, and implantation of spinal cord
stimulators.8
A substantial body of literature exists that suggests
open surgical procedures are not useful in the treatment of

arachnoiditis. Carroll and Wiesel34 found that no open surgical
technique could eliminate the pathologic scar or signiicantly
reduce the pain of arachnoiditis. Grahame and colleagues37
also found that open surgical procedures had little or no efect
on the long-term course of arachnoiditis.
Some groups argue for aggressive open surgical intervention for arachnoiditis and spinal epidural ibrosis. Shikata and
colleagues49 compared microlysis for arachnoiditis with and
without spinal fusion. hey found signiicant improvement in
the clinical results when fusion was performed.
Spinal cord stimulation has been shown to have some
beneit in patients with arachnoiditis. North and colleagues50–54
have shown that spinal cord stimulation can be a successful therapy with proper patient selection. his group used
temporary percutaneous electrodes as a screening technique
before implantation of a permanent stimulator. A minimum of
50% pain relief with temporary electrodes over a 2- to 3-day
course, as well as evidence of improved activity level and stable
or decreased use of analgesics, was deemed satisfactory pain
relief.50–54
Recent work has focused on minimally invasive techniques
to treat arachnoiditis and spinal epidural ibrosis. A number of
endoscopic techniques for adhesiolysis and promotion of CSF
low pathways have been developed with promising results.55,56
Manchikanti and colleagues57 demonstrated in a recent randomized controlled trial of spinal endoscopic adhesiolysis in
chronic refractory low back pain and lower extremity pain
that adhesiolysis with targeted delivery of local anesthesia and
steroids is a successful technique in the treatment of arachnoiditis. his study demonstrated signiicant improvement in
pain in 48% of subjects at 1-year follow-up.57

Summary
Arachnoiditis and epidural ibrosis are chronic conditions that
result in signiicant morbidity. he long-term prognosis of
these conditions is poor and there is no optimal management
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KEY POINTS
1. Spinal arachnoiditis is a nonspeciic inlammatory process of the
arachnoid layer of the spinal cord or cauda equina. When the
outer arachnoid layer is injured, both the blood vessels and
mesenchymal cells lend themselves to extensive proliferation.
The ensuing reaction between the pia-arachnoid and the dura
mater leads to obliterative arachnoiditis.
2. Spinal epidural ibrosis is caused when ibroblasts from
damaged paraspinal muscles enter the vertebral canal and
proliferate, forming extensive epidural scarring.
3. The progressive inlammation of arachnoiditis occurs in stages.
The initial stage, radiculitis, consists of an inlamed pia-arachnoid
with associated hyperemia and swelling of nerve roots. The
second stage, arachnoiditis, is characterized by ibroblast
proliferation and collagen deposition. The inal stage, adhesive
arachnoiditis, is the resolution of the inlammatory process and
is characterized by dense collagen deposition.
4. Arachnoiditis can be caused by infectious etiologies,
subarachnoid hemorrhage, epidural blood patches,
myelography with oil-based medium, intrathecal injections of
medications, and spinal surgery.
5. On myelography or MRI, arachnoiditis is characterized by
clumping of the nerve roots. As the nerve roots become
adherent peripherally, the thecal sac appears empty.
6. Treatment options for arachnoiditis or spinal epidural ibrosis
include dorsal column stimulation, endoscopic adhesiolysis,
external beam radiation, and open surgical adhesiolysis and
spinal fusion.
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care at surgery. In recent years, there has been a renewed interest in the management of arachnoiditis and spinal epidural
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invasive techniques. Although some surgeons advocate open
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have found the best treatment results, as a whole, with the
utilization of dorsal column stimulation to treat the efects of
pain. Alternative treatments of the efects, including long-term
use of narcotic medications, have been less efective in our
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will be a need for more randomized, prospective, placebocontrolled, double-blind studies to determine the optimal
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Pain sensation is an important physiologic means by which an
organism is informed about the immediate external environment and internal bodily function. he pain “experience” is
the integration of a number of neurologic functions. In
response to a brief painful stimulus, a rapid unconscious relex
and subsequent purposeful movement steer the organism
away from the source of pain. he painful experience may be
paired with a cue and remembered to generate avoidance
behavior and evoke profound emotions. Pain from internal
organs may signal either imminent or ongoing tissue damage,
which can prompt a patient to seek medical attention. In a
sense, acute pain assists survival.
However, chronic pain, pain that persists long ater tissue
healing due to injury or in tandem with disease, serves no
useful biologic function.1 Chronic pain leads to heightened
anxiety and diminished social functioning.2 he economic
costs, in terms of both health care costs and lost productivity, are staggering and expected to rise even further as the
population ages.3-6 hus there is a vital need to understand the
mechanism of chronic pain and to develop mechanism-based
analgesic therapies.

Chronic Spinal Cord Injury Pain
Chronic pain following spinal cord injury (SCI) is estimated
to occur in 65% to 81% of SCI patients; approximately one
third of those patients rate it as severe.2,7 he addition of
intractable pain to deicits in voluntary motor functions and
autonomic dysfunction following SCI severely diminishes
patient social and psychologic well-being.8 To improve patient
quality of life, pain relief is an important consideration along
with other SCI-related complications in an overall treatment
and rehabilitation strategy.
Despite increasing understanding of the cellular and
molecular processes that mediate chronic pain in general,
efective treatment for SCI pain in particular is lacking. At
least two conditions thwart attempts to efectively ameliorate
SCI pain. First, SCI pain is a heterogeneous condition with a

number of possible interacting neurologic and inlammationmediated mechanisms. Second, although chronic SCI pain
shares striking similarities in terms of symptoms with other
chronic pain states, such as peripheral nerve injury pain, distinct mechanisms distinguish chronic neuropathic SCI pain
from that of other types of neuropathic pain. For example,
there is a striking lack of parallelism between peripheral
neuropathic pain and neuropathic SCI pain in terms of clinical pharmacology. he irst steps toward efective analgesic
treatment for SCI pain will involve not only careful clinical
diagnosis but also consideration of SCI pain as a distinct
chronic pain syndrome.

Spinal Cord Injury Pain Classiication
he International Association for the Study of Pain has proposed a taxonomy that attempts to group SCI pain states to
assist consistent clinical diagnosis and aid in designing efective pain management strategies (Table 107.1).9 In addition,
classiication also aids researchers in designing appropriate
experiments that will uncover mechanisms underlying SCI
pain and hopefully uncover new analgesic targets.
As shown in Table 107.1, SCI pain can be divided into two
general types, nociceptive and neuropathic. hese pain types
can be further divided by possible underlying pathologies. he
classiication of the various pain types (musculoskeletal, visceral, and neuropathic pain based on spinal lesion level) does
not suggest deinitive mechanisms, and the construct validity
of the divisions has yet to be conirmed in clinical studies.
However, such an uncomplicated taxonomy is a positive irst
step in systematically addressing the cause of SCI pain and
developing useful therapies.
he irst type of SCI pain, nociceptive pain, arises from
stimulation of either somatic or visceral primary aferent
nociceptors. Musculoskeletal pain has been characterized as
dull, aching pain that worsens with movement and eases with
rest.7 In addition, this particular pain is localized to musculoskeletal structures. Examples of musculoskeletal pain sources
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TABLE 107.1 Proposed International Association for the Study of Pain
Classiication of Pain After Spinal Cord Injury
Broad Type
(Tier 1)

Broad System
(Tier 2)

Speciic Structures/Pathology
(Tier 3)

Nociceptive

Musculoskeletal

Bone, joint, muscle trauma, or
inlammation
Mechanical instability
Muscle spasm
Secondary overuse syndromes
Renal calculus, bowel, sphincter
dysfunction, etc.
Dysrelexic headache

Visceral

Neuropathic

Above level
At level

Below level

Compressive mononeuropathies
Complex regional pain syndromes
Nerve root compression
(including cauda equina)
Syringomyelia
Spinal cord trauma/ischemia
(central dysesthesia syndrome,
etc.)
Spinal cord trauma/ischemia
(central dysesthesia syndrome,
etc.)

From Siddall PJ. Management of neuropathic pain following spinal cord injury: now
and in the future. Spinal Cord. 2009;47:352–359.

include injury to muscles or ligaments related to the initial
injury, overuse of the shoulders and arms of a wheelchairbound patient, and vertebral instability and osteoporosis due
to SCI.10 Given the initial challenges of novel self-propulsion
and injury-associated pain, the onset of musculoskeletal pain
is comparatively rapid (within weeks of the injury) and is the
most commonly reported SCI-associated pain.11 Chronic
musculoskeletal pain has been noted long ater the injury (at
least 5 years) and could be associated with the long-term
skeletal changes in posture due to injury.7 Visceral pain has
been described as spontaneous, dull, poorly localized, or
cramping, apparently originating from deep visceral structures.7 he occurrence of pain may or may not be coupled with
visceral pathology and, unlike musculoskeletal pain, the onset
of visceral pain may be months or years following SCI.7,12
Although the incidence of chronic visceral SCI pain is low, the
pain is described as either severe or excruciating.7
he second type of SCI pain is neuropathic pain, which
results from trauma or disease to the nervous system. Neuropathic pain has been described as unevoked pain that is sharp,
burning, shooting, stabbing, and electric, occurring continuously or as paroxysms. In addition to spontaneous pain, there
may also be exaggerated painfulness evoked by nonnoxious
stimulation (e.g., allodynia). Spontaneous and evoked neuropathic pain may occur at the level of injury due to a combination of damaged segmental spinal nerve roots or disinhibited
spinal dorsal horn nociceptive neurons. About 40% of SCI
patients experience at-level neuropathic pain.7 In contrast to
at-level pain, below-level pain appears to have a delayed onset
ater SCI, which could be due to dysfunction of brain regions
postsynaptic to the spinothalamic tract.7 Below-level pain is
as severe and persistent as at-level neuropathic pain.7 Despite
a lack of cutaneous thermal detection (either cold or heat)
below the lesion, below-level neuropathic pain occurs in about

one-third of SCI patients. Interestingly, at-level and belowlevel cutaneous hypersensitivity correlates with the presence
of below-level spontaneous pain, which suggests a common
mechanism underlying these symptoms.13,14 A positive correlation between spontaneous pain and cutaneous mechanical
hypersensitivity of the painful area has been reported for other
neuropathic pain states.15 Such a correlation suggests that it
may be possible to use deined stimuli to quantify spontaneous
pain, beyond a subjective patient report, and objectively
compare and contrast the eicacy of pain treatments.

General Mechanism
his chapter presents a general outline of the normal pain
pathway. Detailed neuroanatomic and neurochemical schemes
have been published elsewhere.16 Noxious cutaneous stimuli
(either thermal or mechanical) stimulate myelinated or unmyelinated small-diameter primary aferents, conducting the
noxious signal to the spinal cord supericial dorsal horn (or,
in the face, to the brainstem trigeminal sensory nucleus).
Within the dorsal horn, excitatory neurotransmitters released
from primary aferent central terminals stimulate postsynaptic
dorsal horn neurons. A number of neuroactive substances
(e.g., adenosine 5′-triphosphate [ATP]), excitatory amino
acids, and neuropeptides activate their respective receptors on
the postsynaptic neuron. By contrast, nonnociceptive, largediameter, primary aferents terminate in the deep dorsal horn
and also in the brainstem dorsal column nuclei.
Axons of dorsal horn nociceptive neurons ascend to the
brain via a number of tracts. Axons of nociceptive neurons
decussate in the spinal cord and ascend via the contralateral
ventral funiculus (spinothalamic tract) and terminate in the
ventroposterior lateral thalamus. he pain signal may be dispersed from the thalamic nucleus to various brain areas with
diverse functions such as the sensory cortex, hypothalamus,
limbic lobes, and motor nuclei. Although there are a number
of indirect pathways between the spinal dorsal horn and brain,
direct projections of dorsal horn neurons to a number of brain
areas have also been reported.17 By virtue of the numerous
direct and indirect connections between nociceptive neurons
to higher brain areas, pain evokes multiple physiologic and
psychologic responses. Given human genetic diversity, it is
apparent that the pain experience, as well as potential treatment strategies, difers among individuals and groups.18,19
In the normally functioning pain system, the excitatory
component is counterbalanced by endogenous inhibitory
components such that the initial pain sensation is not
permanently propagated or does not evoke an exaggerated
response. Primary aferents synapse with dorsal horn nociceptive neurons as well as inhibitory interneurons that, in
turn, synapse with spinal nociceptive neurons, thus moderating pain transmission.20 Also, axons of nociceptive spinal
neurons that terminate in the brainstem activate serotonergic,
catecholaminergic, and GABAergic (γ-aminobutyric acid)
neurons, which in turn send axons down to the dorsal horn.
Because terminals are found presynaptic to primary aferents
and spinal nociceptive neurons, activation of these brainstem
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be utilized to provide long-term pain relief.39-48 his is particularly promising given the extensive preclinical and clinical
research with cellular transplantation for functional recovery
ater SCI (for a review, see Youseifard et al.49). Adjunct therapies, such as locomotor or cardiac training, may also improve
long-term pain relief by targeting multiple aspects of SCI,
including injury-evoked inlammatory processes, activation of
endogenous analgesic systems, reduction of primary aferent
sprouting, and normalization of neurotrophic factors within
the spinal cord and afected musculature.50-54

Recombinant Analgesic Peptides
Naturally occurring peptides with analgesic properties are
increasingly becoming the focus of preclinical pain research
for several reasons, such as (1) their high speciicity and ainity to pain-related target receptors, (2) their involvement as
substrates of metabolism, and (3) their potential use in cellular
and gene-based therapies. Vector-mediated delivery of possible
analgesic molecules, such as opioid peptides, antiinlammatory cytokine interleukin-10, calcium channel binding peptide
CBD3, brain-derived neurotrophic factor, and the GABAsynthetic enzyme GAD, have shown promising outcomes in
rodent neuropathic pain models.55-61 Herpes simplex virus–
mediated opioid peptide gene delivery has recently undergone
clinical trials for cancer pain.48-62 A previous study described
selection of promising therapeutic molecules.63 Since then,
exciting preclinical studies have demonstrated that naturally
occurring peptides could be used to attenuate SCI-induced
dorsal horn neuronal dysfunction underlying the SCI neuropathic pain state.
Intrathecal administration of histogranin, a peptide found
in the medullary adrenal gland, ameliorated cutaneous
hypersensitivity associated with neuropathic pain, possibly
through reducing the activity of NMDA.63-66 A recombinant
synthetic version of histogranin, serine-histogranin (SHG),
was expressed in vivo in rats by using a lentivirus expression system and reduced acute pain perception.47 Naturally
occurring µ-opioid receptor ligands, endomorphin-1 and -2
(EM-1 and EM-2) have also demonstrated eicacy in preclinical pain models. he preclinical indings of eicacy recently
led to the initiation of a phase I clinical trial in which a viral
vector delivered an opioid peptide gene to subjects with cancer
pain.48,62,67-69 Intraspinal injections of lentiviruses encoding
SHG, EM-1 and EM-2, either singly or in combination,
produced robust analgesic efects in SCI rats without decrement of eicacy over time (tolerance), as observed with some
clinical analgesics.70 Furthermore, the analgesic efects of the
combination of SHG and EM appeared to be additive, which
suggests a potential for greater analgesia with a combination
compared with either peptides alone. he data suggest that
delivery of therapeutic genes could be a useful approach in
managing clinical neuropathic SCI pain.
he use of viruses to deliver therapeutic genes could be
contraindicated in some patients. hus, as an alternative,
recombinant cell therapy ofers the possibility of focal delivery
of analgesic substances within the CNS. he recombinant
cellular approach allows for the generation of genes encoding
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neurons leads to diminished pain perception. Direct application by intrathecal injection of inhibitory neurotransmitters
and opioid neuropeptides reduces spinal nociceptive neuron
responses to noxious peripheral stimulation and is antinociceptive in rats.21 Analgesia is also observed in humans following intrathecal injection of similar substances (α-adrenergic,
GABAergic, and opioid receptor agonists).22 hese indings
show a considerable parallel between the human and rat
spinal dorsal horn neurochemistry that further points out the
utility of preclinical models in evaluating drugs for possible
clinical use.
In contrast to the normal state, experimental evidence
suggests that decreased inhibition, increased excitation, or
a combination of both initiates and perpetuates a chronic
pain state because of the pathology of the nervous system.
For example, acute lumbar intrathecal injection of an
antagonist to either the GABAA or GABAB receptor subtype
or the glycine receptor leads to a transient yet robust hind
paw hypersensitivity and vocalization in rats. his indicates
that a tonic inhibition is present in the normal state, which
dampens responses to peripheral stimulation. Similarly,
intrathecal injection of an excitatory glutamate receptor
agonist (e.g., N-methyl-D-aspartate [NMDA]) induces a longlasting hind paw hypersensitivity.23 he sustained excitation
of nociceptive neurons may lead to increased intracellular
cation levels, upregulation of second messenger systems, and
gene expression.16 hese intracellular processes then lead
to persistent hyperactivity and increased responsiveness to
peripheral stimulation. Furthermore, such abnormal activity
may be found throughout the pain neuraxis. Preclinical pain
models have demonstrated considerable changes to normal
neuroanatomy and neurochemistry following painful peripheral nerve injury or inlammation. For example, the central
terminals of nonnociceptive primary aferents extend to spinal
laminae normally receiving nociceptors, and these same aferents express neuropeptides typically found in nociceptors.24,25
Changes in brain activity response to peripheral stimulation
following an injury, including an SCI, have been observed.26
On the basis of indings in preclinical pain models, to
attenuate clinical chronic pain states, it would be reasonable to
increase inhibition (e.g., intrathecal GABAB receptor agonist
baclofen) or decrease excitation (e.g., intrathecal NMDA receptor antagonist ketamine) at the level of the spinal cord, the irst
site of interaction between the peripheral nervous system and
the central nervous system (CNS; see later).22,27 Even though
such acute measures may prove eicacious, they are temporary.
It is likely that a number of regions within the nervous system
may express abnormal excitation and that these changes have
been made permanent via genetic and structural mechanisms.
Cellular transplantation may be able to address some of these
permanent changes and can be modiied to target multiple
aspects of CNS dysfunction. For example, transplantation of
embryonic cells, such as neural progenitor cells or GABAergic
neural progenitor cells, improves neuropathic pain symptoms,
possibly through replacement of lost cells and promotion of
increased inhibition.28-38 Also, embryonic cells can be altered to
continuously release endogenous analgesic substances, either
through bioengineering or biomaterial platforms, which could
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multiple copies of a peptide, which in turn allows for varying
quantities of peptide to be produced. Genetically modiied rat
embryonic GABAergic cells expressing SHG signiicantly
reduced thermal and mechanical hypersensitivity in rats with
neuropathic SCI pain.71 he GABAergic cells were capable of
encoding from one to six copies of the SHG gene. Antinociception was observed, even when the cells were transplanted
long ater the injury.71 Intrathecal injection of an antibody to
SHG attenuated the antinociceptive efect of the transplants,
demonstrating that signiicant amounts of SHG were released
from the transplants. Levels of SHG released by the cells were
conirmed by immunoblotting and immunocytochemistry.71
hese data highlight the potential use of gene and cellular
therapies in providing long-lasting pain relief in patients with
neuropathic SCI pain.
For obvious reasons, most experimental pain studies have
focused on neural function. However, glial cells (e.g., microglia, astrocytes) vastly outnumber neurons in the CNS. Accumulating evidence indicates that glia have a key role in
maintaining the neuropathic SCI pain state.72 In the normal
state, glia appear to maintain the homeostasis of the extracellular milieu. Because glia express receptors and ion channels,
similar to neurons, they may respond to neuroactive substances. Following exposure to these substances, activated glia
may release, in turn, a number of neuroactive substances and
proinlammatory cytokines. he glial response following
injury has been intensely characterized because modulating
the response is believed to be crucial to promoting motor and
sensory recovery.73-75 Injury of the thoracic spinal cord leads
to dramatic increases in microglia and astrocytes, not only at
the site of injury, but also at the level of the lumbar enlargement several segments away.76,77 Interestingly, similar increases
in spinal glial activity in the lumbar spinal cord are observed
in models of painful peripheral neuropathies.78 Treatments
designed to decrease glial function following SCI to improve
motor function may also have a secondary efect of reducing
SCI-induced pain. Such treatment studies should include
sensory outcomes if the patient has SCI pain.
here is a compelling need for nonpharmaceutical treatment
options for SCI patients through the identiication of new and
novel therapeutic strategies such as physical rehabilitation.
Physical rehabilitation is a peripheral treatment that provides
increased endogenous production of neurotrophic factors
associated with spinal plasticity and functional recovery to
the CNS, which can be diicult to deliver exogenously due
to the impermeability of these neurotrophic factors across
the blood-brain barrier.79-82 Clinically, physical rehabilitation
such as locomotor training (cycling and treadmill training)
is prescribed to prevent muscle atrophy in the afected limbs
and promote locomotor recovery in SCI patients.83-88 However,
aside from the known locomotor beneits, preclinical research
has shown that moderate levels of locomotor training in
rodent models of SCI provide partial reduction of neuropathic
pain,51,53 and increased levels of exertion under an intensive
locomotor training protocol signiicantly reduced multiple
symptoms of neuropathic pain not seen with moderate exertion.54 hese beneits are in part due to changes in endogenous opioid production, µ-opioid receptor expression, the

bulbospinal serotonergic system, inlammatory markers, and
aberrant sprouting of central terminals of nociceptive primary
aferents.53,89-99 Preclinical research indings suggest a dual role
for physical rehabilitation to combat both neuropathic pain
and locomotor dysfunction, thereby maximizing the potential
for postinjury recovery, improving patient independence, and
increasing productivity and participation in normal daily
activities. Currently, physical rehabilitation is only prescribed
to manage pain resulting from peripheral injury100-103 and
is rarely used for the management of central neuropathic
pain.104,105 Clinical trials in SCI patients are underway.106,107

Neuropathic Spinal Cord Injury Animal Models
he majority of preclinical SCI pain experiments have been
done in rodents, not only because of the convenient availability
of near-homogeneous subjects, but also because general clinical aspects of the histopathology following an SCI can be replicated in rats.108 In addition, numerous analgesic treatments
initially screened in peripheral injury chronic pain models
have gone on to demonstrate clinical eicacy. hus animal
models of SCI pain may also be useful in both elucidating SCI
pain mechanisms and developing novel clinical treatments.

Considerations
A degree of controversy exists surrounding the clinical relevance of rodent models of pain.109 Such controversy plagues
other ields of neurologic research as well.110 he main clinical
diagnosis of pain is based on the patient’s verbal report, which
would include pain severity, duration, and frequency. By
contrast, in chronic pain models, a speciic response to a given
stimulus is interpreted as pain by experimenters. An exaggerated change in response to either nonnoxious or noxious
(hyperalgesia) cutaneous stimuli is interpreted to mean a
pathologic alteration in the underlying pain mechanism.
However, such changes in sensory perception may not always
be reported by patients, who primarily present with unevoked
spontaneous pain.
An additional controversy that arises concerning animal
models is deciding which would be best to use for preclinical
research such that the information obtained could be readily
translated into clinical practice. In terms of evaluating new
therapeutics, predictive validity and reliability are crucial.111 A
model with predictive validity allows one to accurately foresee
the efect of a treatment in humans.
If the animal displays behaviors that are analogous to clinical symptoms, the model is said to have face validity. In pain
research, however, the outcome measures in preclinical and
clinical situations may not be identical. Most preclinical
analgesic drug studies measure changes in response to stimulation, whereas few clinical drug trials have solely used
quantitative sensory testing. Despite the stark diference in
outcome measures, the concordance between the animal and
clinical results is between 61% and 88%.112 In general, the high
concordance suggests that the presence of cutaneous sensitivity (e.g., withdrawal threshold) is predictive of spontaneous
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Description of Spinal Cord Injury Models
hree general SCI injury models have been most frequently
used: excitotoxin microinjection into the spinal cord parenchyma, acute trauma to spinal tissue, and photochemically
induced ischemia of spinal vasculature. Each rat model
displays distinct injury-induced, pain-related behaviors
and histopathology—behaviors and pathologies that may
not be observed in the other models. At the same time, a
few general characteristics may be observed across models.
he neurobiologic substrates that underlie SCI pain in one
model could be speciic to that model. On one hand, this may
complicate eforts to develop analgesic treatments to cover a

heterogeneous population. On the other hand, the heterogeneity of the clinical population and a diversity of mechanisms
suggest that that there is no magic bullet and that numerous
treatments for pain need to be developed.

Excitotoxin Injection
A series of microinjections of the nonsubtype selective glutamate receptor agonist quisqualate is placed into the deep
dorsal horn of the thoracolumbar spinal cord.117 he lesion
leads to a dramatic necrosis of the deep dorsal horn but
spares the supericial dorsal horn, thus preserving ipsilateral
sensory input. Furthermore, syrinx formation is observed in
these rats. Signiicant bilateral hind paw hypersensitivity to
both thermal and mechanical stimuli is observed as early as
8 days following microinjection. Also, spontaneous grooming
behavior, excessive hind paw scratching directed within the
injected dermatome, begins about 2 days ater microinjection
and may progressively expand and worsen over time. he
grooming behavior is suggestive of at-level unevoked pain.
Both the grooming behavior and cutaneous hypersensitivity
persist for weeks following injection.
he excitotoxic SCI model is unique in that the spinal cord
lesion is generally restricted to the dorsal horn. Because of this
selective destruction, there is little or no hind paw motor
dysfunction. Several novel treatments have been tried in this
rat model that attenuated pain-related symptoms, including
grooming.28,30,118 he predictive validity of this model is not
known because extensive evaluation of clinically available
analgesic drugs has yet to be done.

Acute Trauma to the Spinal Cord
Several methods of direct spinal injury lead to signiicant and
long-lasting neuropathic pain–related symptoms. Following a
laminectomy, the spinal cord at the thoracic level may be laterally hemisected, contused (e.g., New York University impactor), or compressed (e.g., vascular clip).
Following lateral hemisection of the spinal cord at level
T13, rats develop bilateral hind paw hypersensitivity to heat
(decreased withdrawal latency) and mechanical (decreased
withdrawal threshold) stimuli beginning 10 days ater injury.119
Loss of ipsilateral hind limb function is also observed, but
functional recovery begins about 7 days ater injury. Despite
mild-to-moderate hind paw dysfunction, as demonstrated
by the Basso, Beattie, and Bresnahan (BBB) locomotor
rating scores,120 robust ipsilateral hind paw responses can be
evoked in hemisected rats to observe the behavioral efects
of therapeutics. In addition, a bilateral forepaw (above-level)
hypersensitivity is observed beginning about 2 weeks ater
injury. A few clinically relevant analgesic drugs have been
tested in these rats, along with novel treatments.46,121 Systemic
and intrathecal (catheter terminating at the spinal level T13)
injection of morphine ameliorated hind paw mechanical hypersensitivity.122 Intrathecal baclofen increased hind paw withdrawal
thresholds in injured rats.123 In contrast, intrathecal injection of
the selective serotonin reuptake inhibitor (SSRI) luvoxamine
attenuated forepaw mechanical hypersensitivity to a greater
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pain (e.g., pain rating on a visual analog scale), but the wide
range also indicates that some models may have better predictive value over others.
In an attempt to bridge the divide between clinical and
preclinical outcome measures, basic scientists are working to
quantify spontaneous pain-related behavior and changes in
mood associated with chronic pain in animals.7,109 As mentioned earlier, changes in afect may impair SCI rehabilitation,
further degrading overall well-being. Some of the well-deined
experimental methods used in other behavioral research ields
such as psychiatry and drug addiction have been adopted to
detect and quantify spontaneous pain-related behavior, with
varying degrees of success.113-115 For example, the University of
Michigan developed a mechanical conlict-avoidance system
(Coy MCS; Noldus Information Technology) that provides an
operant method of pain testing that complements relexive
methods by addressing cognitive and motivational processing
in rodents.116 Given the current level of concordance between
preclinical and clinical results and the diiculty of quantifying afect in animals, it is not entirely clear how much more
translational or clinical value will be gained with the addition
of nonspontaneous measures to current testing procedures.110
If a model has face validity, the assumption that follows is
that it also has construct validity. Although it is desirable to
mimic the clinical pathology in the rat, this may not always
be possible. Demonstrating construct validity requires knowledge of the clinical mechanism, which is oten lacking and
incompletely understood. Also, as Geyer and Markou point
out, the theoretical basis of neurologic disorders is constantly
evolving.110 hus construct validity should not be the sole
determinant to judge the usefulness of a model.
Finally, reliability refers to the “consistency and stability”
of both the experimental procedure and the symptoms resulting from it.110 On the one hand, this quality is highly desirable
in basic science research because a highly predictable outcome
following a manipulation reduces the chance of error and the
need to use large numbers of subjects. On the other hand,
clinical SCI is not homogeneous, and although many SCI
patients have chronic pain, some do not.
Ultimately, the irst consideration in choosing a model
should be the scientiic purpose of the model. hen, on the
basis of the three main criteria (face, predictive, construct
validity), the experimenter can determine whether the model
is appropriate for the objectives.
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degree than hind paw hypersensitivity.124 he difering efect
suggests a diferential neuropharmacology between above- and
below-level neuropathic pains. Hemisection of the spinal cord
could be useful in comparing neurochemical and anatomic
changes rostral or caudal to the lesion with the uninjured side.
he lesion is relatively easy to generate and fairly consistent
from rat to rat, which in part explains why this is the most
commonly used SCI injury model.125 However, the relevance
of hemisection to clinical injury is not entirely clear because
there are few human cases of spinal hemisection injuries.
Most spinal cord injuries are due to acute extradural impact
and compressive forces.108 hese are traditionally modeled in
animals using contusive impact devices in which the severity
of the injury can be varied, resulting in locomotor dysfunction
in a force-dependent manner.126 In these animals, the efect of
various intervention strategies can be examined.125
Even with standardized procedures and devices, it is
still diicult to uncover a correlation between the degree of
tissue damage and symptoms of neuropathic pain. Following
a “moderate” contusion of the thoracic dorsal spinal cord,
the forepaws develop hypersensitivity to heat and mechanical
stimuli, but the sensitivity of the hind paws to these stimuli
is variable.127,128 A moderate contusion also yields long-lasting
at-level hypersensitivity, whereas fewer rats with a severe injury
displayed such hypersensitivity.129 Hind limb functionality
scores in moderately injured rats were considerably decreased
but recovered such that scores were eventually the same as
uninjured rats. Cutaneous hypersensitivity persisted, however,
long ater functional recovery.129,130 Contusion injuries are
the most commonly used SCI animal model for functional
recovery research; however, this model may not be able to
consistently produce below-level neuropathic pain.72 Other
studies have demonstrated signiicant at-level and below-level
hypersensitivity with severe injury.131,132 Clinical studies have
yet to ind a correlation among the extent of spinal cord injury,
speciic loss of certain tracts, or gray matter areas and pain.133
Similar to the excitotoxic SCI model, there has been
little pharmacologic validation of either the hemisection or
TABLE 107.2

contusion model with clinical analgesic drugs, except for the
anticonvulsant gabapentin.134 he positive efect of an SSRI
on above-level SCI pain in the hemisection suggests that this
class of drug may be clinically useful. However, there is a lack
of positive clinical evidence supporting the use of an SSRI in
SCI pain.27 In fact, the use of SSRI and tricyclic antidepressants
such as amitriptyline may enhance SCI-induced spasticity,
and tricyclic antidepressants may be contraindicated because
of side efects such as urinary retention and constipation.27,135
To increase conidence that novel analgesic interventions
tested in these preclinical animal models will succeed in
SCI patients, more pharmacologic validation studies are
necessary.

Compression Injury
To mimic circumferential compression, a combination of
impact and compression at multiple levels rather than a single
point of the spinal cord, a modiied aneurysm clip is used in
which one jaw is slid under the anterior thoracic spinal cord,
the other jaw is over the posterior cord, and the clip is closed
for a given length of time (e.g., 1 minute).136 Another important distinction of this model compared with others is the
prolonged injury duration. A modiied version of the circumferential compression model was used to evaluate several
clinical analgesic drugs. As with other models, signiicant hind
paw hypersensitivity to thermal and mechanical stimuli developed and hind limb locomotor function diminished; these
efects were noted as early as 1 week ater injury.137,138 On the
basis of a limited number of drugs, it appears that this model
can distinguish analgesic from nonanalgesic drugs. For
example, a sedating and anxiolytic dose of diazepam in SCI
rats does not ameliorate hind paw hypersensitivity (Table
107.2). he antiarrhythmic sodium channel blocker mexiletine
was not analgesic in clinical SCI pain and did not demonstrate
eicacy in compression-injured rats (Table 107.3). In contrast,
in an ischemic model of neuropathic SCI pain, mexiletine
ameliorated mechanical hypersensitivity.139

Drugs Evaluated in Rats With a Spinal Cord Compression Injury
A50 Dosea (95% CL)

Drugs (Route)

Tested Dose (mg/kg)

Tactile

Heat

ED50 Rotarodb

Amitriptyline (SC)

3, 10, 30

NS

NS

Baclofen (SC)

1, 3, 10

3.8 (2.2–6.5)

4 (1.3–12.2)

Carbamazepine (SC)

2, 20, 60

NS

NS

0.3, 1, 3

NS

NS

26 (16–42)

NS

128.6

7.6 (3.4–16.7)

NS

2.4

NS

NS

0.7 (0.5–1.2)

1.1 (0.4–2.7)

NS

NS

20.6 (11.8–35.8)

ND

Diazepam (SC)
Gabapentin (SC)

10, 30, 100

Memantine (SC)

2, 6, 20

Mexiletine (SC)

7.5, 25, 75

Morphine (SC)

0.3, 1, 3

Rofecoxib (IP)

10

Tramadol (SC)

10, 30, 100

2.1

14.1

>20

From Hama A, Sagen J. Behavioral characterization and efect of clinical drugs model of pain following spinal cord compression. Brain Res. 2007;14:117–128.
a
The A50 dose (mg/kg) is the 50% antinociceptive dose calculated at peak eicacy; N = 4-9 rats/dose.
b
The 50% dose (mg/kg) that disrupted performance on the rotarod test.230-233
CL, Conidence limit; IP, intraperitoneal; ND, not determined; NS, no signiicant efect observed at any dose (P > .05) compared with vehicle treatment; SC, subcutaneous.
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1949

Randomized Controlled Trials of Treatment of Spinal Cord Injury (SCI) Pain
Treatment Duration, Maximal Daily
Dose, Study Design

Outcome

NNT (95% CI)

Gabapentin

2–4 weeks, 1800 mg/day, crossover design

7

Equal to placebo

∞

Lamotrigine

2–9 weeks, 400 mg/day, crossover design

22

Equal to placebo

∞

Amitriptyline

6 weeks, 10–125 mg/day, parallel design

84

Equal to placebo

NA

Lidocaine (SA)

50–100 mg, crossover design

21

Better than placebo

3.5 (1.8–37)

Lidocaine (IV)

30 min, 5 mg/kg, crossover design

16/10

Better than placeboa

5 (1.6–∞)b

Mexiletine

2–4 weeks, 450 mg/day, crossover design

11

Equal to placebo

NA

Ketamine (IV)

60 + 120 µg/kg (20 min)

9

Better than placebo

NA

Alfentanil (IV)

7 + 12 µg/kg (29 min), crossover design

9

Better than placebo

NA

Morphine (IV)

20 min: 9–30 mg infusion, crossover design

Baclofen (IT)

50 µg, crossover design

Total No. SCI Patients

15/9
7

a

Equal to placebo

3 (1.6–40)b

Better than placebo

NA

IT, intrathecal; IV, intravenous; NA, not accessible from article; NNT, number of patients needed to treat to obtain one patient with 50% pain relief; SA, subarachnoid.
a
Conclusion based on all patients in the study (SCI and stroke).
b
Based on SCI patients. Individual references for each study in Finnerup and Jensen.27

A number of drugs were signiicantly antinociceptive,
however, including systemic baclofen, morphine, and the
anticonvulsants gabapentin and pregabalin.140 Recent data
from the rat spinal compression model suggest that memantine, tramadol (a cannabinoid receptor agonist), and the
N-type voltage-gated calcium channel blocker ziconotide may
be efective for neuropathic SCI pain (compare Tables 107.2
and 107.3).138,141 While robust reduction of neuropathic SCI
pain was obtained with exogenous cannabinoids, increasing
synaptic levels of endogenous cannabinoids (e.g., anandamide)
by blocking the degratory enzyme did not yield a comparable
level of antinociception.142 Clinical trials with appropriate
controls are necessary to conirm the clinical utility of these
drugs and establish predictive validity of the model.143 Recent
trials in patients with the anticonvulsant pregabalin (Lyrica)
have reported some relief of pain symptoms in a number of
chronic pain conditions, including SCI pain; however, adverse
efects were also noted.144-148 he pharmacologic data suggest
a selective responsiveness to antinociceptive agents rather
than generalized responses to ataxic or sedating drugs. he
data also suggest diferences between models (beyond the type
of injury) in the mechanisms that maintain neuropathic SCI
pain. Further drug eicacy comparisons between models are
necessary to support this contention. In general, the diverse
animal drug eicacy data imply that some drugs may be useful
within speciic populations of SCI patients.
Interestingly, drugs that have been shown to be eicacious
for peripheral neuropathic pain, such as amitriptyline and the
anticonvulsant carbamazepine, do not show eicacy in this
model.27,149 his suggests signiicant mechanistic diferences
between peripheral and central neuropathic pain and implies
that distinct treatment approaches may be necessary depending on the injury, regardless of similarities in symptoms (e.g.,
allodynia).

Photochemical Ischemia
Ischemia in the CNS may lead to neuropathic pain.2 Hao and
colleagues150 developed a neuropathic SCI pain model that did

not involve mechanical destruction of CNS tissue. Ater intravenous injection of erythrosin B, laser irradiation of the thoracic vertebrae causes coagulation of the spinal blood vessels,
which is limited to immediate spinal segments. A short-term
(several days) mechanical hypersensitivity develops within the
thoracic dermatome in which the ischemia occurred.150 With
greater ischemic damage, thoracic hypersensitivity reemerges
several weeks ater the initial hypersensitivity and persists for
months. Furthermore, some of these animals (40%) mutilate
their hind limbs (“autotomy”), suggesting the presence of
below-level spontaneous pain or dysesthesia.151
Several clinical drugs have been evaluated in these
rats.139,151-154 he thoracic hypersensitivity was opioid sensitive
and also suppressed with the antiarrhythmic drugs tocainide
and mexiletine, the sedative pentobarbital, and gabapentin.
However, clonidine and baclofen did not signiicantly afect
hypersensitivity. In contrast, in clinical SCI pain, intrathecal
clonidine and baclofen demonstrated eicacy, whereas (oral)
mexiletine did not (see Table 107.3).27,155,156 It is possible that
at-level pain in these rats and the clinical neuropathic SCI pain
are entirely diferent in terms of mechanism. he experimental
approaches difer greatly as well; at-level pain was not speciically evaluated in the clinical trials, and there is a lack of
below-level pain in this model. Other data using this model
suggest that the NMDA receptor antagonist dextromethorphan could be useful in the treatment of SCI pain, as it appears
to be for some types of peripheral neuropathic pain.157 Ketamine, a drug with similar NMDA receptor channel blocking
properties, has been shown to relieve neuropathic SCI pain.158
he outcome of clinical studies using dextromethorphan will
test the predictive value of the ischemia SCI model.

Dorsal Root Avulsion Model
he T13/L1 dorsal root avulsion model of spinal cord injury
was developed speciically for the study of central pain and to
minimize confounding complications, such as paralysis,
urinary tract infections, and autotomy seen with SCI models
that afect the ventral horn. his model results in tissue damage
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to Lissauer’s tract, dorsal horn, and dorsal columns and
induces robust and reliable hind paw mechanical allodynia
associated with the L4–L6 spinal segments.159,160 Two versions
of the model have been developed for testing systemically or
intrathecally administered pharmacologic agents. Pharmacologic administration of the phosphodiesterase inhibitor propentofylline, the macrophage migration inhibitory factor
inhibitor ibudilast, and the Toll-like receptor 4 antagonist
(+)-naltrexone each reversed below-level allodynia bilaterally
in this model.161 However, single administration was insuicient and administration of at least 1 to 2 weeks was required
for reversal of pain symptoms. his may allow for interpretations of apparent drug failures ater short-term dosing regimens.161 Overall, this model provides an additional means to
investigate below-level central neuropathic pain states associated with spinal cord injury.

Mechanism of Neuropathic Spinal Cord Injury
Pain in Humans
Because of the ethical and technical limitations to human
experimentation, there are few opportunities to directly
observe the neural mechanism of chronic SCI pain in humans.
he limited clinical data, however, reinforce the general preclinical inding in terms of increased spinal hyperexcitability
following injury.
Using microelectrodes, spontaneous activity in dorsal horn
neurons was recorded both rostrally and caudally to the injury
in patients with SCI pain.162,163 Similar activity in spinal
neurons was also found in SCI rats.164-166 In addition, dorsal
horn neurons in rats displayed exaggerated excitation (central
sensitization) to distal cutaneous stimulation, but analogous
neurons have yet to be described in humans. Changes in CNS
neural function have been observed beyond the spinal cord in
both rats and humans.167-169 he cause of the abnormal neural
function is not known. One possibility is that, as observed in
rats, lesions to dorsal gray matter lead to neuropathic SCI
pain. On the basis of limited analyses of spinal lesions using
magnetic resonance imaging, a signiicant distinction between
patients with pain and pain-free patients and the extent of
tract or gray matter damage was not observed.133 Perhaps the
temporal change in abnormal neural function parallels that of
pain following SCI. A clinical time course study may not be
technically feasible to address this issue, however.
At the cellular level, changes in excitatory or inhibitory
neurotransmission may underlie abnormal activity of, for
example, spinal neurons. Changes in neuropeptide content in
the spinal dorsal horn following SCI in animals have been
reported. An excitatory neuropeptide found in primary aferent nociceptors, calcitonin gene-related peptide (CGRP), was
increased in the deep dorsal horn of the lumbar spinal cord,
far removed from the thoracic injury site.170,171 Both the spinal
compression and hemisection models have signiicant belowlevel hypersensitivity to noxious and innocuous cutaneous
stimuli, which are transiently ameliorated with a CGRP receptor antagonist.121 he elevated CGRP content in the deep
dorsal horn could partly underlie both increased neuronal

activity and chronic pain. he CGRP content in the deep
dorsal horn from SCI patients is also increased, although pain
was not measured in these patients.172 In the case of humans,
then, the consequence of the change in neuropeptide content
on sensation is not clear. he amelioration of neuropathic SCI
pain with NMDA receptor antagonists such as ketamine and
dextromethorphan indirectly suggests that glutamate receptor
activity has a key role in maintaining pain. here is no direct
evidence to demonstrate signiicant loss of GABAergic
neurons, for example, in the spinal cord of neuropathic SCI
pain patients. However, the indirect pharmacologic evidence
such as analgesic efects with baclofen suggests that a loss of
inhibition could be as important as the increase in excitation.
Noninvasive magnetic resonance spectroscopy could be used
to evaluate changes in inhibitory amino acids.168,173
Few clinical studies have evaluated the role of glia in
clinical neuropathic SCI pain. Spinal cord tissue taken acutely
following injury (15 to 60 days) exhibited marked microglia/
macrophage iniltration proximal and distal to the injury.174
A correlation between cellular activation and pain cannot
be determined because the pain status of the patients was
not determined. Although clinical data correlating possible dysfunction of brain nuclei with SCI pain are starting
to emerge, postmortem tissue is currently the only way to
evaluate in detail the neurochemical and anatomic processes
following SCI.167
Currently, treatments for SCI pain are based more or less
on trial and error rather than empirically. However, with
increasing sophistication of medical imaging techniques combined with receptor-selective radioligands, it may be possible
to observe and quantify the efect of SCI on neural areas that
are pain related and assess the efect of treatment on these
areas.175 Drugs that are analgesic could be characterized by
receptor-binding function as well as activity at deined painrelated areas.

Nonneural Molecular Targets for Spinal Cord
Injury Pain
Although there are numerous interactions between glia and
neurons following injury, research on chronic pain—SCI pain
in particular—has been generally slanted toward neural
events.176,177 As a result, the development of novel analgesic
drugs has focused on neural dysfunction. hese include
ziconotide and cannabinoids, both of which, coincidentally,
are naturally based products.143,178 Given that glia also express
membrane proteins similar to those found on neurons, it is
likely that drugs targeted to neurons may also afect glial function. his section summarizes a few of the cellular and
molecular processes, with respect to glia, underlying the
development of neuropathic SCI pain.
In addition to the sensitization of nociceptors and spinal
dorsal horn neurons, an early and permanent “gliopathy”
contributes to maintenance of neuropathic SCI pain. Gliopathy has been deined as the “dysfunctional and maladaptive”
glia response to injury.72 Like the response observed in neurons
following injury, the glia response is persistent and elevated.
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Lipid Signaling
A number of proteins that have been identiied by proteomic
and genomic analyses in SCI can be functionally categorized
in several groups, such as cell cycling, chemokines, cellular
metabolism, lipid and protein degradation, neuronal survival,
and regeneration.184-187 In addition to cellular membrane
formation, lipids also have important roles in extracellular
and intracellular signaling. One such class of lipids is the
lysophospholipids, lipids involved in cell proliferation and
chemotaxis.
In addition to cytokines, NF-κB also induces transcriptional upregulation of ectonucleotide pyrophosphatase/
phosphodiesterase 2 (ENPP2/autotoxin), the enzyme that
produces lysophosphatidic acid (LPA).188 Activation of the
peripheral LPA1 receptor leads to demyelination and vascular
remodeling, processes that in part mediate the initiation of
nerve injury–induced pain.189-191 In the spinal cord, LPA
induces proliferation of astrocytes and also inhibits glutamate
uptake by reactive astrocytes, thereby exacerbating glutamate
neurotoxicity.192 Because these pathologies are also observed
following SCI and LPA activation appears to have a key role
in initiating nerve injury–induced neuropathic pain, LPA may
also contribute to the onset of neuropathic SCI pain. Antagonists to either the enzyme or the receptor may be useful in
reducing the tissue pathology caused by LPA and perhaps
ameliorating SCI pain. FTY720-phosphate (ingolimod), an
immunosuppressant derived from the fungal product myriocin, has been demonstrated to have antitumor efects and is a
potential treatment for multiple sclerosis.193 It is an inhibitor
of ENPP2 and a sphingosine-1-phosphate (S1P) receptor
agonist. S1P activation leads to similar events observed with
LPA, including the increased synthesis of prostaglandins, but
FTY720-phosphate reduces pain following peripheral nerve
injury.193 A number of S1P receptor subtypes exist, so the efect
of FTY720-phosphate could be mediated through one of these
or via an entirely novel mechanism.

Glial Inhibitors
A number of intracellular or membrane targets modulate the
glial response to injury. In spinal nociceptive neurons, glutamate excitotoxicity results in the upregulation of microgliaspeciic activator cysteine-cysteine chemokine ligand 21
(CCL21). his ligand is transported preferentially down axons
and released.194,195 he protein binds speciically to CXCR3
receptors expressed on microglia and not those found on
neurons and astrocytes. he tetracycline derivative minocycline decreases microglia activation and expression of
CCL21.196 he presence of the microglia activator CCL21 is
not restricted to the site of SCI but may be found rostrally in
brain regions such as the thalamus.196 hus it is important to
note here that an apparently discrete CNS lesion may lead to
glia activation throughout the pain neuraxis, and systemic
rather than localized treatment may be required to efectively
treat neuropathic SCI pain.
On exposure to growth-inducing proinlammatory cytokines and nucleotides (e.g., ATP), glia begin to proliferate or
reenter the cell cycle in a cyclin D1–dependent manner.197,198
Cyclin-dependent kinases (CDKs) and cyclins assist the
transition through various steps of the cell cycle. Postmitotic
cells such as oligodendrocytes and neurons respond to these
proliferation signals by undergoing apoptosis. CDK inhibitors that are under investigation as anticancer drugs (e.g.,
olomoucine, roscovitine, and lavopiridol) decrease spinal
lesion volume following SCI.199,200 hese compounds also
inhibited tumor necrosis factor (TNF)-α–mediated microglial
proliferation. Antagonism of the Toll-like receptor, TLR4, by
opioid inactive isomers (+)-naltrexone and (+)-naloxone,
reverses neuropathic pain through blockade of downstream
signaling leading to nitric oxide, TNF-α, and reactive oxygen
species that may help explain the in vivo therapeutic efects
of these antagonists.201 Alvocidib, a lavopiridol derivative,
reduced inlammation-induced peripheral tissue destruction.202 he capsaicin-sensitive cation channel TRPV1 is
found on peripheral nociceptors (as well as glia). CDK5
mediates TRPV1 phosphorylation, which leads to sensitized
nociceptors. TNF-α, abundantly found in injured tissues,
also sensitizes TRPV1 by a CDK5-mediated pathway.203-206
Roscovitine, another nucleotide analogue, prevents activation
of CDK2 and CDK5 and has been shown to be efective in
attenuating inlammatory pain.207,208 At higher concentrations,
roscovitine could inhibit the activity of CDK5-inducible signal
transduction pathway kinases such as extracellular signalregulated kinase 1 (ERK1) and ERK2.209 ERKs have been
implicated in dorsal horn neural hyperexcitability and glial
activation.177 Cannabinoid receptor type 2 activation induces
a microglial antiinlammatory phenotype and reduces migration through mitogen-activated protein kinase phosphatase
induction and ERK dephosphorylation.210,211 hus prevention
of injury-induced reinitiation of the glial cell cycle may be
useful in limiting tissue damage as well as sensory dysfunction
caused by overexpression of cytokines and other inlammatory mediators.
Propentofylline, a xanthine derivative with neuroprotective
properties, has been shown to reduce neuropathic SCI pain via
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Gliopathy has also been reported in other neuropathic pain
models.179 Activated glia secrete proinlammatory cytokines,
nociceptor sensitizers, and other substances that directly
activate nociceptors and alter ion channel expression.180,181
Glial nuclear factor–κB (NF-κB), a protein complex transcriptional factor with a key role in the cellular response to infection
and stress, is presumed to be crucial in the intracellular process
that underlies the long-term response to substances released
from injured spinal cord. Activated NF-κB stimulates cytokine
gene transcription. Knockout of glial NF-κB in mice reduced
peripheral tissue injured–induced pain.182 Nonsteroidal antiinlammatory drugs, glucocorticoids, and immunosuppressants inhibit the activation of NF-κB.183 Early postinjury
blocking of the NF-κB signaling cascade may attenuate the
severity of later neuropathic SCI pain. It should be noted that
NF-κB is also crucial in tissue healing. hus an optimal, probably narrow, level of activation of NF-κB is necessary for
recovery. In terms of SCI, the optimal level that will lead to
both functional motor and sensory recovery remains to be
deined.
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numerous possible mechanisms.77,212 Propentofylline is both
an adenosine reuptake inhibitor and phosphodiesterase (PDE)
inhibitor.213,214 Treatment of SCI rats with propentofylline
leads to decreased glia activation and increased GABAergic
function as indicated by increased protein expression of the
enzyme that produces GABA in neurons, which coincided
with decreased pain.212 Similarly, ibudilast, another nonselective PDE inhibitor, suppressed glial cell activation and painrelated behavior following nerve injury.215 Phosphodiesterase
inhibitors, including sildenail and minocycline, could be
a novel class of analgesics for SCI pain; however, in recent
clinical trials propentofylline failed to decrease postherpetic
neuralgia.211,216,217
Finally, a membrane protein not involved in membrane
electrical conduction may have potential as an analgesic target.
he aquaporins (AQPs) are integral membrane proteins that
are permeable to water and found in various mammalian
cells.218 AQP4 is highly expressed in brain and has been found
exclusively in astrocytes.219 Following SCI, these channels were
found to be upregulated, which may partly explain the presence of numerous luid-illed cavities (syrinx) within the
injured spinal cord.187,220 An SCI-induced increase in AQP1,
found in neurons and ependymal cells, may also be involved
in syrinx formation. he carbonic anhydrase inhibitor acetazolamide, a clinically used diuretic, may inhibit AQP4 function, reducing tissue damage and possibly SCI pain.221,222
It should be apparent that numerous short-term and longterm cellular processes are modulated following SCI and that
addressing only one issue may not entirely control abnormal
glial responses to injury. Drugs with multiple mechanisms may
therefore be desirable over those with a speciic mechanism.
he degree to which glial function can be attenuated to
obtain pain relief is currently unknown. his problem also
arises in blocking neurotransmission for pain relief—total
block leads to anesthesia and adverse neurologic side efects.
Likewise, complete block of glial function or completely
destroying proteins associated with glial scarring following
SCI leads to injury exacerbation.223,224 Also, time to treatment
would be an important consideration. Although immediate
blockade of gliosis with cytokine-neutralizing antibodies or
genetic manipulation signiicantly improved functional recovery ater experimental SCI, few patients can be treated immediately following SCI.225-227 In addition, neuropathic SCI pain
emerges months or years following injury, making universal
early treatment in all SCI cases questionable.7 Further studies
in terms of treatment timing and better understanding of the
efects of novel glial inhibitors on eventual functional outcome
are necessary.

Summary
he sheer amount of potential targets, time needed to evaluate
these targets, and time required to create a safe drug may be
discouraging for patients with SCI and their physicians.
However, a number of clinically available drugs (and nontraditional substances) for other conditions may be useful in
neuropathic SCI pain.

Despite the growing clariication of the mechanism underlying neuropathic SCI pain, the diiculty of providing efective
pain relief persists. he experimental and clinical data point
out that there are numerous neural and nonneural mechanisms that underlie the initiation and maintenance of neuropathic SCI pain. On one hand, preclinical research may
eventually yield a multitude of treatments for treating neuropathic pain, whether they are orally consumed small molecules,
cell-based therapies, or gene-based therapies. On the other
hand, it is not entirely clear which of these enzymes or receptors can be efectively targeted by external intervention. Also,
the most efective timing of the treatments, whether in parallel
or in series, is not entirely clear.
A key test of the usefulness of a preclinical model is whether
it can predict the clinical eicacy of a given treatment.
Researchers believe that their models may be generalized to a
given clinical situation, but this may lead to clinical failure on
the basis of incorrect assumptions. Many of the neuropathic
SCI pain mechanisms observed in rodents have yet to be
demonstrated in humans. here should also be conidence
that the animal end points and clinical end points are similar
or the same. On the basis of a review of the preclinical and
clinical literature, such conidence is lacking. If animal models
are to shoulder the burden of producing novel treatments for
neuropathic SCI pain, the validity of these models should be
carefully ascertained. Failures and successes should be openly
presented.228,229
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KEY POINTS
1. Gliopathy: This concept stresses the contribution of nonneuronal
cells to onset and maintenance of SCI-induced neuropathic
pain. The dysfunctional and maladaptive glial response to injury
sensitizes nociceptors and spinal dorsal horn neurons, thus
contributing to the maintenance of neuropathic SCI pain. Pain
treatments could have better outcomes if gliopathy is
addressed. The beneicial efects of glial inhibition need to be
timed and balanced to ameliorate pain—a complete ablation of
glial response has similar outcomes as an unresolved glial
response.
2. The molecular mechanism of chronic, neuropathic SCI pain is
multifaceted, indicating that treatment aimed at several molecular
targets rather than a single molecular target may be optimal.
3. Preclinical testing of a number of pharmacotherapeutics has
uncovered similarities and diferences in eicacy between
neuropathic SCI pain and other chronic pain models. The data
thus far suggest there are limited common mechanisms across
pain states.
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Pain is not what occurs at the periphery; it is what the brain
perceives, and it is indisputably modiiable by emotions and
beliefs. Actual damage is neither necessary nor suicient for
the perception of pain. Anger, depression, anxiety, fear, and
other psychological variables can all increase the perception
of both acute and chronic pain, as can believing it to be an
indicator of a destructive process.
Back pain is an enormous problem for patients, health care
providers, families, employers, and society.1–3 Most patients
seeking care from a spine specialist do so because of pain.4
Because the natural history of most spine pain is self-limiting,5,6
almost anything done will lead to the patient reporting a
decrease in symptomatology in a matter of days or weeks (with
the exception of bed rest, which has now been well shown to
do more harm than good).7 Most patients with back pain do
not need to see a spine specialist; rather, they are seen by their
primary care physicians. When it becomes persistent, it is
commonly not attributable to any speciic pathology or disease
process.8 Despite the fact that this has been well documented
for over a decade, the idea that nonspeciic low back pain must
result from demonstrable pathology persists in the mind of
patients and is oten fostered by providers. his belief in and
of itself may lead to the worsening of the pain. Patients who
do go on to see a specialist oten do so because the pain has
persisted beyond the time of expected spontaneous resolution
and they are worried. Of those patients whose pain does not
resolve within a relatively short time, some will go on to
develop chronic pain. he societal and individual costs of
chronic debilitating pain are staggering. he economic burden
of chronic low back pain has been estimated to range from
$84.1 billion to $624.8 billion, with primary indirect costs
attributable to lost work productivity.9 It is likely that prompt
recognition and intervention in cases with developing chronicity can lead to improved outcome with less need for
extensive interventions.
With this context in consideration, this chapter will attempt
to elucidate psychosocial factors that help contribute to the
transformation of back pain into a disabling condition.

Pain Perception: Nervous System Attenuation
and Ampliication
Back pain is oten ascribed to strains, sprains, annular tears,
internal disc disruption, facet arthropathy, or bone pathology; however, it is oten not explained by examination or
imaging. Positive indings on an imaging test may be misleading, since patients with severe symptoms oten have normal
imaging, and patients with herniations, degenerated discs,
bulges, osteophytes, and facet arthropathy are oten without
symptoms.10,11
To some extent, overreliance on imaging indings derives
from the persistence of obsolete concepts concerning nociceptive pain. Essentially, these implied a more or less linear
relationship between pain perception and peripheral stimulation; that is, a nociceptor is activated, the signal is transmitted
to the dorsal horn (DH) of the spinal cord, and from there via
the thalamus to the cortex, where pain is appreciated. Pain was
seen as an analog representation of some event; for example,
a child stepping on one’s toe produces minimal pain, while an
adult or an automobile would produce correspondingly greater
pains. As a result, when a patient complained of severe pain
and no appropriate pathology was found, the validity of the
complaints was challenged.
More recent evidence shows that pain is a creation of the
nervous system and not just a gauge of nociceptor activation.
Nociceptive aferent signals are subject to marked attenuation
and ampliication by descending facilitatory and inhibitory
tracts that have their action at the DH.12 Further, the presence of prolonged nociceptive stimulation, inlammation, or
nerve injury can lead to sensitization of the neurons that relay
pain, death of inhibitory cells,13,14 loss of tonic inhibition, and
structural neuroplastic changes. Perhaps even more interesting, activation of immune cells, including glia15 that were
previously thought of as having only structural roles, produces exaggerated, widespread, and mirror-image pains.16–18
DH molecular mechanisms of central sensitization include
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co-release of substance P and glutamate from aferent neurons,
jointly activating N-methyl-D-aspartate receptors and thereby
enabling temporal summation which can be reversed with
N-methyl-D-aspartate receptor blockade.19
Patients with idiopathic chronic low back pain (CLBP)
subjected to quantiied thumb pressure report more pain and
show more functional magnetic resonance imaging (MRI)
activation in brain areas likely to relect pain perception than
do controls, suggesting that at least some portion of CLBP
is related to central sensitization. Evidence also implicates
central sensitization as a signiicant factor in whiplash-associated
pain.20 hus, spine pain can result from local tissue pathology,
central sensitization, or both. It is therefore unrealistic to expect
that reports of chronic spine-related pain will necessarily correlate with the presence of severity of spine pathology. It should
be further noted that in addition to such pain sensitization and
facilitation, chronic pain syndromes are believed to develop as a
result of faulty pain inhibition as well.21 Pain inhibition involves
processing via spinal-supraspinal-spinal loops22; implicated
supraspinal structures include the prefrontal cortex, midbrain,
and periaqueductal gray.23 Evidence suggests the activation of
healthy or adaptive pain inhibition with the use of exercise,
for example, which has been demonstrated in back pain
speciically.24
he interplay of cognitions and pain modulation is complex
and of growing interest. It is known that guarding against the
possibility of pain and anticipation of its occurrence activates
cells in the rostroventral medulla that function to amplify
incoming pain signals at the level of the DH. Animal models
suggest that the simple facts of anticipating a pain sensation
and expecting it to be important are suicient to trigger these
“on cells,” in essence activating the “ampliiers” before the pain
stimulus has even begun.25
Increasing evidence points to genetic variability in pain
appreciation and in responses to endogenous and exogenous
opioids.26–28 Furthermore, there is compelling evidence that
individual reporting of high/low pain in response to a standard
stimulus demonstrates correspondingly high or low activation
of the somatosensory cortex, anterior cingulate gyrus (a likely
index of afective components of pain), and frontal cortex.29
To summarize, at least some forms of chronic back pain are
likely secondary to this complex, multifactorial degree of
central sensitization,30 and instruments have been developed
and validated for capturing and quantifying central sensitization (i.e., the Central Sensitization Inventory31,32). Further
application of this inventory in both clinical and investigational contexts is warranted before systematic use, yet general
consideration of central sensitization in back pain syndromes
is certainly critical for any clinician managing this patient
population.

Pain and the Psyche
Chronic pain syndrome is a term (not a diagnosis) that has
fallen into disfavor with pain specialists but is still oten used
by others. It describes a condition of severe intractable pain
with marked functional impairment and other behavioral

changes that have no clear relationship to organic disorder.
(Poor concordance between chronic pain and structural
pathology does not, as noted earlier, challenge the authenticity
of the pain.) Typically, these patients have inordinate use of
medications and health care services, which are largely nonproductive. hus, this is a nonspeciic term for patients most
typiied by abnormal illness behaviors, primarily those of
somatic preoccupation and regression into the sick role. he
term is useful in that it properly directs therapy toward the
reversal of regression and away from an exclusive focus on
nociception. It does not, however, substitute for a careful
diagnosis of the physiologic, psychological, and environmental
factors that produce the syndrome.
Psychosocial vulnerabilities may precede or follow the
development of low back pain, both proving to substantially
contribute to overall outcomes. Carragee et al. followed 100
patients with mild CLBP and no prior spine-related disability
for 5 years.33 Moderate or severe Modic changes (degenerative changes noted on spine MRI) of the vertebral endplate
were the only structural variable that weakly predicted
adverse outcome. Provocative discography and baseline MRI
predicted no outcome variables, but were weakly associated
with pain episodes. Psychosocial variables strongly predicted
long- and short-term disability and health care visits for low
back pain. A model based on scores on the Modiied Zung
Depression Test, Modiied Somatic Pain Questionnaire, Fear
Avoidance Beliefs Questionnaire (physical activity subscale),
and smoking status identiied 100% of long-term disability
subjects, 88% of all disability subjects, and 75% of subjects
having a remission.
It is reasonable to posit a stress-diathesis model in which
the degree of disability from a given degree of organic pathology will vary with the psychological reserves of the individual,
the stresses of the workplace, and incentives/disincentives for
recovery. Clearly, these variables overlap—the person with
poor coping skills and limited education is unlikely to obtain
the most desirable work situation.

Psychiatric Comorbidities
he most frequent psychiatric illnesses (excluding somatic
symptom disorders) in pain center patients are anxiety disorders, depression, and substance abuse. In 200 CLBP patients
entering a functional restoration program, Polatin et al. found
that 77% of patients met lifetime diagnostic criteria and 59%
demonstrated current symptoms for at least one psychiatric
diagnosis.34 he most common were those listed. A total of
51% met criteria for personality disorder. Substance abuse and
anxiety disorders appeared to precede CLBP, while major
depression could either precede or follow it. Studies vary as to
the prevalence of psychiatric disorder; however, they tend to
agree about those that are most common.
he prevalence of depression in chronic pain patients
ranges from 10% to 83%. his extreme variance relects variable settings, populations, and diagnostic criteria. In a Canadian general population survey of 118,533 people, CLBP was
present in 9%. Major depression was present in 5.9% of those
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Other Psychological Contributors to
Chronic Pain
Anxiety adversely afects pain through a number of mechanisms, and it can be the major reason for failure of rehabilitation from CLBP. Phobic processes can promote a cycle of
unnecessary self-protection and avoidance. Ultimately, this
can lead to deconditioning in the individual with chronic pain.
When people become afraid to move, disability and dysfunction can result as much from unwarranted fear as from the
pain itself. Anxiety can also lead to muscle guarding and
tension that lead to muscle shortening and other physiologic
responses that worsen pain. Nociceptors that are normally
unafected by norepinephrine become sensitive to it following
injury so that neuropathic pains are oten exacerbated by
anxiety as well as fear, anger, or excitement.
Pain catastrophizing is a cognitive–afective response to
anticipated or actual pain, comprised of three domains (helplessness, magniication, and rumination).40 It has been shown
to markedly amplify pain and is associated with poorer

outcome, heightened pain sensitivity, and impaired functioning.41,42 his is the case for both acute and chronic pain.
Anger is associated with exacerbation of both acute and
chronic pain. A number of authors have found associations
between anger regulation, both expression and suppression,
and severity of chronic pain.43,44 In a study examining the
efects of anger suppression in pain severity, Burns et al.45
found that patients with CLBP who were told to suppress their
anger toward a study confederate exhibited more pain behaviors and reported more pain than those who did not suppress
their anger.
Recent research has looked at other psychological contributors to pain, such as guilt and various aspects of mood—
including reactivity and positive afect—among those with
CLBP. Serbic and colleagues explored the relations between
pain-related guilt, lack of diagnostic certainty, and disability
through structural equation modeling in CLBP patients. hey
found that pain-related guilt (especially social guilt) and
diagnostic uncertainty contributed substantially to disability
and mood.46 While this study does not attribute causality to
the associations, it does underscore the potential importance
of addressing guilt through psychological strategies. Furthermore, low levels of positive afect combined with high negative
afect among individuals with CLBP may increase the odds of
comorbid ibromyalgia and worse functioning overall. Individuals with high levels of reactivity (high negative afect and
high positive afect) have shown similar levels of pain, mood,
and disability as those who are considered having a “healthy”
balance of afect (high positive afect and low afect).47

Psychogenic Pain/Somatization:
Diagnostic Considerations
Psychogenic pain is a concept whose existence is disputed and
whose use has decreased with more modern understandings
of the role of the nervous system in chronic pain. It was previously used when a medical explanation for pain was not
identiied. Similarly, the term somatization is used to refer to
the presentation of physical symptoms with psychological
underpinnings or inluence. Clinically, patients may demonstrate behaviors that are incompatible with the degree of
impairment that they describe. A plethora of complaints and
marked functional impairment may coexist with wellpreserved muscle deinition. It may be that the term is used
for several unrelated conditions, given that some diagnosed
with psychogenic pain appear euthymic, animated, and sleep
well, while others appear to sufer severely, cannot sleep, and
even contemplate suicide. One clue to the presence of somatization is apparent reluctance to discuss nonsomatic issues. If
asked about family, work, or politics, the response inevitably
and rapidly diverges to talk about doctors, symptoms, and
treatments. his is not typically seen even in severe physical
illness. Another clue is the sense of immediacy in the recounting of the traumatic event—a minor remote event is described
as though it occurred yesterday.
he American Psychiatric Association has historically
grouped these disorders under the framework of “somatoform
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without pain and in 19.8% of those with CLBP. he rate of
major depression increased in a linear fashion with pain severity.35 It is likely that the arrow of causality can point in either
direction, as there is evidence that pain predicts depression
and depression predicts pain, and to similar degrees.36
In a probability sample of 5692 US adults, 35% of those
with CLBP had comorbid mental disorders. Major depression
was present in 12.6%, dysthymia in 5.6%, any anxiety disorder
in 26.5%, and any substance use disorder in 4.8%. here was
no increased prevalence of (nonalcohol) drug abuse.37
Major afective disorder can present with pain, in which
case treatment of the mood disorder oten provides relief.
More commonly, however, depression appears as a consequence of pain, though not necessarily a direct result of it.
Rudy et al. showed that the link between pain and depression
could be mediated by perceived life interference (loss of gratifying activities) and loss of self-control.36 Moreover, Strigo
et al., in a study of the association of major depressive disorder
and experimental pain, observed that anticipation of pain was
associated with increased activity in the amygdala, anterior
insula, and anterior cingulate cortex in patients with major
depressive disorder when compared with normals.39 his suggests that depressed patients experienced an afective response
even before they experienced the painful stimulus. his was
also associated with greater perceived helplessness. hey posit
that patients with major depressive disorder have an altered
functional response within speciic neural networks during
the anticipation of pain that may lead to an impaired ability
to modulate the painful experience as well as their emotional
response to the pain.
here seems to be a vicious cycle in which pain behavior,
loneliness, inactivity, helplessness, depression, withdrawal,
loss of reinforcers and distractions, and pain are mutually
reinforcing. Improving one element in this series oten beneits
the others. hese issues, of course, are not resolved by pharmacotherapy, but do respond to successful rehabilitation.
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disorders,” including diagnoses such as hypochondriasis,
pain disorder, factitious disorder, and conversion disorder.
he diagnostic terminology has changed multiple times, with
the most recent revisions from the Diagnostic and Statistical Manual of Mental Disorders, 5th edition (DSM-5) being
the “somatic symptom disorders.”48 his new classiication
system allows for a speciier, “with predominant pain,” to
account for those with pain symptoms. A diagnosis of somatic
symptom disorder requires the presence of one or more
somatic symptoms that cause distress or disruption in daily
life, accompanied by an “excessive” psychological response
(thoughts, feelings, behaviors), such as high levels of anxiety
or preoccupation with symptoms for at least 6 months. Alternatively, if it is determined that psychological or behavioral
factors contribute to adverse outcomes associated with the
condition, a diagnosis of “psychological factors afecting pain
condition” may be used.
here is evidence of a continuum between symptoms of
posttraumatic stress disorder, dissociation, somatization, and
afect dysregulation. hese interrelated symptoms commonly
follow major trauma, and there seems to be a hierarchy of
traumas, such that natural disasters lead to fewer symptoms
than do adult interpersonal traumas, with childhood trauma
causing the most severe symptoms. Rome and Rome hypothesized that a process akin to kindling follows psychic trauma,
leading to symptom ampliication, spontaneous symptoms,
anatomic spreading, and cross-sensitization.49 hese are
processes that also characterize pain following neurologic
trauma. hey noted a melding of sensory and afective
symptoms and a “polymodal allodynia” that rendered these
people sensitized to both physical and emotional stressors.
Most studies linking adult-onset chronic pain with childhood
trauma have been retrospective. However, a study by Jones
et al. looking prospectively at a 1958 British cohort of 7571
subjects found that, although adult onset of chronic pain was
not associated with childhood surgery, it was associated with
hospitalization for a motor vehicle accident, institutional care,
maternal death, and familial inancial hardship.50 Strengthening directionality of their indings, they also found that the
association was not explained by adult psychological distress
or social class. Von Korf et al. also examined the efects
of childhood psychosocial stressors and the onset of adult
arthritis in a prospective study of 18,309 subjects from 10
countries participating in a World Mental Health Survey in
the Americas, Europe, and Asia.51 hey found that, controlling for age, sex, and early onset of psychological disorders,
subjects with signiicant childhood stressors had an increased
risk of adult arthritis. Early-age onset of symptoms of
depression and/or anxiety were associated with an increased
risk of adult arthritis even ater controlling for childhood
stressors.
Other psychiatric conditions that may present with pain
include hypochondriasis, dementia, psychosis, and factitious
disorder. Experience suggests that new onset of conversion/
somatization in the elderly is rare, and when present it may
herald dementia. Malingering is by deinition not a psychiatric
illness. While thought to be uncommon in chronic pain (based
on no data), it does occur.

Psychogenic Pain/Somatization:
Pain Ampliiers
Multiple psychological factors afect both the perception of
pain and ability to cope with it. Chronic stress increases both
the perception of pain and disability. Distraction reduces pain
awareness, while isolation and inactivity increases it and
fosters self-preoccupation. Perhaps the major psychological
factors that afect chronic pain are cognitions and incentives.
Cognitive theories of depression, anxiety, and pain hold
that thoughts and beliefs are major determinants of afect, that
is, how a person feels is less determined by events than by the
person’s interpretation of them. he individual who concludes
from an unsuccessful job interview that the company has no
openings reacts diferently than the one who infers that he or
she is undesirable and unlikely to ind work. he terminal
cancer patient who believes that “the surgeon got it all” will
be more content than the healthy person who believes one’s
intractable pain is due to severe but undetected pathology.
Maladaptive cognitions tend to be automatic and habitual;
thus, they are rarely examined for validity. hey are simply
accepted.
Cognitive factors have an impact on pain in several ways.
First, the adverse quality of pain is modiied by its interpretation. Such “catastrophic” interpretations of pain as “the nerves
are being crushed” or “the exercises feel like they’re tearing
something loose” impede coping. he situation can be worsened by health care providers who attribute the pain to incidental indings on imaging that may bear only a modest
relationship to the pain. Chronic back pain, which is the
leading cause of disability and absenteeism from the workplace, lacks a speciic structural explanation in over 80% of
cases. Additionally, it is oten strongly driven by such psychosocial factors as fear of pain/reinjury, “catastrophizing,”
depression, and anxiety. Failure to address these issues in
treatment of chronic back pain oten leads to continued disability. Pain tolerance is reduced by thoughts emphasizing the
averseness of the situation, the inadequacy of the person to
bear it, or the physical harm that could occur. Such beliefs as
“I will have a life again only ater I am cured,” “I can’t go out
to dinner if I am in pain,” and “I shouldn’t exercise if it hurts”
have obvious impacts on adaptation.
Self-appraisal may be as important as appraisal of the pain
itself. hose who feel unable to inluence events eventually
give up. Belief in personal helplessness fosters pain and disability; alternatively, a sense of self-eicacy promotes eforts to
cope. hus, perceptions of helplessness lead to depression,
resignation, and passivity, which, in turn, increase disability
and pain. Self-eicacy, the opposite of helplessness, has been
repeatedly correlated with pain outcomes among a variety of
chronic pain conditions, including CLBP.52 “Locus of control”
is a psychological construct that refers to one’s sense of the
determinants of future events. he perception that events are
a consequence of the individual’s own behavior (internal locus
of control) is associated with better mood and function. hose
with external locus of control tend to see future events as
contingent on other people or “fate.” People with chronic pain
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Addiction
Of the problems that beset patients with chronic non-cancer
pain (CNCP), perhaps none is more insidious and diicult to
manage than addiction. It is more diicult to diagnose when
it involves prescribed substances in the presence of CNCP
than when it involves use of recreational substances. Certainly,
when present, an addictive disorder magniies complaints,
impedes pain diagnosis, and confounds interventions, yet its
treatment is essential, since addiction recovery seems to be the
sine qua non for pain recovery. Nevertheless, such patients can
be treated successfully, and they commonly demonstrate the
same gratitude for their recovery as do addicted persons in
whom pain is not a factor.
Diagnosing addiction in those with CNCP poses special
challenges, in turn, also complicating empirical eforts to
identify prevalence rates of addictive disorders in CNCP. Until
recently, the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV-TR version) utilized two diagnostic criteria,
tolerance and physical dependence, which are virtually universal in chronic opioid and benzodiazepine therapy and do
not distinguish the person with addictive disorder. Similarly,
the International Classiication of Disease (ICD) has been
criticized for not accurately capturing addiction to prescribed
medications and previous concordance rates between the
DSM and ICD deinitions were not favorable. While recent
updates to the DSM (current version DSM-5) now specify that
tolerance and withdrawal are not features of opioid use disorder in those taking opioids under medical supervision, there
still lacks one common, uniied deinition for addiction. A
third deinition, proposed by the American Academy of Pain
Medicine, American Pain Society, and American Society of
Addiction Medicine, identiies addiction to be characterized
by one or more of the following: loss of control over use,
compulsive use, cravings, and continued use despite adverse
consequences.53 However, continued use despite adverse
consequences is less obvious in addiction to prescribed drugs,
since such consequences as irritability, drowsiness, poor
concentration, regression, reduced libido, and economic losses
can be attributed to pain.
Historically, the prevalence of addictive disorder in CNCP
has been disputed due to poor quality of studies utilizing
inconsistent assessment methods and diverse criteria to deine
addiction. Recent estimates (utilizing revised criteria from the
DSM-5) suggest that up to 41% of individuals in an outpatient
setting meet criteria for lifetime opioid use disorder.53 In the
irst study to compare the three deinitions/criteria for addiction (American Academy of Pain Medicine/American Pain
Society/American Society of Addiction Medicine deinition
– “addiction,” DSM-5, and ICD-10-11), 23.9% met criteria for
addiction, 18.8% met ICD-11 criteria, and 17.8% met DSM-5

criteria. Importantly, concordance rates were “substantial”
between the three classiications (“addiction,” ICD-11, and
DSM-5).54
Diagnosis is also hindered by the lack of consensus as to
what constitutes appropriate use. Opioid prescribing for
CNCP, including back pain, has increased markedly over the
past 15 years. One US survey reported a 660% increase in
expenditures on opioids between 1997 and 2006; furthermore,
rates of opioid prescribing for back and neck pain increased
from 19% to 29% from 1999 to 2010.55 It is a striking commonality across systematic reviews that the evidence for eicacy of opioids for chronic back pain is described as meager
and unclear, with no evidence that they improve function.
Furthermore, among random control trials for chronic back
pain, there are no studies with long-term (beyond 4 months)
follow-up and all have high dropout rates. When considering
the risks of long-term opioid use and the lack of evidence
regarding their beneit, the general recommendations have
shited markedly in the last 5 years.56

Clinical Observations and Clues to Addiction
For individuals with CNCP as well as those providers prescribing opioids, it can be unclear whether opioids are an asset
or liability. An illusion of beneit results when the immediate
efects of a drug obscure the deleterious efects of continuous
use. Families who witness unwanted drug efects may believe
them to be unavoidable and preferable to unrelieved sufering.
Oten, such patients, their families, and their physicians are
surprised at the reduction in pain and sufering that oten
occurs ater gradual elimination of the drug.
Clues to the presence of addiction in pain patients include
frequent intoxication, mood changes, inattention to hygiene,
inappropriate behaviors, and impaired coordination. Another
indicator is provided when, despite generous analgesia, sick
role behavior remains disproportionate to pathology. he
patient who uses analgesics in a nonaddictive fashion, in
contrast, is likely to have improved function. Combining other
intoxicants with prescription drugs is an obvious clue. Urine
toxicology facilitates the diagnosis of substance use disorder;
however, it must be remembered that typical “dip stick”
(immunoassay) technology may not identify synthetic or
semisynthetic opioids and that gas chromatography/mass
spectroscopy may be needed. Many states have enacted electronic prescription monitoring programs that can help identify
aberrant use. Loss of control may be shown when patients who
are incapable of rationing themselves use a month’s supply in
a few days, despite knowing they will have increased pain and
withdrawal symptoms when their supply is depleted. Additional signs include multisourcing and family/physician
concern about their medication consumption. Usually, a
patient who has no history of alcohol or drug abuse who
becomes physically dependent on benzodiazepines or analgesics in the course of pain treatment, who obtains the drugs
legitimately, and who has not been drug impaired is not
addicted. hat is, the fact that chronic high-dose opioids are
inefective does not conirm the presence of an addictive
disorder.
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who have an external locus of control report depression and
anxiety, feel helpless to deal with their pain, and oten rely on
maladaptive coping strategies such as excessive rest and eating.
Decreased perception of self-control may explain much of the
relationship between depression and pain.
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Conceptually, there are two issues: the treatment of addiction in pain patients and the treatment of pain in people
with the disease of addiction. here seem to be no data as to
which treatment should be irst, but experience suggests that
the pain patient who has an addiction to cocaine, marijuana,
or alcohol oten responds to traditional addiction care in a
setting appropriate to the severity of the disease. In contrast,
the person who has become iatrogenically addicted (and
perhaps the person who has an “iatrogenic relapse” ater a
period of sobriety) seems to respond better if treatment is
initiated in a pain treatment program. Acceptance of the
diagnosis is facilitated when patients can interact with peers
who have also developed addiction “through no fault of their
own” and without engaging in illegal behaviors.
he treatment of pain in patients with comorbid addiction
raises the question of whether to use opioids and, if so, how
to protect the person’s sobriety. Although it is considered
unethical to withhold opioid analgesia from addicts,57 patients
should not be given useless or harmful treatments. Animal58
and human59 studies demonstrate that one of the most powerful stimuli to elicit resumption of dormant drug-seeking
behavior is exposure to the drug of choice. his may explain
the clinical impression that opioid therapy with recovering
alcoholics is oten more successful than is the case with recovering opioid addicts. Nevertheless, because of cross-addiction,
a patient with any prior addiction is at heightened risk for new
addiction, even to unrelated substances. his is supported by
indings that most patients hospitalized for treatment of oxycodone addiction were found to have been treated previously
for nonopioid substance use disorder.60
A distinction must be made between acute and chronic
pain and between the patient who is actively engaging in
substance abuse and the patient in recovery. here is no
controversy regarding the treatment of acute pain in those
with comorbid addiction. Opioids are appropriate, efective,
and oten essential. Acute injuries and surgery in addicts, even
those in sustained recovery, may require more aggressive
analgesia than in those with no addiction history, since tolerance is rapidly reestablished in the previously tolerant person
or animal.
Patients in recovery may face surgery with trepidation, as
they fear having to choose between unrelieved pain and addiction relapse. Some even refuse analgesia in an efort to preserve
their sobriety. Experience suggests that this is unnecessary.
Patients should be encouraged to inform the surgeon and
anesthesiologist in advance of elective procedures that they are
in recovery, may require higher than usual doses of analgesics,
but wish to avoid their previous drug of choice, transition to
long-acting oral agents as soon as possible, and arrange for
safe use of opioids ater discharge. he patients should increase
their recovery work (e.g., 12-step meetings, meetings with
addiction counselor) and should notify their addictionologist
and sponsor of pending surgery so that support is in place. A
spouse, friend, or sponsor can store opioids and bring a supply
each day so that the patient is protected from the temptation
of a supply of opioids within easy reach.
Appropriate treatment of comorbid pain and addiction
remains controversial and there is little data on which to base

therapy.61 We must rely on “clinical wisdom” while remembering how oten it has proved wrong when data became available.

Psychological Treatments
Many psychological treatments have been applied to chronic
low back pain, as summarized in Table 108.1. Here we review
these modalities and their relative eicacy.

Cognitive Behavioral Therapies
Cognitive behavioral therapy for pain (CBT-P) is predicated
on the premise that pain-related beliefs and efectiveness of
coping strategies impact the severity of emotional distress and
physical disability. CBT-P has been shown to be efective in
the treatment of chronic pain. Mirza and Deyo, in a review of
randomized trials of fusion versus nonoperative care of CLBP,
compared surgery, traditional nonoperative care, and CBT-P,
and found that both surgery and CBT-P were better than
unstructured, ill-deined nonsurgical care.62 hey concluded
that CBT-P outcomes were comparable to surgical outcomes
at 1 year and without the obvious risks associated with surgery.
A consistent inding across systematic reviews of psychological approaches for chronic pain is that the efectiveness of
CBT-P is best demonstrated for pain-related mood and function, with somewhat less of an efect on pain severity.63
Techniques used in CBT-P include self-talk (both motivational
and self-defeating), relaxation techniques, and distraction and
positive coping strategies. Since stress can increase pain perception, learning to identify and manage stress can play an
important role in the pain treatment. Oten, patients come to
the experience of pain with few coping mechanisms and major
life stresses. Group, individual, and family therapy can help
address stresses and teach new ways of managing pain and
stress as an individual and as a larger family unit.

Mindfulness and Acceptance-Based Therapies
Mindfulness and acceptance-based therapies emphasize adaptation and lessened resistance to the pain experience. Rooted
in a variety of philosophies, including Buddhism and theoretical models, such as the “Ironic Processes Model,” these therapies teach individuals to adapt a nonjudgmental curious
awareness to thoughts, feelings, and body sensations. hese
therapies are certainly supported by evidence that suppression
of negative emotions increases self-reported pain and pain
behaviors45 as well as eforts to control or avoid unwanted
experiences may actually increase sufering.65 Techniques
utilized in mindfulness and acceptance-based therapies, such
as Acceptance and Commitment herapy (ACT), include
formal and informal meditation practice, experiential exercises modeling psychological “lexibility,” and some of the
central tenets of CBT.
Overall, the evidence for the eicacy of mindfulness-based
treatments is still preliminary due to small to modest treatment efects and methodological limitations of studies (no
control group, lack of control for nonspeciic efects). However,
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Summary of Psychosocial Treatments and Clinical Recommendations for Chronic Low Back Pain

Cognitive behavioral
therapy (CBT)

Summary of Empirical Findings

Clinical Recommendations

•

•
•
•

•
•

Strongest impact on pain-related mood and function,
with somewhat less of an efect on pain severity
Consistently superior to usual care
In chronic low back pain, CBT comparable to surgical
outcomes at 1 year

•
Psychodynamic therapy

•

•
•
Mindfulness and
acceptance-based
therapies

•

•

Low-risk, easy-to-understand treatment format
Suitable for a wide variety of ages and education levels
Can be generalized to also address dysfunctional thought
patterns and behaviors related to comorbid depression,
anxiety, and substance use
Acceptable “irst-choice” treatment option in individuals who
are treatment naïve

Evidence of improvements in psychiatric and somatic
symptoms among patients with a variety of somatic
medical conditions
Evidence of beneit in individuals with histories of
trauma/abuse
No strong evidence exclusive to use in chronic pain

•

May be useful in combination with other modalities in
individuals who have history of extensive childhood trauma
or attachment disorders

Historically, eicacy studies demonstrated small to
moderate treatment efects with considerable
methodological limitations.
Recent high-caliber study shows that beneits of
mindfulness-based therapies equal those obtained in
CBT in the chronic low back pain population.

•

Ofers patients an alternative way to understand and cope
with chronic pain.
Consider use in those who are not receptive to other
treatment modalities.
May be particularly suitable for individuals who struggle to
achieve lexibility in thinking and emotional reactivity or
those who struggle to accept that physical and emotional
pain are components of the human experience.

•
•

Psychophysiologic and
relaxation training

•

Variable eicacy for psychophysiologic training/
biofeedback in a variety of pain conditions but
continues to be commonly used in the chronic pain
population.

•

Biofeedback ofers a unique ability to objectify the stress
response in a fairly simple, noninvasive manner and may be
best suited to those individuals who demonstrate poor
insight into the mind–body connection.

Family education and
therapy

•

Suicient data support the education of family
members of those with chronic pain.
Substantial research shows that solicitous partner
responses worsen overall outcomes for individuals
with chronic pain.

•
•

Engage the family in treatment from the outset.
Provide education to the family on chronic pain as well as
how their responses to pain may hinder or facilitate
rehabilitation.
Encourage family members to reinforce positive, nonsick role
behaviors and to ignore those behaviors that promote
disability and illness.
Overprotection of the individual with chronic pain (including
suggestions for rest or caution) impede overall improvements
from chronic pain.

•

•

•

Interdisciplinary pain
rehabilitation programs
(IPRPs)

•

•

•

IPRPs ofer an intensive treatment intervention,
combining pharmacotherapy, physical reconditioning,
and psychological therapies.
Shown to be more efective than noninterdisciplinary
rehabilitation for both chronic and subacute low back
pain.
Substantial empirical evidence for the eicacy of IPRPs
in chronic pain, with beneits lasting up to 10 years.

several recent studies ofer promise. One systematic review
and meta-analysis of meditation programs that included only
randomized controlled trials and accounted for placebo efect
found moderate evidence for its efects on mood and pain but
no evidence that such beneits exceed those obtained from
other psychological and medical treatments.66 Another review
of mindfulness-based therapies speciically for chronic pain
reported small nonspeciic improvements in pain and depression across 10 studies reviewed; however, signiicant and
sustained improvements were demonstrated in pain acceptance, quality of life, and stress.67 In a meta-analysis of 22
acceptance-based studies, including a combination of mindfulness and ACT, signiicant improvements were found for

•

IPRPs may be best suited to individuals with more severe
levels of disability, deconditioning, and psychiatric
comorbidities.

pain, depression, anxiety, physical well-being, and quality of
life.68 here have been few studies looking speciically at the
use of mindfulness-based therapies for back pain. In a random
controlled trial comparing mindfulness-based stress reduction to CBT and usual care among individuals with CLBP,
Cherkin and colleagues found that mindfulness-based stress
reduction and CBT showed equal beneits in terms of pain and
function at 26 and 52 weeks, which exceeded usual care.69
hus, these relatively new therapeutic approaches appear to be
a viable and complementary treatment option that ofers
patients an alternative way to conceptualize, understand, and
cope with their pain experience. heir beneits may equal
those found in CBT.
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Psychodynamic and Interpersonal Therapies
Psychodynamic and interpersonal-oriented therapies emphasize relationships and attachment patterns. Psychodynamic
therapy focuses heavily on early childhood experiences. While
psychodynamic approaches produce improvements in psychiatric and somatic symptoms and reduce health care utilization
among patients with a variety of somatic medical conditions,
there is limited empirical support for their eicacy in chronic
pain.70 However, given the high rates of previous trauma and
childhood stress in chronic pain, a psychodynamic approach
may warrant consideration as a treatment approach in those
with traumatic histories and attachment patterns.71

Education
Education may be one of the most critical of the “therapies”
provided. It is oten crucial because a patient’s behavior and
the family’s reaction to the patient’s disease may be based on
faulty information or misconceptions. Education can clarify
the problem and indicate the best response. It can be useful to
interpret chronic pain as “real” but a “false alarm” that need
not dictate activity.
Involving family in the education process is essential.
Family members oten feel confused and helpless in response
to a loved one’s pain. In turn, they may respond in ways that
unintentionally reinforce the sick role, such as being overly
protective or enabling. his dynamic reinforces dependency,
overall reliance on others, and an external locus of control in
the person with pain. Furthermore, criticism by family
members for lack of positive health behaviors or for engaging
in pain behaviors is related to greater physical dysfunction in
the person with pain. Similarly, solicitous partner responses
to pain behaviors are associated with overall poorer functioning. hese indings are not isolated to clinical observations;
they are also supported in the research.72

Psychophysiologic and Relaxation Training
Chronic uncontrolled stress ampliies pain and associated
emotional distress. hus, the direct target of these techniques
is to teach individuals to self-regulate the stress response and the
associated physiologic indicators. Relaxation techniques vary in
nature but include deep breathing, progressive muscle relaxation,
guided imagery, and visualization. All of these techniques can
be used with or without psychophysiologic monitoring, such
as in biofeedback. he beneits of relaxation training across a
variety of health-related conditions are well established. In fact,
the beneits of these techniques have been shown to go beyond
a subjective sense of relaxation, such as by showing reductions
in cortisol, adrenocorticotropic hormone, and norepinephrine
in individuals who practice these techniques regularly.73
Relaxation techniques can have a direct efect on tense
muscles and heightened arousal that is accompanied by the
stress of pain. here is empirical evidence that relaxation training, self-hypnosis, and progressive muscle relaxation with or
without biofeedback assistance ofer favorable beneits in the
treatment of pain.74 However, systematic reviews evaluating

the quality of the evidence for use of relaxation training and
biofeedback therapy for pain generally exert caution in providing
a “strong” recommendation for these therapies due to consistent
methodologic laws across studies.75 In spite of the lack of gold
standard studies, these therapies clearly ofer a low-risk, simple,
and drug-free method for slowing the cascade of stress hormones
that oten accompanies chronic pain.

The Role of Exercise
While exercise is not a speciic psychological treatment, psychological status and physical itness clearly have a reciprocal
relationship, with each afecting the other. Fears of movement
and exercise may present just as other “phobias” and when
they persist lead to a vicious cycle of activity avoidance. A
number of studies have addressed fear of movement in chronic
pain, showing that those with so-called “kinesiophobia” report
more pain, disability, and self-protective behaviors.70 Conversely, even short bouts of exercise (10 minutes) have demonstrated immediate beneits on depression and anxiety in
chronic pain patients.71 Adding to this, graded exercise programs gradually reduce fears of harm from exercise and
promote increased function.72 In sum, exercise is an important
component of psychological treatment of pain.

Interdisciplinary Pain Rehabilitation Programs
Interdisciplinary chronic pain rehabilitation programs are
designed to help patients with disabling chronic pain restore
function and quality of life. Interdisciplinary care is a team
approach in which all the members of the team, including the
patient, work together toward common goals. hese programs
have been shown to be more efective than noninterdisciplinary rehabilitation for both chronic and subacute low back
pain.73–75 Disciplines commonly involved in these programs
include physical and occupational therapy, nursing, psychology, medicine, vocational rehabilitation, and chemical dependency counseling when needed. Some programs are intensive,
3 to 4 weeks long, and include active physical therapy and
reconditioning, occupational therapy with an emphasis on
body mechanics, group and individual psychotherapy, and
medication management, while others are of variable duration and intensity. Some programs include weaning of of all
habituating substances. When vocational and addiction needs
are identiied, these services can also be ofered as part of the
holistic approach to rehabilitation.

Summary
Psychosocial variables have been shown to have a signiicant
impact on pain perception, and, in turn, disability due to pain.
Pain intensity, the degree to which it interferes with activities,
and the extent to which it disrupts mood all predict chronicity
of back pain. Early identiication of psychological vulnerabilities is essential to the overall outcome of patients with low back
pain. Furthermore, psychological treatments ofer a “low-risk”
treatment option, with evidence of beneits that equal surgical
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KEY POINTS
1. Pain is an unpleasant sensory, cognitive, and emotional
experience associated with actual, potential, or perceived tissue
damage.
2. The lifetime prevalence of back pain is essentially universal, yet
the prevalence of disabling back pain is not. Psychological
factors amplify pain, sometimes to disabling degrees.
3. Pain is not what occurs at the periphery; it is what the brain
perceives. Actual damage is neither necessary nor suicient for
the perception of pain. Anger, depression, anxiety, fear, and
other psychological variables can all increase the perception of
both acute and chronic pain, as can believing pain to be an
indicator of a destructive process.
4. Back pain is often ascribed to organic processes including
strains, sprains, anulus tears, internal disc disruption, facet
arthropathy, or bone pathology; however, it is often not
explained by examination or imaging, and positive indings on
imaging may be misleading.
5. The most frequent psychiatric illnesses (excluding somatic
symptom disorders) in pain center patients are anxiety disorders,
depression, and substance abuse. Addiction is prevalent and its
treatment is essential, since addiction recovery seems to be the
sine qua non for pain recovery.
6. Various psychotherapies—such as cognitive behavioral therapy,
mindfulness and acceptance-based therapies, and relaxation
training therapies—have shown eicacy in the treatment of
chronic pain.
7. Interdisciplinary chronic pain rehabilitation programs have been
shown to be more efective than noninterdisciplinary
rehabilitation for both chronic and subacute low back pain.
8. Pain is an unpleasant sensory and emotional experience associated
with actual or potential tissue damage or described in terms of such
damage.—International Association for the Study of Pain 1973
consensus deinition of pain
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Back pain is a major health problem in the United States.
About 70% to 85% of the population experiences back pain at
some point in their lives, with the annual prevalence ranging
from 15% to 45%. Usually, the clinical course is benign, with
95% recovering within a few weeks to months of onset. It is
most common in middle-aged adults, with equal distribution
in men and women. Back pain is the most frequent reason
for activity limitation in people younger than 45 years and
the second leading cause for doctor visits and absenteeism
from work. he lower back is the primary site of pain in 85%
of patients. It also has a major economic impact in the form
of direct costs (costs incurred for physician services, surgery,
medical devices, medications, hospital services, and diagnostic
testing) and indirect costs (cost incurred from absenteeism and
decreased productivity). he cost of treating low back pain has
been increasing; total cost in the United States is estimated
to exceed $100 to $200 billion per year. Two-thirds of the
cost is indirect, due to lost wages and reduced productivity.
he rate of back surgery in the United States has increased
dramatically, especially for spinal fusion. From 1979–1981 to
1988–1990, the rate of hospitalizations with cervical spine
surgery increased more than 45%, with the rates for cervical
fusion surgery increasing more than 70%. he rate of hospitalizations with lumbar spine surgery increased more than
33%, with the rate for lumbar fusion surgery increasing more
than 60%.1–4
Although oten used in conjunction with other means of
managing back pain, drug therapy remains a mainstay in the
treatment of back pain. he ultimate endpoint of any therapeutic intervention is to overcome the pathophysiologic
process responsible for pain generation. However, pharmacologic treatment of low back pain oten aims to provide symptomatic relief.
It is important to recognize the nature and basic mechanisms of back pain before attempting to use pharmacologic
agents. Nociceptive pain results from tissue injury and subsequent activation of peripheral nociceptors, whereas neuropathic pain arises from the nerve injury or dysfunction of
central or peripheral nervous system elements. Radicular pain,

or pain in the distribution of speciic spinal nerve(s), is a form
of neuropathic pain. It is frequently referred to as sciatica
when it involves the lower extremities. Radiculopathy is the
objective change of sensory or motor function due to conduction block in the axons of the spinal nerve or its roots as a
result of irritation of the nerve by compression or inlammatory mediators. Neuropathic pain is notoriously diicult to
treat. he paucity of well-designed, large, randomized, doubleblind, and prospective placebo-controlled trials results in
management decisions based on individual physician perspectives and experiences.5–8 Most common drug therapies for
back pain with or without radiculopathy include acetaminophen, nonsteroidal antiinlammatory drugs (NSAIDs), muscle
relaxants, tramadol, antidepressants, opioids, and membranestabilizing medications. his chapter reviews the literature
using an evidence-based approach whenever possible.

Acetaminophen
Acetaminophen, also known as paracetamol, is a p-aminophenol
derivative with antipyretic and analgesic properties. It is
frequently used as a irst-line agent in acute low back pain
and osteoarthritis due to its favorable gastrointestinal safety
proile over aspirin and other antiinlammatory drugs.9,10 No
trial has evaluated acetaminophen versus placebo for chronic
low back pain, and the only trial that compared paracetamol
to no treatment did not show any favorable efects in acute
low back pain.11 In ive trials, no signiicant diference was
demonstrated between paracetamol at dosages up to 4 g/day
and diferent NSAIDs for back pain of variable duration.11–15
However, several systematic reviews of patients with osteoarthritis reliably showed acetaminophen to be slightly less efective in pain relief than NSAIDs.16,17 he mechanism of action
is not fully understood but is thought to have central and
peripheral mechanisms. Acetaminophen is a weak inhibitor of
cyclooxygenase enzymes (COX-l and COX-2) and may be a
cloned COX-3 enzyme.18 It has few side efects and is entirely
metabolized in the liver. he maximum daily allowed dose
1973
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of acetaminophen has been the subject of controversy. he
pharmaceutical producer of the Tylenol brand of acetaminophen decreased the maximum daily dose of acetaminophen
from 4000 mg/day to either 3000 mg/day or 3250 mg/day for
consumers taking the 500-mg or 325-mg tablet preparations,
respectively, which was not followed by many other manufacturers.19 In order to diminish acetaminophen hepatotoxicity,
the U.S. Food and Drug Administration (FDA) established
regulations to limit prescription combination drug products
to contain no more than 325 mg of acetaminophen per dosage
unit.20 Chronic administration f higher doses is associated
with hepatotoxicity (especially in chronic ethanol users,
malnourished, and fasting patients).21

Nonsteroidal Antiinlammatory Drugs
NSAIDs are the most frequently prescribed medications
worldwide and are commonly used for treating back pain.
hey possess antipyretic, antiinlammatory, and analgesic
efects, the latter two accounting for their use in arthritic
and painful disorders. he mechanism of action of NSAIDs
includes COX-l and COX-2 inhibition, resulting in decreased
tissue levels of prostaglandins. NSAIDs that inhibit both
COX-l and COX-2 include aspirin, ibuprofen, diclofenac,
indomethacin, naproxen, and piroxicam. NSAIDs that selectively inhibit COX-2 include celecoxib, etodolac, meloxicam,
and nimesulide.22 In a systematic review of 65 randomized
controlled trials of NSAIDs in low back pain, the authors
concluded that NSAIDs were more efective compared with
placebo but at the cost of signiicantly more side efects. here
was moderate evidence that NSAIDs were more efective than
acetaminophen for acute low back pain, but acetaminophen
had fewer side efects. here was moderate evidence that
NSAIDs were not more efective than other drugs for acute
low back pain. here was strong evidence that various types
of NSAIDs, including COX-2 NSAIDs, were equally efective
for acute low back pain. he data suggested that NSAIDs
were efective for short-term symptomatic relief in patients
with acute and chronic low back pain without sciatica.23 A
systematic review of 13 trials found that NSAIDs are more
beneicial than placebo in pain intensity. NSAIDs were slightly
more efective than placebo as regards disability. However, the
extent of the eicacy was minimal and the level of evidence
was not signiicant.
NSAIDs can have serious side efects on various organ
systems, including the gastrointestinal tract (gastroduodenal
ulceration and bleeding), kidneys (renal insuiciency and
hypertension), cardiovascular system (peripheral edema,
hypertension, and congestive heart failure), and reproductive
system (adverse pregnancy outcomes).24–27 he risk of serious
gastrointestinal complications, such as bleeding or perforation, is increased fourfold to ivefold with continued intake
of nonselective NSAIDs, and the risk of developing renal
failure is twofold. he risk of gastrointestinal complications is
increased with age, history of peptic ulcer disease, concomitant
corticosteroids, and anticoagulation therapy. Concomitant
NSAIDs and anticoagulation therapy is not recommended, as

it increases the risk of bleeding. he risk of acute renal failure
increases with age, history of renal insuiciency, heart failure,
hypertension, and use of diuretics or angiotensin-converting
enzyme inhibitors.28,29
he toxicity associated with chronic NSAID administration
limits its beneit-to-risk ratio. he discovery of isoenzymes
of cyclooxygenase, COX-1 and COX-2 (predominant role in
inlammation) led to the development of selective COX-2
inhibitors. COX-1 is responsible for generation of cytoprotective prostanoids and is constitutively expressed in platelets
and gastroduodenal mucosa.27,29 hus, inhibition of COX-1
leads to the increased risk of gastroduodenal bleeding.
Compared with nonselective COX inhibitors, the selective
COX-2 inhibitors are associated with reduced gastrointestinal
complications, provided that patients are not taking aspirin
concomitantly.26,29–31 Nonetheless, COX-2 inhibitors are just as
efective analgesics as nonselective NSAIDs.23 Misoprostol, a
synthetic analog of prostaglandin E1, exerts a gastrointestinal
mucosal protective efect by increasing mucus, bicarbonate ion
secretion, and increasing mucosal blood low. Concomitant
use of misoprostol or proton pump inhibitors with NSAIDs
reduces the risk of gastrointestinal complications.32 Misoprostol is available in tablet form in combination with diclofenac.
Misoprostol should be used with caution in females of childbearing age because it can initiate uterine contractions and
miscarriage.
he kidney constitutively expresses both COX-1and COX-2.
his may explain why COX-2 inhibitors seem to exhibit a
similar renal side efect proile to nonselective NSAIDs. It
appears that renal side efects are consequent to the inhibition
of COX-2 by NSAIDs.25,30,31
he cardiovascular efects of NSAIDs have caused a major
stir since the introduction of selective COX-2 inhibitors
(coxibs). here has been increased risk of cardiovascular
events with patients using selective COX-2 inhibitors.33–35 his
resulted in withdrawal of rofecoxib and valdecoxib. Only
celecoxib remains in the market. he possible mechanism of
increase in cardiovascular risk seems to be due to the disruption of the normal balance between prothrombotic and antithrombotic prostaglandins. hromboxane A2 is a platelet
activator and aggregator that is mediated by prostaglandin
products of the COX-l isomer pathway. Prostaglandin I2
vasodilates and inhibits platelet aggregation when the COX-2
isomer is activated.
hrombotic cardiovascular events may follow when thromboxane A2 predominates over prostaglandin I2.36 Coxibs use
should be avoided in patients with increased cardiovascular
risk, including patients with recent cardiovascular events,
unstable angina, acute myocardial infarction, ischemic cerebrovascular events, and high blood pressure. If coxibs are
indicated, the smallest efective dose for the shortest duration
should be used. Naproxen may be a better alternative to
coxibs.37 Physicians should weigh the risk-to-beneit ratio
when prescribing NSAIDs in all patients.
A diclofenac patch is available for topical use in acute
musculoskeletal sprains. Use of topical patches for localized
pain may reduce the risk of serious adverse events due to low
systemic concentration.38
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Skeletal muscle relaxants are commonly used for back pain.
hey are a heterogeneous group of agents that mainly act on
the central nervous system (CNS). At therapeutic doses they
seem to exert their efect through sedation and subsequent
depression of the neuronal transmission.39 Studies have shown
that muscle relaxants are efective when used for short duration in treatment of acute low back pain. here is no evidence
for long-term use of muscle relaxants in chronic low back
pain.36 In a systematic review of 30 trials, skeletal muscle relaxants were moderately superior to placebo for short-term pain
relief. However, there was inadequate evidence to demonstrate
the efectiveness of skeletal muscle relaxants for chronic low
back pain and they were associated with more CNS adverse
events compared to placebo.40 Commonly used drugs include
cyclobenzaprine, methocarbamol, metaxalone, carisoprodol,
diazepam, tizanidine, baclofen, orphenadrine, and chlorzoxazone. he most common adverse efects are drowsiness and
dizziness. Physicians should be aware of possible dependence
and abuse of some of the muscle relaxants, such as diazepam
and carisoprodol.41

Antidepressants
Antidepressants have been used widely for managing various
painful conditions of neuropathic origin. Antidepressants
difer in their efectiveness in pain control depending on
whether they inhibit reuptake of serotonin (serotonergic
antidepressants, such as paroxetine, luoxetine, sertraline, and
citalopram); norepinephrine (noradrenergic antidepressants,
such as desipramine, and maprotiline); or both (serotonergicnoradrenergic antidepressants, such as amitriptyline, doxepin,
imipramine, clomipramine, venlafaxine, and duloxetine).
Serotonergic-noradrenergic antidepressants were found to
be more efective than placebo in chronic low back pain.42–44
he symptom reduction of these drugs in chronic low back
pain seems to be independent of their efect on depression.
here was conlicting evidence as to whether antidepressants improved the functional status of the patients with
chronic low back pain.5 In addition to chronic back pain,
antidepressants exhibit an apparent antinociceptive efect in
other musculoskeletal conditions, including osteoarthritis,
rheumatoid arthritis, and ibromyalgia.42,43 Antidepressants
are associated with signiicant adverse events: drowsiness,
dizziness, dry mouth, constipation, urinary retention, and
weight gain.45
Duloxetine, a serotonin-norepinephrine reuptake inhibitor, has been approved for use in ibromyalgia and diabetic
peripheral neuropathic pain.46–51 A meta-analysis of four
randomized, double-blind, placebo-controlled studies of
duloxetine in the treatment of ibromyalgia showed it to be
signiicantly superior to placebo in relieving pain. For chronic
lower back pain, three trials showed lower pain intensity with
duloxetine associated with lower pain intensity and better
function versus placebo.52–54 Adverse efects tend to be mild.

he efectiveness of duloxetine compared to tricyclic antidepressants was not evaluated. he eiciency of antidepressants,
particularly for radicular low back pain, has not been studied.

Opioids
Opioids remain the most potent analgesic and are a mainstay
in the treatment of acute and chronic painful conditions of
moderate to severe intensity. Although their analgesic eicacy
is well established, their efect on functional improvement
is controversial.55–59 Nociceptive pain is more responsive to
opioid therapy than is neuropathic pain. Opioids have been
widely used for noncancer pain, including chronic low back
pain and radiculopathy. However, some important issues
need to be addressed with regard to opioid prescription for
noncancer pain: the framework for opioid prescription, when
to initiate opioid therapy, appropriate candidates for opioid
therapy, and endpoint of treatment.60 In general, there is low to
moderate evidence to suggest that opioid analgesia is safe and
efective for the treatment of patients with chronic low back
pain, at least for the short duration. he evidence for functional improvement with opioids is limited, however. Opioids
appear to be a reasonable treatment option for patients with
moderate to severe chronic low back pain that is refractory
to general rehabilitation, injections, and nonopioid analgesic medications; for patients with pain that is not directly
treatable because of the structural disorder; or because of
patient preference.61,62 here are no long-term trials that have
demonstrated the beneit of opioids for chronic lower back
pain. However, cohort studies found a small decrease in pain
with very minimal improvement or deterioration of disability
following 6 to 12 months of opioid use.63
Opioids act by binding to the opioid receptors in the CNS
and peripheral nervous system, referred to as µ, κ, and δ
receptors. hey are G-protein-coupled receptors that modulate
ionic channels and intracellular pathways, leading to the
various efects of the opioids. Most of the clinically used
opioids exert their analgesic efects mainly through binding to
µ receptors, although binding to κ and δ receptors may occur
to varying degrees. Hydrocodone (class 3), morphine, oxycodone, and hydromorphone (class 2) are opioid agonists with
relatively short duration of action that are useful for episodic
or breakthrough pain. Some of the short-acting opioids are
available in combination with acetaminophen, ibuprofen, or
aspirin. Dosing may be limited by the toxicity of the companion drug. Meperidine use is not advisable because of low oral
bioavailability and potential metabolite (normeperidine)
accumulation and toxicity with prolonged administration.
Agonist-antagonist opioids are not useful in chronic pain
because they exhibit a ceiling efect, have reduced analgesic
eicacy, can cause dysphoric reactions, and can reverse analgesia, precipitating withdrawal in patients treated with pure
agonists. However, their addiction potential is much less
compared with pure µ agonists.
Methadone is the potent opioid with a long half-life of
more than 24 hours and is therefore used to block withdrawal
and treat addiction and pain. For analgesia, it is best given
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every 6 to 8 hours on an as-needed basis rather than at ixed
intervals. Because of its long half-life and large variability in
its clearance, it tends to accumulate with repeated dosing.
Caution should be exercised when increasing the dose and in
the elderly.64 he d-isomer of methadone exerts signiicant
antinociception action in neuropathic pain models by blocking N-methyl-d-aspartate receptor.65 Fentanyl is an intrinsically short-acting potent µ agonist that is available in a
long-acting transdermal (reservoir) form. Onset is slow and
stable blood levels are achieved 12 to 17 hours ater application. An oral transmucosal form of fentanyl (oral transmucosal
fentanyl citrate, fentanyl buccal tablet) has been used in
managing breakthrough pain in opioid-tolerant cancer pain
patients.66 It has a rapid onset of action and should not be used
in opioid-naïve patients. Longer-acting preparations of morphine and oxycodone are available in controlled-release formulations that provide a sustained efect over 12 to 24 hours.67
he use of controlled-release preparations is recommended in
chronic opioid therapy because it results in pain reduction
comparable with the immediate-release form but with a signiicantly lower dosage and better quality of life. Some patients
may need additional doses of opioids for breakthrough pain.
hese doses should not be greater than 10% to 20% of the total
24-hour dose of controlled-release medication. If the patient
needs more than three doses for breakthrough pain in a
24-hour period, then the sustained-release dose may need to
be increased.68–72
Side efects are common with opioids. hey include constipation, urinary retention, nausea and vomiting, itching,
sedation, decreased libido, cognitive blunting, and respiratory
depression.57,58 Constipation is the most common side efect.
A high-iber diet and a good bowel regimen is usually necessary when initiating opioid therapy.71–73 Tolerance develops
quickly to most of the opioid side efects, including sedation,
nausea, and respiratory depression. Constipation, sweating,
and urinary retention are resistant to tolerance. he cognitive
efect of opioids is seen mostly in the beginning of opioid
therapy initiation and does not persist beyond a few days.
here is consistent evidence for lack of psychomotor abilities impairment in opioid-maintained patients.61,74 he risk
of cognitive dysfunction is highest with acute use and irst
prescription.
here are several concerns regarding opioid prescriptions,
including side efects, physical dependency, tolerance, risk of
addiction and abuse, diversion, and regulatory issues. Physical
dependence is a state of physiologic adaptation resulting in
withdrawal symptoms when a medication is abruptly stopped.
Opioid withdrawal can result in lulike symptoms, nausea,
diarrhea, sweating, mydriasis, tachycardia, hypertension, CNS
arousal, and increased pain. Opioid withdrawal may be life
threatening if the patient has signiicant coronary artery
disease or metabolic disorder.73 Tolerance is a phenomenon in
which the patient develops resistance to the efects of medication with time. It occurs with opioid analgesia and also with
its side efects. Patients need to be reassessed before increasing
the dose if tolerance is suspected; increasing dosing requirement in cancer patients may relate to disease progression. If
tolerance is signiicant, opioid rotation may be considered

TABLE 109.1

Pain Relief Versus Addiction79

Chronic Pain Patient

Addicted Patient

Not out of control with
medications use

Out of control with medications
use

Medications improve quality of life

Medications decrease quality of life

Concerned about medical
problems

In denial about medical problems

Will follow the agreed-upon
treatment plan

Does not follow the treatment plan

May have medications left over
from the prior prescription

Short on medications, long on
stories

From Savage SR. Addiction in the treatment of pain: signiicance, recognition, and
management. J Pain Symptom Manage. 1993;8:265–278.

because of incomplete cross-tolerance among opioids.60,75
Addiction is a neurobehavioral biologic disorder, with loss of
control and continued use and craving of the drug despite
harm. Important genetic, psychological, and sociocultural
factors contribute to development of addiction. Patients with
the highest risk of prescription opioid addiction are those with
history (including family history) of substance or alcohol
abuse.76,77 Abuse refers to use of a drug outside the intended
indication with potential for self-harm or harm to others.
Pseudoaddiction refers to an addiction-like behavior by
patients seeking higher doses of opioid to control undertreated
pain. Pseudoaddiction resolves when a patient obtains adequate analgesia, whereas true addictive behavior does not
improve (Table 109.1).78
he guidelines for treatment of chronic pain with opioids
include careful evaluation of the patient, a treatment plan that
states the goal of therapy, informed consent, therapeutic trial,
regular follow-up visits, consultation with specialists when
necessary, and maintenance of good medical records.61
Caution should be exercised while prescribing opioids to
elderly patients; patients with a history of hepatic or renal
impairment or marked respiratory depression; patients with a
history of alcohol abuse or drug problems or diversion; and
patients with secondary gain issues, such as pending disability
or litigation. he goal of treatment should include partial
analgesia, with the understanding that functional improvement may not occur. Adjuvant medications (NSAIDs, antidepressants, and anticonvulsants) may be used in conjunction
with opioids to reduce the opioid requirement. Maintaining a
high index of suspicion for abuse with patients who call frequently or lose prescriptions oten and obtaining random
urine toxicology screens are useful measures to avert abuse,
addiction, or diversion problems with opioid therapy.

Tramadol
Tramadol is a nonscheduled opioid that is a synthetic analog
of codeine. It is a weak µ receptor agonist with a receptor
ainity of 6000-fold less than morphine. In spite of being a
weak opioid receptor agonist, the relative potency of tramadol
in acute pain ranges between 5% and 16% that of morphine.
Tramadol inhibits uptake of norepinephrine and serotonin in
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and ibromyalgia); divalproex (migraine prophylaxis); and
topiramate (migraine prophylaxis).93 hey exert their efect
by blocking neuronal transmission through efects on various
ion channels and receptors in the CNS and peripheral nervous
system. Although anticonvulsants are commonly used to treat
radicular pain, the data supporting the evidence of their use
is inconsistent with some trials inding small or no efect and
no antiepileptics are FDA approved for chronic low back
pain.5,45,94–100 Gabapentin is an alpha 2-delta ligand and acts
on voltage-gated calcium channels. Dosing requires slow
titration, starting at 100 to 300 mg per day up to a maximum
of 3600 mg/day in divided doses.5,101–103 Pregabalin is also an
alpha 2-delta ligand that acts on voltage-gated calcium channels. It can be started with 50 to 75 mg twice daily and titrated
up to 300 to 600 mg/day.5,104–107 Topiramate blocks voltagegated sodium channels, potentiates GABA transmission, and
inhibits excitatory neurotransmission. Doses of 300 mg/day
help reduce pain symptoms and improve mood and quality
of life.108,109 Topiramate is also associated with mild weight
loss. he common side efects of gabapentin and pregabalin
include somnolence, dizziness, confusion, ataxia, fatigue,
peripheral edema, and weight gain. Side efects of topiramate
include paresthesia, fatigue, weakness, sedation, dizziness, and
diarrhea.5 Dosage should be reduced and slower titration is
necessary in elderly patients and in patients with signiicant
hepatic and renal impairment.110
An algorithm for the management of acute and chronic low
back pain with or without radiculopathy based on current
available evidence is summarized in Fig. 109.1.

Antiepileptics

Other Treatments and Future Prospects

Antiepileptics are most commonly used in the treatment
of painful neuropathic conditions. FDA-approved anticonvulsants for speciic conditions include carbamazepine
(trigeminal neuralgia); gabapentin (postherpetic neuralgia);
pregabalin (postherpetic neuralgia, diabetic neuropathic pain,

Oral and parenteral corticosteroids are frequently administered in acute back pain and radiculopathy, but their eicacy
must be proven.111–113 To counter the cardiovascular side

Back pain

Without radiculopathy

With radiculopathy

Acute

Acute

Chronic

Acetaminophen
NSAIDs
Muscle relaxants
Tramadol
Agonist-antagonist
Combination opioid
Opioid short acting
Opioid long acting

± Acetaminophen
± NSAIDs
Tramadol
Antidepressant
Combination opioid
Opioid short acting
Opioid long acting

Acetaminophen
NSAIDs
Muscle relaxants
Tramadol
Antidepressant
Antiepileptic
Agonist-antagonist
Combination opioid
Opioid short acting
Opioid long acting

± Acetaminophen
± NSAIDs
Tramadol
Antidepressant
Antiepileptic
Combination opioid
Opioid short acting
Opioid long acting

Severe

Mild

Chronic

FIG. 109.1 Suggested algorithm for the pharmacologic management of back pain and radiculopathy. NSAIDs,
nonsteroidal antiinlammatory drugs.
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the CNS, which may contribute to its additional analgesic
efect. It does not inhibit cyclooxygenase, thus does not share
the gastrointestinal or renal side efects of NSAIDs.80–82 Tramadol has been shown to be efective in treatment of patients
with chronic low back pain and provided greater pain relief
compared to placebo.62,83–89 It may be useful in neuropathic
conditions, such as diabetic neuropathy and postherpetic
neuralgia.90
he adverse efects of tramadol relect its dual mechanism
of action: opioid efects and monoaminergic efects (both of
which cause dizziness, headache, sweating, and dry mouth).
Clinically signiicant respiratory depression is almost never
seen with clinically efective doses of tramadol and the risk of
constipation is markedly low.80,81 he efective oral dose is 200
to 400 mg/day in divided doses every 6 hours. Extendedrelease formulation and combination with acetaminophen are
also available.84,87,91
Dosing must be reduced in elderly patients and in patients
with signiicant renal and hepatic impairment.82 Seizure is the
most serious side efect of tramadol, which is predisposed by
history of epilepsy, head trauma, metabolic disturbance, drug
or alcohol withdrawal, and concurrent CNS infection. Seizures
and serotonin syndrome may occur in patients taking tramadol and antidepressants, which inhibits serotonin uptake.
Caution should therefore be used when tramadol and antidepressants are used concomitantly. Discontinuing antidepressants may be considered.80,82,92
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efects of NSAIDs, newer ones are being considered, including nitric oxide–NSAIDs, dual cyclooxygenase (COX) and
lipoxygenase inhibitors, and anti-TNF-α therapy.22 Newer
tamper-resistant opioids are being developed to reduce abuse,
misuse, and diversion. Multiple molecular entities have been
developed, including glutamate antagonists, cytokine inhibitors, vanilloid-receptor agonist, catecholamine modulators,
ion channel blockers, acetylcholine modulators, cannabinoids,
opioids, adenosine receptor agonists, and others.114,115 Systemic
anti–nerve growth factor (anti-NGF) therapy demonstrated
trivial beneit versus placebo for both pain relief and functional
improvement of low back pain. With systemic administration
of tanezumab (speciic anti-NGF treatment), low evidence of
a small to moderate but not clinically signiicant eicacy was
found for pain relief of low back pain and functional improvement. In general, tanezumab and anti-NGF therapies showed
moderate and low evidence of adverse efects and a greater
risk of developing neurologic adverse efects versus placebo.
Further research is required on the pathophysiology of antiNGF therapies and adverse efects.116 Molecular approaches to
neuropathic pain include cell and gene therapies, antibodies,
and ribonucleic acid interference–based treatments. Some of
the novel targets for developing therapies for neuropathic pain
include chemokine receptors, glial cells, and cytokines. Emergence of biologic approaches ofers new therapeutic additions
to address diferent painful conditions.79,115,117 Despite the
challenges in development of new medications for chronic
lower back pain, new treatment options—such as gene and
stem cell therapy—continue to surge.118

KEY POINTS
1. Type of pain. It is important to diferentiate among nociceptive,
neuropathic, and acute and chronic back pain.
2. NSAIDs. These are efective for short-term symptomatic relief in
patients with acute and chronic back pain without sciatica.
Avoid chronic use. Weigh the risk-to-beneit ratio, especially
when using in elderly and high-risk patients.
3. Muscle relaxants. These are efective for acute low back pain but
not chronic low back pain.
4. Antidepressants. These are beneicial in neuropathic pain. The
analgesic efect is independent of their efect on depression.
Consider potential drug interactions with other medications
before prescribing antidepressants.
5. Opioids. These have been used in acute and chronic back pain. If
chronic opioid therapy is planned, controlled-release formulations
are recommended. Caution should be exercised while
prescribing opioids to elderly patients and those with a history of
alcohol or drug abuse. For chronic opioid therapy, establish goals
of therapy, obtain informed consent, and follow the guidelines.
6. Membrane stabilizers. These are most beneicial in neuropathic
pain. Gabapentin and pregabalin act on calcium channels.
Topiramate acts on sodium channels. Topiramate is associated
with mild weight loss as opposed to gabapentin and
pregabalin, which can cause weight gain.
PEARLS
1. NSAIDs may be helpful in acute low back pain but not
necessarily in radicular pain.
2. No evidence indicates that one NSAID is more efective than
another.

3. NSAID efectiveness in chronic low back pain is questionable.
COX-2 inhibitors may be as efective analgesics as nonselective
NSAIDs.
4. Serotonergic-noradrenergic and noradrenergic antidepressants
are efective in chronic low back and neuropathic pain relief.
5. The antinociceptive efect may be independent of the efect on
depression.
6. Opioids are the most potent analgesics in nociceptive pain and
are possibly useful in neuropathic pain.
7. Controlled-release preparations are recommended for chronic
opioid therapy.
8. Opioids may be efective in treating pain, but functional
improvement may not occur.
9. Most chronic pain patients are on stable doses of opioids for
years.
PITFALLS
1. Chronic use of nonselective NSAIDs increases the risk of
gastrointestinal bleeding and renal insuiciency.
2. COX-2 inhibitors decrease the risk of gastrointestinal bleeding
but not the risk of renal failure.
3. COX-2 inhibitors might increase the risk of coronary events and
should be used with caution in high-risk patients.
4. Muscle relaxants may not add to the analgesic efect of NSAIDs
in acute low back pain.
5. Newer antidepressants have fewer side efects.
6. Caution should be taken when antidepressants are used
concomitantly with tramadol.
7. Gradual, individualized titration is recommended when
initiating treatment.
8. Avoid meperidine and agonist–antagonist opioids in patients
with chronic pain.
9. Prior history of drug abuse is a strong indicator of prescription
opioid abuse.
10. Diferentiate between pseudoaddiction and addiction.
11. Follow guidelines for treatment of chronic pain with opioids,
including obtaining informed consent and an opioid
agreement.
12. Individualize a treatment plan, titrate medication slowly, and
follow the patient closely at the initiation of treatment.
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Introduction
Most spine specialists recognize that early mobilization (activation) of patients with neck or back pain is not harmful and
is, in fact, necessary. Activity early in an acute course of neck/
back pain shows 50% improvement of pain symptoms in
greater than 90% of patients.1 For this reason, physical therapy
is the irst-line treatment2 and remains the backbone of spine
care.3 Most patients sufering an acute episode of back or neck
pain recover in less than 1 week, and greater than 90% of
patients are back to work before 90 days.4 Yet, between 50%
and 84%5 of patients experience a recurrence of low back pain
(LBP) within 1 year ater recovering from a previous episode.6
herefore, in the face of recurrent pain, determining the most
efective physical therapy intervention is beneicial for a surgeon’s practice and the patient. his chapter provides insight
into how this determination is made.
An unfortunate and too common analogy is that choosing
a physical therapy (PT) clinic is like choosing a Starbucks; ind
the location closest to you and order. One franchise location
makes the same cofee as any other location. he reliability of
the Starbucks process produces a consistently similar quality
product. his analogy would be correct if all physical therapists had high-reliability processes to create the similarly
reproducible results as seen at Starbucks franchises.
he hypothetical clinical scenario required to mimic Starbucks outcomes would require all PT clinics to possess
remarkable reliability in assessment procedures, formulation
of diagnosis, and application of treatment. his putative
process would then produce the same outcome from PT clinic
to PT clinic. We all know these idyllic therapy outcomes
are ridiculously untrue. Geography is usually destiny in the
marked variability of outcomes for the same diagnosis.7
Methods vary from clinic to clinic and even within a clinic.
Clinician X utilizes signiicantly diferent methods than colleague Clinician Y, each defending one’s approach with the
same phrase: “…but it works for me.” Meanwhile, neither is
tracking outcomes to determine whether the same patientcentered results are being produced. he extensive variability
within PT mirrors practice and cost variability throughout

musculoskeletal medicine. PT as a mode of treatment and
service delivery is a long way from the model employed by
Starbucks. Nevertheless, some physical therapists strive to
follow evidence-based assessment methods that lead to a valid
reproducible diagnosis that, in turn, leads to reliable, predictably efective treatments that may be surgery sparing. Most
important, these therapists can prove their efective and reliable methodology because they track patient outcomes and
patient satisfaction scores in a problem-oriented record.
Readers of this chapter, as patient advocates, may ask
themselves the following, taking this cofee-to-PT analog
further. What if there were a “cofee shop” (PT clinic) that
reliably produced a better cup of cofee? What if that cup of
cofee cost less than others? And what if the overall experience
of getting that cofee was superior to others? Would that be
worth traveling somewhat farther to get? Would you refer a
friend to that cofee shop? his analogy is the Institute for
Healthcare Improvement triple aim: better care for individuals
(quality and satisfaction), better health for populations, and
lower per-capita costs.8 Later in this chapter is a process
describing exactly how to ind the PTs who can reliably
produce the best outcome at a lower cost with high patient
satisfaction. It is, in fact, these professionals who will do the
most to improve the spine surgeon’s outcomes, patient satisfaction, and practice throughput.
Eicient spine surgeons’ practices depend not on their skill
in the operating room alone, but upon the skill of the physical
therapist their patients see in the preoperative or perioperative
period. A well-trained physical therapist utilizes a reliable
assessment method that leads to a predictably efective treatment. he physical therapist then trains the patient in an
independent functional program of self-assessment and selftreatment for long-term prevention of recurrence. his oten
empowers the patient to succeed and decreases the probability
of multiple return visits for PT. he surgeon’s oice is also
spared multiple unproductive patient visits. Due to the greater
amount of time a physical therapist spends with a patient
(compared to a surgeon), a therapist may have greater insight
to hidden barriers preventing successful outcomes. A wellqualiied physical therapist who determines that a patient is
1983

S E C T I O N

110

C H A P T E R

Physical Therapy: Art and Science of
Practice

XVI

1984

CHRONIC PAIN AND REHABILITATION

FIG. 110.1 Lumbar extension in lying with clinician overpressure is the
speciic exercise that produces the best response in symptom location,
range of motion, neural tension signs, manual muscle testing, and relex
testing for this particular patient. All responses are capable of improving
when the individual’s speciic corrective movement is performed. A
thorough mechanical assessment determines the speciic movement
direction, load, and pressure required.

FIG. 110.2 Cervical traction with extension is initially required to allow this
patient to return to speciic loaded exercises. Again, a thorough mechanical
assessment determines the speciic direction, pressure, and load of the
exercise based on the patient’s history and response to movement.

not making satisfactory progress can also inform the surgeon
about a patient’s underlying biopsychosocial distress that may
produce inferior surgical outcomes. Also, valuable mechanical
information can be communicated to the surgeon by the
physical therapist. For example, determining a reducible disc
versus an irreducible disc is easily within the skill set of the
mechanically trained physical therapist.9 Efective and eicient
spine practices thrive on collaboration and free communication between all team members. Patients are best served by a
collaborative efort with the best trained therapists in the spine
surgeon’s geographic location (Figs. 110.1 and 110.2).

Guidelines for Selecting a Physical Therapist
he physical therapist with whom a surgeon chooses to collaborate must demonstrate skill in treating that surgeon’s patient

population. he therapist must possess a shared understanding
of surgical indications and lags that may predispose patients
to poor outcomes. In summary, the therapist must be a good
it for the surgeon’s practice. he beneits of collaboration start
early. Patients are seeking the spine surgeon’s recommendations for all aspects of their care. Instructing patients to blindly
ind their own therapist can produce unreliable variability that
can make surgical interventions less successful.10 Hildebrandt
et al. demonstrated that preoperative programs that do not
change subjective feelings of disability in the patient produce
inferior outcomes.10 Simply referring patients to the in-house
PT department at the spine surgeon’s hospital/health system
fails to guarantee quality treatment. Spine rehabilitation is not
covered to the same extent in all PT programs and postgraduate training for PT also difers signiicantly.
Unless individual outcomes (not process measures) are
measured by the therapist and used to inform practices, treatment eicacy provided will vary by clinic and even by clinician
within the same clinic. Just like surgery, PT is not a standardized practice.
In order to judge the quality of a physical therapist, the
spine surgeon is accountable for interviewing physical therapists to whom spine patients will be referred. By interviewing
the physical therapist who will treat referred spine patients,
the spine surgeon ensures that the patient is receiving the
expected PT. Virtually all competent physical therapists want
to collaborate with a spine surgeon. However, the physical
therapists who are unwilling to accept an invitation for an
interview with the surgeon oten lack the skill set to treat
the spine patient population. he physical therapists who do
accept interviews should demonstrate spine-speciic proiciency. Oten, “bad actors” will be easily ruled out, utilizing an
interview process. During this interview, the surgeon should
identify several key data-driven factors. he more criteria
the physical therapist meets, the better chance that therapist
will provide highly efective and reproducible outcomes.
Time spent screening therapists with the process described
later will pay massive dividends by eliminating unproductive
time in a busy surgeon’s schedule. However, the spine surgeon
may not have adequate preparation for such an eicient
process. An alternative may be to choose the top one or two
therapists in a practice and refer patients for a 6-month trial
period, then request standard pre-post outcome data from
each therapist (described later in this chapter). Occasionally,
a surgeon’s practice is in an area that has limited choice of PT
clinics. his scenario is a golden opportunity for the spine
surgeon to inluence the type of continuing education for a
PT clinic. he spine surgeon can request speciic PT continuing education training on behalf of the patient population
to ensure continuous quality improvement in nonoperative/
postoperative patient care.
he interview process is comprised of 10 questions:
1. Does the physical therapist have experience treating spine
patients? How many does the physical therapist treat per
month? Spine patients are oten the least sought out patients
by physical therapists due to the perceived complexity and
lack of outcomes associated with treatment. Experience with
spine patients is an excellent start and simply indicates a lack
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deployed to the patient at regular intervals for up to 1
year.12 Long-term gains and surgical outcomes are tied
to home program compliance.13,14 he process of tracking outcomes requires other resources in addition to the
usual clinical operation costs. Allocation of resources for
outcome data tracking may be a strong indicator of that
therapist’s commitment to improving the patient’s health.
6. Does the physical therapist take action to remediate
deiciencies identiied during outcomes tracking? Data
are just numbers until utilized for a purpose. Whether
therapists utilize the data for clinical decision making is
what makes it meaningful. Clinical reasoning regarding a
particular patient’s care must occur based on trends in the
collected data. Plans identifying and treating unexpected
or deviant trends must be developed by the therapist to
ensure safe and eicacious patient care. Addressing clinical nuances, including comorbidities confounding results,
should heighten your conidence in your therapists’ ability
to handle a diverse patient population. Correct utilization
of data enhances the patient’s experience and improves
therapist-to-surgeon communication.
7. Does the physical therapist participate in a regular quality
control, continuous quality improvement, or a grand
rounds process among clinicians (within or outside of the
clinic) to identify patients not meeting expected outcomes
so that changes can be implemented? Continuous quality
improvement in some form is the most important learning tool as long as the format is a clinical case presentation
or interactive workshop/small groups.15 It is a mirror for
the therapy practice to identify both best practices and
deiciencies. Regular use of the process implies that the
therapist is interested in communication and providing
the surgeon and the patient with optimum outcome. his
interdisciplinary approach improves the clinical experience for all clinicians involved as it centers care on each
individual patient. he patient’s treatment experience
is enhanced when the knowledge base of senior/expert
clinicians combines with innovative approaches and guidance of all stakeholders.
8. Does the physical therapist understand value? Can the
physical therapist cite cost savings by reducing resource
utilization (compared to community standard) while
returning superior outcomes? his can be achieved through
participation in a national registry (American Physical
herapy Association, Physical herapy Outcomes Registry)
or a national outcomes measurement tool such as Focus on
herapeutic Outcomes. Surgeons share responsibility with
therapists to request access to deidentiied claims data. his
allows tracking of all regional entrances into the health care
system. Comparisons of a practice’s costs and outcomes
against a regional benchmark is increasingly important. he
cost of providing a service may not be readily accessible
to all physical therapists. However, cost is directly related
to the number of PT sessions that a patient receives per
diagnostic ICD-10 code. Substitutes for the standard value
formula (outcome/cost) exist. A simple formula is useful:
Value = Outcomes Visits
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of avoidance of, if not interest in, this patient population.
However, experience alone is not an indicator of treatment
efectiveness. Continuation of questioning is required to
determine efectiveness markers.
Does the physical therapist exclusively use active modes of
treatment? Exercise and movement promotion are quintessential to the care of a spine patient. Passive modalities
have little to no place in the care of the spine patient, with
rare exceptions. Transcutaneous electrical neural stimulation (TENS) may possibly speed weaning from opioid pain
medication use in the immediate postoperative period.11
However, further use of low-value (high expense without
any validated outcomes) modalities is generally inferior to
active treatment. Ultrasound and various other modalities, including electrical stimulation, laser, massage, and
traction, are inferior to the long-term outcome of active
treatment and are discussed later in this chapter.
Is the physical therapist able to cite the reliability of the
clinical protocol being used? Methods of PT practice are
available that produce more reliable assessments and
outcomes than others. Reliability is the most important
irst step toward validity. Any diagnosis produced by
unreliable assessment methods is doomed to inefective
treatments and subsequent poor outcomes. A surgeon or
physician may be unfamiliar with the phases of “usual
care” physical therapy that lack reliability. Physical therapists who utilize methods with greatest reliability will be
able to cite their evidence-based practice.
Does the physical therapist track the outcomes for quality
assurance? he collection of meaningful data is imperative
to determine if a process or intervention is producing an
efect on the outcome. Here are some common standardized patient-reported functional outcome measures for
the spine: the Oswestry Disability Index, Neck Disability
Index, Pain Disability Questionnaire, Roland Morris
Disability Questionnaire, and Pain Disability Index. A
more recent measure, the Patient-Reported Outcomes
Measurement Information System, utilizes computeradaptive testing and scales that may allow greater breadth
of outcome gathering without the burden of asking too
many questions. Patient-centered perceptions of function
are the most meaningful outcomes to track. In contrast to
measuring pain scores, measuring functional perceptions
more closely mirrors and predicts return to work and
surgical outcomes than merely collecting visual analog
scale pain scores measured at random intervals. In this
patient population, a signiicant improvement in functional rating signals real gains for the patient and oten
meets the increasing regulatory burden with regard to
performance measures.
Are the outcomes tracked for at least 1 year? High-value
treatment interventions are durable. his means that a
clinically signiicant improvement in outcome scoring
should be durable for up to 1 year. Clinical efectiveness oten requires education and patient buy-in for a
gym-based or home-based exercise program. Patient
adherence can be measured directly or through the proxy
of the therapist’s chosen outcome measures (see item 4)
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Fewer visits and/or better outcomes increase value
for patients and the value of that practice to the spine
surgeons in their community. Newer time-driven activitybased costing tools are emerging as simple ways to make
cost data actionable. Broadly speaking, the Value-Based
Health Care Delivery initiative led by the Harvard
Business School provides easy access to best-practice
ideas while of-the shelf ideas may be accessed through
a simple Internet search or through a national medical
society.
9. Can the physical therapist present patient-level satisfaction
scores? Collection of patient satisfaction questionnaires
shows a dedication to patient-centered care. Improving
the patient experience will relect well on the surgeon who
took time to identify a quality therapy practice. Conversely,
poor patient experiences will be relected in the surgeons’
satisfaction scores as well. A willingness on the part of
the therapist to identify areas of improvement is necessary in this increasingly data-driven marketplace. Patient
satisfaction is a slippery slope and must be weighted in the
face of other quality measures. Donabedian16 concluded
that access, administrative technical management, clinical technical management, interpersonal management,
and continuity of care are domains that deine patient
satisfaction. Satisfaction ratings improve if the patient’s
expectations are met.17 Dissatisied patients are less
likely to use professional advice, thus undermining both
primary and secondary prevention.18 Oten, the most
efective treatments bring a temporary increase in pain
symptoms before gains are realized. Gentle guidance from
the surgeon that efective therapy oten hurts, but will not
harm, the patient is a beneit for the patient, the therapist,
and the surgeon’s oice staf. However, a skilled clinician
who is cognizant of the patient experience can proactively
educate and guide the patient through exercise regimens
that ultimately produce the desired outcome. hrough the
use of collected data, patient satisfaction improves; this
will, in efect, recruit more patients to whom the physical
therapist can provide a high-quality service.
10. Finally, the surgeon should ask himself or herself the
following: do I trust this person? If the interaction with
the physical therapist does not feel right, patients will
notice this as well. he late physician Leon Wiltse was
famous for making diicult concepts understandable.
Ater pioneering the use of quantitative testing (Minnesota Multiphasic Personality Inventory) to optimize surgical outcomes, he boiled down years of clinical acumen
with a speech as President of the Association of Bone and
Joint Surgeons on his famous “look ’em in the eye” test. If
you do not trust what you see when you look the therapist
in the eye, choose a diferent therapist.

Collaboration Between the Surgeon and
the Therapist
Ater identifying a suitable physical therapist, the surgeon and
the therapist can collaborate eiciently as members of the

same patient care team. Each member has well-established
roles—there are certain patient expectations from the spine
surgeon and from the physical therapist.
Before the patient begins PT, the spine surgeon should
prepare the patient for the PT experience. he patient–clinician
relationship has a signiicant efect on health care outcomes.19
However, the language used by the surgeon during this process
has a more signiicant efect on the patient’s outcome.20 For
example, visualize the following scenario as if you were the
patient who has just been evaluated by the surgeon and
compare the following statements: “You can try PT if you
want; if it doesn’t work, we might need to get an MRI.” Or, “I
have hand chosen the physical therapists I need you to see.
hey are experts in treating your particular problem. hey will
keep me up-to-date on your progress.”
Words are very much a treatment by themselves. Words
hold immense weight from a patient’s perspective. Choose the
words with which to treat patients wisely. In comparing the
two statements, the irst statement is spoken with pessimism,
apathy, uncertainty, and a touch of callousness. he irst statement creates a mindset for the patient implying failure in PT
before even attempting it and that pathology will be proved
with an MRI. his statement implies that improvement with
PT means that the patient’s condition was beneath the concern
of a surgeon. Using language to inspire patients to work hard
in PT is not just for the sake of the attempt, but instead has
been shown to be good medicine.21 he patients who attend
PT without a bias or a chip on their shoulder experience
greater progress, less lost work time, and fewer MRIs.22 Physicians who employ the irst statement are not merely uneducated regarding the importance of PT, their apathy contributes
to low value and disreputable medical care.23
he tone in the second statement is spoken with conidence
and empathy. It relects very well on the surgeon, the therapist,
and the patient. It relays the message that the surgeon is
invested in the patient to the point that individualized care
was selected with a speciic hand-picked treatment. he trust
engendered when a surgeon has already interviewed these
particular clinicians is reinforced to the patient by the therapist. his simple and proper set-up ofers hope to patients.
Hopeful patients are more likely to take an active role in
recovery, attend their irst PT appointment, and return to
activity more rapidly.24 A positive attitude has a strong association with symptom resolution.25 Better communication and
interpersonal skills are able to detect problems earlier, can
prevent medical crises and expensive intervention, and provide
better support to patients. his may lead to higher-quality
outcomes and better satisfaction, lower costs of care, greater
patient understanding of health issues, and better adherence
to the treatment process.26
In direct opposition is the uncertainty engendered when
patients believe in the need to “fail” to get a deinitive answer
to the cause of their pain (receiving an MRI). Many patients
falsely believe that an MRI, rather than clinical examination,
is the best method to determine treatment.27 A poorly educated patient fails to realize certain factors:
• he high sensitivity and low speciicity of the MRI produces
high false positives.28–30

Chapter 110 Physical Therapy: Art and Science of Practice

monly found on the MRI.31 he absence of pathology does
not predispose the patient to a pain-free and fully functional
existence.
A
thorough mechanical assessment by a well-qualiied
•
physical therapist can correlate pain complaints32 with
relevant imaging indings.33

In summary, a well-trained physical therapist, integrated by
the surgeon into the care team, can educate the patient on
fears, objectify pain responses to movement/positioning,
return the locus of control to the patient, and identify and
possibly decrease psychosocial factors associated with poor
outcomes. A consistent message from all members of the
patient care team instills conidence in the patient and
improves both surgical and nonsurgical outcomes.
When the patient attends PT, the surgeon should have the
following expectations. he physical therapist should treat this
patient with an evidence-based, reliable method. his method
should subgroup patients, then match the treatment to that
patient’s subgroup for a positive outcome.34 A predictably
positive outcome begins with a reliable, reproducible assessment process. he assessment method used by the physical
therapist must exhibit both internal and external reliability.
Without this reliability, every step thereater fails due to
unpredictable, nonspeciic results.
he Quebec Task Force stated that the variability of methods
producing an unreliable diagnosis is “the fundamental source
of error” that ultimately results in poor outcomes.35 Spratt
reported that the process of establishing clinical validity
required three imperatives: “he focus will be on a single
diagnosis (D) that is unambiguously derived from a welldeined assessment (A), for which there is consensus for a
single speciic treatment (T), and where speciic outcomes of
treatment (O) are speciied.”36 he result is the ADTO model,
which requires hierarchical linkages between AssessmentDiagnosis, Diagnosis-Treatment and Treatment-Outcome. A
predictably efective outcome is only possible with a reliable
assessment method that produces classiication subgroups.37
While it may not be obvious to many physicians, classiication
subgrouping is the most important component in creating
homogeneous groups of patients with similar treatment–
response characteristics out of a population with heterogeneous symptoms of spine-related pain.38–40
Regardless of the classiication system utilized for subgrouping, it must have the essentials described by the ADTO
model. he subgrouping method must exhibit testable, reproducible reliability in all aspects of the clinical assessment, not
just for certain self-limited assessed conditions. he therapist
should be able to explain the assessment/classiication system
and should produce valid clinical diagnoses. he therapist
must plan a predictably efective treatment for the diagnosis
that produces superior outcomes compared to natural history
and other common treatments for the same diagnosis.
When the therapist corresponds back to the surgeon following patient evaluation, the initial report should indicate to
which subgroup the patient belongs and should include the
clinical reasoning. Moreover, the therapist should indicate the

ability to change symptoms, mechanics, concordant signs and/
or neurologic signs via mechanical pressure and loading
strategies. Equally important is communicating an inability to
change these factors through varied mechanical pressure and
loading strategies. Early determination of mechanical nonresponse facilitates rapid referral back to the surgeon for
advanced imaging, injections, or surgery. Prolonged inefectual care to maximize PT visits results in the patient losing
conidence in the eicacy of therapy and exercise. A quality
therapist decreases fear-avoidant behavior by ensuring rapid
referral to the appropriate clinician.41 Similarly, a quality
therapist knows that time is a disability determinant. herapists who determine in a short period of time whether a
patient will respond or not respond are very valuable to a
surgical practice.

Active Versus Passive Physical Therapy
Physical therapy for spine problems is an active process and
very rarely requires bed rest beyond 24 hours.42 Passive
physical agents have shown no long-term efects on outcomes
as stand-alone treatments.43 Passive modalities have shown no
place in the treatment of spine problems outside of the immediate postoperative time frame (when reducing opioid use
may be advantageous).44 Otherwise, there is no high-quality
evidence to support the use of passive modalities such as
TENS for the treatment of back pain.45–47 he available evidence shows that in patients with chronic low back pain
(CLBP), treatment with TENS is no more efective than treatment with a placebo and TENS adds no apparent beneit to
that of exercise alone.48 A Cochrane Collaboration systematic
review concluded: “At this time, the evidence from the small
number of placebo-controlled trials does not support the use
of TENS in the routine management of chronic LBP.”46
herapeutic ultrasound is commonly used in the treatment
of spine-related pain for thermal and nonthermal efects.50
A Cochrane Library Review stated: “We did not ind any
convincing evidence that ultrasound is an efective treatment
for low-back pain….” here is no existing high-quality evidence that ultrasound improves pain or quality of life: “Efects
were so small they may not make any diference to patients’
lives.”51 herefore, the use of this common modality is highly
discouraged.
Low-level laser and high-level laser are not recommended
in place of or adjunct to conventional treatment.52 Immediate
pain improvements may be associated with low-level laser.
However, evidence does not support the use of laser for
improvement of function or reduction of disability for patients
with chronic low back pain.52
Massage therapy for neck pain and LBP has shown no
improvement in pain, dysfunction, or range of motion when
compared to no treatment, inactive therapies, and active
therapies.54,55 However, massage therapy for LBP may be an
efective treatment option compared to placebo or relaxation
in the short term.56 No evidence is available to support the
long-term efectiveness of massage therapy for the treatment
of acute, subacute, or CLBP.57
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• Asymptomatic or nonconcordant pathoanatomy is com-
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Lumbar traction in any form, alone or in combination with
other treatments, has little or no impact on pain intensity,
functional status, global improvement, and return to work.
he use of traction as a treatment for nonspeciic LBP, with or
without sciatica, is not supported by the best available evidence.58 Traction for neck pain shows no favorable results for
pain or disability.59,60
Physicians should be aware that time spent performing
passive physical modalities would be better spent performing
efective movement-based treatment and cognitive behavior
education. hough passive modalities are used regularly for
the treatment of neck and low back pain, a spine surgeon
should consider ordering active treatment with a speciic note
stating “no modalities” due to the lack of supportive evidence
for passive modalities. he American Physical herapy Association’s top ive Choose Wisely recommendations supports
the use of active therapeutic approaches over passive treatment. hey report the following: “here is limited evidence for
use of passive physical agents to obtain clinically important
outcomes for musculoskeletal conditions. A carefully designed
active treatment plan has a greater impact on pain, mobility,
function, and quality of life. Although there is some evidence
of short-term pain relief for certain physical agents, the addition of passive physical agents should be supported by evidence
and used to facilitate an active treatment program.”61
Too oten the phrase “but patients like it” is used to defend
the overutilization of passive physical agents. his is when
the collaborative surgeon–therapist relationship serves patient
long-term interest. Even when patient expectations are taken
into consideration, the surgeon can limit “passive” modalities
while a collaborative therapist can explain the reasoning to
the patient. he surgeon and physical therapist should not be
driven by what the patient wants or feels is best. Analogous
to physician satisfaction ratings being tied to prescriptions for
narcotic pain medications, antibiotics, and MRIs, therapists
who always meet patient expectations do not necessarily
demonstrate best practices.62 A false dilemma exists when
health providers feel that fulillment of patient expectations
will improve satisfaction scores despite evidence that more
efective treatment options exist. However, if the patient is
able to experience positive rapid change with a movementbased treatment, there is a greater probability of compliance
with an active plan of care and the perceived need for passive
treatment diminishes.

Physical Therapy Levels of Care
As a inal point, the spine surgeon should have a concept of
levels of care when it comes to PT exercise interventions. he
majority of this chapter has discussed the primary level of
traditional PT care that is usually started in the mid-acute/
subacute phase and is focused on range of motion, strengthening, and avoidance of deconditioning, with some emphasis on
endurance and job-speciic functional limitations. he patient
population that responds to primary-level therapy is usually
still at work, missing less than 6 weeks of usual activities, using
limited or no opioid medication, experiencing minimal sleep

interruption, and sufering relatively mild to moderate biopsychosocial distress with a variable component of fear avoidance.
Much like limiting bed rest, there is very little evidence that
formal conventional PT is necessary in the immediate acute
period of 1 to 3 weeks.63 Historically, advice for patients in the
irst 1 to 2 weeks of an acute spine-related pain process has
been to remain active with gentle stretching, which may
include performing yoga stretches or following a stretching
booklet.64 his antiquated advice remains common even as
evidence-based practices encouraging PT evaluation are being
incorporated into formal clinical guidelines.
LBP and neck pain have traditionally been considered
to be self-limiting with a favorable prognosis. However, the
treatment paradigm of self-guided nonspeciic stretching,
nonsteroidal antiinlammatory drugs, muscle relaxants,
and reassurance of improvement is proving inefective in a
growing subpopulation that increasingly accounts for much
of the indemnity costs. he recurrence rate of LBP within 12
months ater initial episode has been reported to be as high as
84%.65 Neck pain and LBP combined is now the number one
cause of disability globally, moving up from the number two
position.66 he United States total cost (direct cost, indirect
cost, intangible cost) associated with neck pain and LBP is
estimated at over $600 billion and climbing.67 he problem
of neck pain and LBP is certainly not necessarily self-limited
and has a mixed prognosis. Acute low back pain requires
speciicity of treatment as much as acute chest pain does.
Disregarding acute low back pain as though it is not worthy
of efort until there is a neurologic deicit may create later
problems that can be more diicult to solve. herefore, there is
no better time than at the primary level to initiate speciically
formulated, reproducible treatments. Paradigms of watchful
waiting are proving inefective and increasingly expensive.
Speciic, collaborative, and value-based treatment can save
the patient from needless temporary disability in addition
to modifying downstream costs associated with expensive
advanced care.68–70
he spine surgeon should consider secondary-level therapy
for patients who have been out of work for a prolonged period
or who have inadequately recovered from a posttraumatic or
postsurgical phase of healing. he overall goal of secondarylevel care is reactivation. Reactivation is a term used for various
active exercises to reverse deconditioning (termed “weak-link
syndrome”) while simultaneously addressing biopsychosocial
factors, such as fear avoidance, which can result in aspects of
“disability behavior.”71 Such patients have allowed enough time
for tissue healing (casting, bracing, fracture healing, or
surgery) and have a disproportionate amount of pain inhibition along with reduced range of motion and focal reduction
in strength.72 Patients exceeding more than 8 weeks of temporary total disability may have poor outcomes when referred to
single-therapist, primary-level PT. Patient-reported outcome
tools such as the STarT-Back tool, Pain Disability Index, and
Pain Disability Questionnaire have each been shown to help
triage patients to primary-level or secondary-level PT.73 A commonly used instrument, the Oswestry Disability Index, showed
relatively poor discrimination and responsiveness in head-tohead comparisons.74
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Summary
In summary, knowledge is power for the spine surgeon to
efectively treat a broad sampling of patients with spinal disorders. Spine surgeons’ ethical mandate is to advocate for their
patients and to ensure that patients return to maximal vocational and avocational function from their injury. Historical
benign neglect of recurrent disabling episodes will not be
tolerated in an area of value-based, bundled-payment care. A
shit to interdisciplinary collaboration is intended to embrace
the triple aim—improving outcomes, improving patient experience, and reducing costs—in our increasingly value-driven
health care environment. his chapter’s intention is to provide
high-level strategies to adequately assess the quality of therapy
that the spine surgeon can recommend to patients in response
to the need for high-value services that improve population
health at a decreased cost.

KEY POINTS
1. Substantial variability exists in PT practice. A failed attempt at
PT with one therapist does not necessarily mean that PT has, in
fact, failed.
2. A formal interview of a physical therapist by the surgeon
asking several key questions (contained in this chapter) will
likely improve communication, therapy results, and surgical
outcomes.

3. After acute injury, rest, particularly bed rest, for longer than 48
hours can be detrimental. Recommendation of prolonged rest
after spine injury is associated with a higher rate of disability.
Advising engaging in physical activity and acknowledging that
the surgeon has speciically picked out a therapist or therapy
actively engages patients in their own well-being and an
activity-based PT program.
4. The use of active modes of therapeutic exercises is associated
with a reduction in the duration of disability. Extremely limited
evidence exists that use of passive therapies speeds patients’
return to full function.
5. Pain is a poor guide for determining therapeutic duration and
intensity. Exercise programs that promote/encourage/require
patients’ continuing with active therapy, even when their pain
increased, had decreased work-related disability. Programs that
encouraged pain to guide the dosage and intensity of therapy
fared worse in primary and secondary outcome measures.
Patients who stopped therapeutic activities due to pain
seemed to experience an increase in behaviors such as taking
painkillers, seeking health care, stopping work, limping,
guarding, and talking about their pain. Pain intensity should
not guide therapy and surgeons should reinforce patient
questions regarding the diference between “hurt” and “harm.”
6. Pain centralization and a patient’s ability to obtain a directional
preference with exercise are signiicant indings necessary to
categorize patients for appropriate exercise. Categorizing
patients and treating them appropriately results in a decrease in
short-term (< 3 months) pain and disability for LBP compared
with other standard treatments, such as nonsteroidal
antiinlammatory drugs, educational booklet, and massage.
7. Monitoring of patients’ functional and return-to-work
outcomes by the therapist is important for quality assurance.
Outcomes should be tracked for at least 1 year. The physical
therapist should identify and remediate deiciencies in the PT
program. The most efective strategies involve delivering
exercise programs based on sound reproducible diagnostic
methodology. Studies indicate favorable beneit from early use
of aggressive PT (sports medicine model) and training that is
quota based and not pain based in its progression.
8. The use of active treatment modalities instead of passive
treatments is associated with substantially better clinical
outcomes. Case series of patients with acute LBP treated by
physical therapists who followed active therapy guidelines
needed fewer treatment visits and had decreased cost, pain,
and disability when compared to patients treated with a
passive regimen of modalities and manipulation. A total of
64.7% of patients in the active-treatment protocol group
deemed therapy a success compared to only 36.5% in the
passive-treatment group.
9. Psychological support is important in overcoming fear beliefs
about pain, injury, activity, and function. Moreover, active
physical treatment, cognitive behavioral treatment, and a
combination of each resulted in statistically equivalent and
signiicant improvement. All demonstrated a statistically
signiicant improvement over no treatment. (The cognitive
treatment focused on behavioral reinforcement of increased
physical activity.)
10. Patients who fail timely, single-therapist, active protocols
should be considered for referral to a tertiary-level
interdisciplinary functional restoration program. Delay in
treatment is a leading cause of disability. Failure to improve
with good, aggressive therapy does not necessarily imply a
high surgical success rate for that patient.

S E C T I O N

Not all PT practices are capable of handling secondarylevel PT. Capable practices have specialized training in assessment (commonly called physical capacity evaluations) and
treatment oten in the context of a work-hardening or workconditioning program. herapists who oversee these programs
typically have specialized postgraduate training. hese programs consist of increased treatment frequency and intensity
with minimal to no passive modalities or manipulation. he
focus of these programs starts with regaining full range of
motion followed by rapidly introducing quota-based strengthening and endurance. Speciic educational attention is placed
on the injured area, with a particular focus on barriers to
occupational/functional reintegration.
Finally, tertiary-level care usually combines interdisciplinary assessment and treatment for chronic disabling spinal
disorders with speciic focus on return to work/function and
marked reduction of medical indemnity costs.75 he preponderance of high-level medical literature supports a functional
restoration approach.76 Due to inancial constraints of program
administration, tertiary-level care may not be readily available
in all surgeons’ communities. Seeking consultation from a
regional quaternary institution may be necessary. Of speciic
interest to the spine surgeon is evidence showing that patients
with chronic disabling back pain who begin a functional restoration program before surgery have a high return-to-work rate
when they complete the functional restoration program ater
surgery. his has been cited in several published disability
guidelines outlining occupational injury.77 Prior to placing a
patient at maximal medical improvement, an evaluation at a
tertiary-level therapy program oten makes sense.
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Functional Restoration Principles
Functional restoration is an intensive and goal-oriented form
of interdisciplinary chronic pain management. It was originally developed at the Productive Rehabilitation Institute of
Dallas for Ergonomics (PRIDE) to treat individuals with
chronic spinal pain (CSP) who are disabled from performing
important activities of daily living (ADLs), including work
duties. It is now applicable to many forms of chronic pain in
addition to CSP, which are injury related or involve the spine
as a noninjury “target area” (see Chapter 108). he success of
this treatment approach in restoring function to disabled
individuals depends on several crucial principles common to
all credible functional restoration programs, which include
the following:
• Medical supervision: A functional restoration program has
a medical director, or multidisciplinary medical team,
providing medical supervision and consultation on related
or comorbid medical issues.
• Quantitative assessment of physical and psychological
function: Objective measurements of physical performance
guide the measurement-driven physical training. Physical
measurements are aimed at both the painful “weak link”
body part(s) and whole-body functioning. A mental health
assessment, including a clinical interview and validated
self-report questionnaires (graded by severity levels to aid
with clinical interpretation), help complete a whole-person
functional assessment.
• Integrated interdisciplinary treatment team on site: A
functional restoration program must have an integrated
treatment team whose members are on site, full time, and
dedicated entirely to the care of program patients.
• Outcome tracking: Because functional restoration is frequently a last option for CSP treatment, outcomes ater the
program represent the outcome of a full course of surgical
and nonoperative therapies performed over an extended
period of time. Objective, measurable outcomes (including
socioeconomic variables and validated self-report questionnaires) are critical components of functional restoration programs and their quality assurance.

Irrespective of whether the CSP origin is injury related or
not and surgically treated or not, virtually all such patients
have, to a greater or lesser extent, several crucial pathologies
in their multifactorial pain process. hese include:
• A presumed musculoskeletal degenerative, postinjury or
postoperative structural pain generator of a mechanical
nature for which interventions and the passage of time have
maximized healing beyond further correction or anticipated spontaneous recovery.
• A deconditioning syndrome of progressive inactivity resulting from pain (and associated psychological issues), with
development of a spinal weak link relative to other uninvolved body parts. Deconditioning involves loss of motion,
strength, endurance and coordination, and adversely afects
function of adjacent body links.
• Development of psychosocial dysfunction (oten including
mood disorders, insomnia, fear-avoidance, posttraumatic
stress, and central sensitization), which is sometimes
accompanied by accentuation of premorbid psychiatric
conditions.
• he frequent well-intentioned but oten overdone tendency
to overmedicate the pain, creating opioid-dependent
“chemical copers,” becoming progressively and comfortably accommodated to dysfunction and disability.
• Gradual decrease in commitment to social functions (e.g.,
work and family role) due to physical and motivational
consequences of these factors, further reducing the patient’s
participation in family and community activities.
Functional restoration has proven outcomes that comprehensively deal with all of these CSP factors. Box 111.1 lists
important components of a functional restoration program.
Fig. 111.1 shows four treatment outcome variables, collected
1 year ater completion of the PRIDE functional restoration
program, over a 10-year span, from 1999 to 2008.

Introduction
It has been recognized for a long time that minimizing bed rest
and maximizing an early return to activity are not harmful and
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FIG. 111.1 Productive Rehabilitation Institute for Ergonomics (PRIDE) 10-year treatment outcomes (1999–
2008). Data were collected from follow-up interviews and medical records 1 year after treatment discharge. FR,
functional restoration.

BOX 111.1 Important Components of a Functional
Restoration Program
Quantiication of physical capacity
Quantiication of psychosocial function
Reactivation for restoration of itness
Measurement-driven reconditioning of the weak link functional unit
Retraining in multiunit functional task performance
Work simulation
Multimodal disability management program
Stress and pain management skills training
Didactic classroom education
Medication management with opioid taper
Vocational/societal reintegration
Formalized outcome tracking

show improved functional outcomes over “restful waiting” in
90% of patients who sufer an acute episode of low back and/
or leg pain. Moreover, aggressive, quota-based rehabilitation
appears to improve symptoms more rapidly than natural
history in placebo-controlled trials.1 Even without treatment,
pain symptoms improve over 90 to 120 days in the majority of
patients.2 Despite medical advances, there is still a paucity of
knowledge as to appropriate triage and disposition of the 10%
of spinal pain patients who fail all single-provider interventions (including surgery) and absorb 80% to 90% of the money
spent on spine care and associated medical issues.3,4 Since
the 1980s, integrated, interdisciplinary, advanced functional
restoration rehabilitation has been recognized as the gold
standard of care for treating patients who do not improve with
other interventions. his chapter seeks to address the most
challenging patients—those who fail to improve within 90 to
180 days with any single-provider modality—and who oten
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carry the weight of law in many large states and Canadian
provinces. Although tertiary-level treatment is heterogeneous
by nature, these guidelines help enforce minimum standards
in coniguration and outcomes for chronic pain management
and functional restoration programs to meet the needs of a
diverse population.

Which Patients Are Likely to Beneit From
Functional Restoration?
As noted previously, the 10% of patients with injuries whose
spinal pain becomes chronic accounts for 90% of the cost of
health care utilization and disability beneits for this disease
category.10 he more chronic the spinal disorder becomes
(the longer time passes ater the injury without symptom
resolution and return to normal functioning), the more likely
that patients will become more severely disabled from normal
ADLs. Chronic pain and disability are usually accompanied
by psychosocial stress, social withdrawal, depression/anxiety,
physical deconditioning, substantial losses (including loss of
inances, sleep, and physical functioning), and declining coping
skills. A biopsychosocial perspective views chronic pain and
associated dysfunction as a complex interaction of biologic,
psychological, and social variables, and is an essential concept
in the treatment of this myriad of interacting symptoms.11
he inability to confront and overcome losses—combined
with the downward spiral of pain, disability, and psychosocial
distress—may lead CSP patients to overuse opioid medication,
benzodiazepines, and other symptom-mediating medications,
usually under the direction of a well-meaning physician who
sees no other options. his single-modality approach can
lead to further physical disuse and withdrawal from ADLs.
Until very recently, it has become an increasing feature of the
worker’s compensation (WC) injury system that insurance
carriers intentionally enable and encourage opioid dependence for chronically disabled CSP patients as an alternative to
intensive rehabilitation and functional recovery. he carriers
have been allowed to “cost shit” inancial beneit responsibility to the federal government through Social Security
Disability Income (SSDI) and health care to Medicare, while
using various legal strategies to declare results of the injury
“resolved,” thus negating further responsibility for the state
WC system. he more recent focus on the harmful efects
of opioid addiction and the loss of worker productivity for a
large segment of the working-age population receiving “permanent disability payments” under SSDI has begun a trend
of the federal government pushing back, at least initially with
Medicare set-asides.
Since Progressive Resistance Exercise programs were
developed for the orthopedic rehabilitation of soldiers ater
World War II,12,13 we have learned much about the secondary
physical changes accompanying immobilization, disuse, and
deconditioning in the spine and extremities. Spontaneous
healing or surgical intervention may produce structural
recovery of disrupted musculoskeletal tissues in a relatively
short 6- to 12-week time period. In cases of severe injury,
permanent tissue changes oten remain ater maximal tissue
healing in the form of deformed bony structures or sot tissue
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receive increasingly aggressive and invasive interventions with
unpredictable functional outcomes. Creating a best-practice
model for this population is further complicated by the fact
that CSP frequently does not correlate with radiologic indings
nor do treatment outcomes correlate with radiologic criteria
for success.5,6
A phasic nonoperative care model of primary, secondary, and tertiary modes of treatment of spinal disorders has
become widely accepted. he concepts underlying this model
have been identiied in consensus panel documents provided
by the North American Spine Society and national treatment
guidelines.7 Each mode brings with it greater expense but
commensurately greater functional return in exchange for
the increased cost. Briely outlined, primary care refers to
modalities applied during the acute injury phase, intended to
modify symptoms during tissue healing. hese include—but
are not limited to—manual techniques, early single-specialty
mobilization, and educational programs. So-called passive
modalities may include immobilization ater surgery, electrical stimulation, temperature modulation, and traction. Treatment is customarily provided by a single professional, with a
limited number of treatments applied to a large number of
acute-phase patients who appear clinically and radiologically
appropriate.
Secondary care refers to therapy provided to a smaller
number of patients not responding to initial symptommodiication treatment. Postacute or postoperative symptoms
oten require care plans focused on physical reactivation,
combining quota-based exercise programs with education.
Occasionally, additional passive modalities are employed for
symptom modiication. he main aim is to prevent late-phase
deconditioning that is associated with prolonged inactivity in
the transition from functional impairment to disability. In
some cases, secondary care may have a degree of programmatic consolidation (e.g., work conditioning or work hardening), particularly toward the end of the postacute period. he
lead role in secondary care is usually performed by physical
and occupational therapists, with physicians, mental health
professionals, social workers, disability managers, and/or
chiropractors acting as consultants to ensure progress back to
maximal function.
he small percentage of patients who fail to respond to
secondary care, or those who fail to beneit from complex
surgical procedures, become chronically impaired. hese
patients oten respond positively to a tertiary care environment as the inal option to regain lost function. When
functional restoration, for one reason or another, is not made
available, these patients are frequently consigned to opioids
and repeated failed interventions, which are delivered with no
strategy for functional recovery. Although tertiary rehabilitation is strongly advocated in national guidelines, physician
awareness remains limited, as does the availability of tertiary
care. Treatment management guidelines, such as the Oicial
Disability Guidelines8 (ODG) or from the American College
of Occupational and Environmental Medicine,9 identify
evidence-based standards that are common to reputable
tertiary-care programs. Increasingly, these guidelines, which
deine minimum standards of assessment and treatment,
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instability and scarring. hese structural pathologic changes
may lead to permanent biomechanical derangements that
can produce chronic pain. At its most severe, the structural
changes may also include arthroibrosis, perineural scarring,
adhesive joint capsulitis, joint subluxations, and development
of sympathetically mediated neuropathic pain syndromes.
One path for the development of CSP in many spinal
injury patients is explained by the fear-avoidance model. Fearavoidance is a nonadaptive style for coping with pain, involving avoidance of ADLs due to fear of increased pain and/or
fear of injury/reinjury.14,15 here is evidence that elevated fearavoidance levels during the acute or subacute spinal pain phase
can increase the risk that the pain will become chronic.16,17 In
contrast to spinal pain patients who engage in adaptive behaviors (attempt to “stay positive,” maintain their mobility, and
gradually increase their level of daily activities following their
injuries), the fear-avoidant patient begins to catastrophize and
anticipate increased pain and possible reinjury with increased
activity. hese dysfunctional thought patterns lead to overprotection of injured body parts, hypervigilance (overmonitoring
of physical symptoms), decreased physical activity, decreased
social interaction, and increased and exaggerated pain perceptions.18 Chronically inhibited movement, physical disuse, and
avoidance of normal ADLs will inevitably result in physical
deconditioning, which is characterized by decreased elasticity
of muscles and tendons, decreased range of motion (ROM) of
joints, decreased muscle strength, weakness of the cardiovascular system, impairment of normal healing, and somewhat
less common neuropathic or central pain phenomena (e.g.,
complex regional pain syndrome or central sensitization).19,20
Fear-avoidance of increased movement and activity is selfreinforcing because attempts to increase activities very oten
result in pain lare-ups, muscle spasms, or muscle strains, due
to the deconditioning syndrome.10
he deconditioning syndrome is usually reversible and correctable through training and education in contrast to many
of the permanent structural changes referred to previously.
Deconditioning involves loss of capsular elasticity, leading
to progressive loss of joint motion (and sometimes even to
complete rigidity or “frozen” joints).21 Deconditioning also
includes loss of neuromuscular function, leading to muscle
iber atrophy and attendant loses of strength, endurance,
recruitment, and coordination. hese localized musculoskeletal deicits in the injured, or target weak link, are oten
accompanied by more generalized aerobic capacity deicits. As
the combination of structural and deconditioning pain and
physical deicits take hold, inactivity and further deconditioning are accentuated in a vicious cycle of declining physical
functioning.
In addition to physical deconditioning, central sensitization can become a contributing factor in chronic spinal pain.
Central sensitization is a phenomenon in which neuronal
dysregulation in the central nervous system results in hypersensitivity to both noxious and nonnoxious stimuli.22 It has
generally been associated with functional disorders, such as
ibromyalgia, but it has become increasingly recognized that
central sensitization is a factor for many CSP patients.23,24
Evidence suggests that, ater a painful spinal injury, a series

of events (including hyperalgesia, allodynia, deiciency in
descending and/or ascending central modulatory mechanisms, cognitive-emotional sensitization, and sensorimotor
conlicts) occur in a subgroup of spinal pain patients, leading
to central reorganization that maintains pain in the absence
of ongoing peripheral nociception.25 One longitudinal study
found that spinal pain patients are more likely to develop
widespread pain as regional spinal pain becomes more
chronic.23 Two separate studies conducted in functional
restoration treatment populations found that 32% of CSP
patients also met the American College of Rheumatology
diagnostic criteria for chronic widespread pain,26 and 23% of
chronic musculoskeletal pain disorder patients met criteria for
comorbid ibromyalgia.27 Patients with central sensitization
oten develop central sensitivity syndromes (CSSs), with a
long list of associated maladies that oten result in disability
and/or opioid dependence. hese CSSs include ibromyalgia,
chronic fatigue syndrome, irritable bowel syndrome, migraine
headaches, myofascial pain, and others. he high likelihood
of fear-avoidance and opioid dependence with these patients
makes them excellent candidates for functional restoration.
Physical deconditioning, high pain sensitivity, psychosocial
distress, and social withdrawal inevitably result in a high
prevalence of psychopathology in many CSP patients.28 Rates
of both premorbid and postinjury psychiatric illness in the
CSP population (e.g., major depression, substance abuse,
anxiety disorders, personality disorders, childhood trauma)
are much higher than for the US population in general.29,30 An
especially strong relationship has been found between chronic
pain and major depressive disorder, in which comorbidity
may reach over 50% as compared to US population estimates
of 5% to 17%.31 Furthermore, psychiatric symptoms (especially
anxiety and substance disorders) have been found to precede
the spinal injury for many CSP patients. In addition to psychiatric diagnoses, patient-reported symptoms of depression,
anxiety, sleep disturbance, and perceived disability tend to be
highly elevated for the average patient who enters functional
restoration.32–36
With all of these factors leading to partial or total disability from work, recreation, or the family role, it is not at
all surprising that many diferent groups of CSP patients are
eligible for a functional restoration program. By its nature,
it is especially suitable for work-related injuries, WC cases,
or other types of compensation injuries (long-term disability,
Social Security Disability, motor vehicle accidents). Patients
who have become totally disabled from work by CSP are the
most obvious candidates for functional restoration and are
usually discovered and referred irst. Delay in pursing surgical
intervention or multiple surgeries sometimes leads to signiicant worsening of CSP by increasing the longevity of chronicity of disability, and these patients may present for treatment
late. In today’s competitive workplace and WC state systems,
injured workers may be returned to duty prematurely and
may have diiculty moving from part-time or light-duty work
back to performing full-duty materials handling or positional
requirements.
In addition to WC cases, functional restoration can be
equally efective for treating patients with chronic pain and
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BOX 111.2

Patients Likely to Beneit From Functional Restoration

disability related to noncompensable injuries or pain of insidious onset.37–39 In countries such as Sweden, where access to
the best health care does not require an injury, the majority of
CSP symptoms are reported by patients to begin insidiously
rather than with a reported “incident or injury.” In the United
States, while a majority of patients report that their symptoms
started from an “injury,” a large subset of chronic pain patients
begins insidiously and may be associated with various psychiatric or other comorbid conditions, oten characterized by
central sensitization and/or opioid dependence. Many patients
with CSP from an insidious origin develop their disability
slowly over years. Some patients develop spinal deconditioning through enforced disuse from other medical or nonmedical situations; these patients may develop disability due as
much to the deconditioning as to the primary disease or other
process that originally led to the inactivity. Once partial or
total disability associated with a CSP disorder has developed,
such patients are excellent candidates for functional restoration (Box 111.2).
he interaction of fear-avoidance of ADLs, social withdrawal, physical deconditioning, high pain sensitivity,
opioid overuse, psychosocial distress, and psychopathology
is complex. If all of these biopsychosocial factors are not
addressed efectively, the treatment is likely to fail. When
addressing these interacting factors, it is important to
understand that many chronic spinal patients have lost hope
and self-esteem. It is not simply a matter of prescribing an
antidepressant and putting them into physical therapy (PT).
Treatment success requires sustained encouragement and
education from the treatment team to guide patients through
the therapeutic process, which helps them “see the light at the
end of the tunnel” and recognize that they have a chance for
a more positive future and the ability to function successfully
with normal ADLs, including sustained employment.

Interdisciplinary Functional Restoration
Treatment Team
In a functional restoration program, a team of professionals
works together with each patient toward a common goal of
increasing physical and psychosocial functioning. Team
members provide services within their individual disciplines
to address the physical and psychosocial barriers that are
preventing patients from reaching their full functional

potential. In contrast to multidisciplinary treatment, in which
all team members may or may not provide services in the same
clinic and may or may not communicate regularly, all interdisciplinary team members in a functional restoration program
provide treatment in the same facility. hey communicate on
a daily basis, both formally (in case conference meetings) and
informally, and are always available to address patient needs
as they arise. he functional restoration treatment team
includes a supervising medical director, nursing staf, physical
and occupational therapists, mental health professionals, and
rehabilitation counselors (case managers).
he supervising medical director or multidisciplinary
medical team helps to guide the rehabilitation program and
treatment team. he physician must have a general background
in sports medicine, musculoskeletal injury, psychoactive
medications, disability management, and rehabilitation supervision. he medical director is usually assisted by a nurse
“physician extender” or practitioner who must be able to
educate patients on medical matters, triage musculoskeletal
problems, provide medication control, and communicate with
outside agencies about medical issues as they arise.
Both the physical and occupational therapists guide patients
through mobility, strength, endurance, coordination, and core
stability exercises while providing patient education on active
pain management strategies. hey supervise group stretch
classes and gyms on a daily basis and work individually with
patients as needed. he physical and occupational therapists
may also have a team of exercise technicians who help monitor
and guide patients through individual and group exercises.
Physical therapists are responsible for ROM and strength
assessments, and they supervise most of the progressive resistive exercises for individual joints or targeted weak link spine
areas. Occupational therapists work more with whole-body
functional activity simulation to help individuals overcome
physical obstacles that are limiting productivity at work and
home. hey are also primarily responsible for functional
capacity examinations at program admission and discharge.
At the original PRIDE functional restoration program, the
functional capacity evaluation (FCE), isokinetic testing, and
other functional measurements are compared to a normative
database (based on age, gender, and body mass index) to
discover an initial tolerable training level in measurementdriven training. his is applied in the PT gym, where regional
spinal or extremity weak links are trained, and in the occupational therapy (OT) gyms, where whole-person materials
handling or positional requirements are trained. A computerized 75-step progressive resistance training program is also
individualized to the patient population to ensure slow but
steady recovery of function.
Mental health professionals are a vital component of
functional restoration and can come from a variety of
similar disciplines, including psychology, counseling, social
work, and marriage and family therapy. hey can provide
a variety of services, including mental health assessments,
supportive psychotherapy, psycho-education, and cognitivebehavioral therapy. hey must address psychosocial factors,
which can impede physical progress and return to optimal
functioning.
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Worker’s compensation injuries developing chronic partial/total disability
Postoperative patients with long periods of disability and disuse due to
prolonged surgical recovery
Patients developing neuropathic or sympathetically mediated regional
pain or radiculopathy disorders
Central sensitization with a spinal target area
Central sensitivity syndromes (e.g., ibromyalgia)
Patients becoming deconditioned through fear-avoidance
Patients developing disability primarily due to opioid dependence
Patients enabled to disability by cost shifting to federal inancial and
health beneits
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Rehabilitation counselors/case managers oversee each
patient’s case. hey must be knowledgeable about insurance
coverage rules and federal and state WC guidelines. hey
communicate with payer sources and employers, provide
vocational assessments and counseling, and facilitate referrals
to state agencies for vocational assistance as needed. he case
managers oten function as team leaders within the program
to identify the minority of patients who are progressing slowly
(or not at all), highlighting the socioeconomic secondary gain
issues that may be causing nonorganic illness behaviors, and
setting up patient and family conferences to deal with crucial
issues such as nonattendance, failures of cooperation and
compliance, and patient frustration. hey work closest with
the supervising physician on behavioral issues during the
program and provide documentation at the conclusion of the
program on functional limitations, work return capabilities,
and job plans. he case managers also supervise the outcome
tracking process.

Functional Restoration Preliminaries
Initial Physician Evaluation
All team members must be involved from the outset in the
initial assessment and quantiication of barriers to the patient’s
recovery. his efort should be led by a medical director or
physician member of the team, who, along with the nursing
staf, performs an outpatient medical examination to review
history, physical indings, and relevant radiologic or other
diagnostic data. he intent of this visit is fourfold. First, the
physician should look for medical barriers that were overlooked during previous evaluations and ensure that existing
tissue damage is unlikely to improve with additional surgical
intervention or activity limitation. Second, the physician
should assess the degree to which psychosocial distress is
causing other physiologic barriers such as insomnia, mood
disorder, fear-avoidance, central sensitization, or inorganic
signs that will undermine the success of the individual patient.
hird, the physician should identify and document the patient’s
desired outcome from this intervention. Finally, a physician
should make every attempt to establish a therapeutic relationship and provide education to overcome resistance to treatment. As the team leader, the physician should take care to
avoid a confrontation at this meeting (this is occasionally the
desired secondary gain outcome of some patients) by reassuring patients that they have a choice and that the shared
outcome of this visit is that patients give the program a chance.
Oten, this is achieved by empowering patients to evaluate the
program at the same time the program is evaluating them.
Simultaneously, the physician should take note of speciic
declared goals of the patient and pass these along to the evaluating team to ensure early bonding through shared understanding that team members are aware of and supportive of
the patient’s functional goals. Additionally, this is the irst
opportunity for the physician and nursing staf to help clarify
and guide the patient’s treatment expectations, to make it plain
that the primary outcome of the program is functional return,
and to introduce the concept that disability is a choice.

A potentially useful component of the initial evaluation
is the physician’s proposal of the Surgical Option Process
(SOP).40,41 It comes into play if there is uncertainty or disagreement about whether a surgical option is likely to enhance
recovery. In many cases, such uncertainty may bring the
medical care sequence to a grinding halt related to this indecision. he SOP has recently been presented as an efective
method of overcoming this recovery barrier. he patient who
enters functional restoration with a surgical option agrees to
participate in the irst 50% of the program. At that point,
an SOP determination meeting with the physician allows
the patient to select the option to either pursue or decline
surgery. If the patient decides to pursue surgery, the program
is placed on medical hold while the patient pursues renewed
surgical consultation and a pathway to a fresh determination
of whether surgery is likely to be beneicial in the face of the
patient’s personal assessment that it is needed. hose who
decline surgery simply complete the program. In a pilot and
subsequent larger study, outcomes of the SOP have proven
very promising.40,41 In 70% of patients who elected to decline
surgery, almost all (99%) continued to avoid surgical intervention over the postprogram year. Of the 30% who decided
to pursue surgery, about half ended up receiving it, while
the other half did not. Most of the patients failing to receive
surgery ater electing to pursue it were denied based on the
determination by their surgeon or consultant (and rarely by a
patient or an insurance carrier denial). Using the SOP model,
delays in treatment that lead to further physical and psychosocial declines are avoided by the application of a decisive
methodology.
If the patient is deemed appropriate for nonsurgical treatment, the physician should irst initiate an interdisciplinary
evaluation and then follow up with the patient in a second
physician visit to go over the results. he results of this interdisciplinary evaluation determine whether a full or abbreviated functional restoration program will be requested. Lesser
levels of care might still be feasible for patients who are
working, have very limited disability, or have minimal psychosocial barriers and who have relatively high physical ability.
Individual therapies, or work conditioning/hardening–equivalent treatments are available for those not requiring a full
tertiary functional restoration program.

Interdisciplinary Evaluation
he functional restoration interdisciplinary team is in charge
of the two-component evaluation. First, the Physical Department performs PT and OT individual assessments, followed
by an FCE. he details of the FCE are discussed later in this
chapter. Second, the Disability Management Team, consisting
of mental health professionals and case managers, performs
two critical interviews. he irst is a formal mental health
evaluation, while the second explores social and economic
factors associated with the patient’s disability, leading to
identiication of barriers to recovery and a plan to meet treatment goals. hese components of preparing for a multimodal
disability management process are also discussed later in the
chapter. he results of this evaluation are shared with the
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Second Physician Visit
he physician team leader takes the quantitative evaluations
and initiates a frank discussion with the patient on the basis
of irm data. It is hoped that the patient has bonded with one
or more of the staf members in the course of the assessment
process and has been impressed with the thorough assessment
and milieu of function at the facility. If the patient agrees to
proceed, the physician plans the length of the program on the
basis of achieving maximum function. Instead of making
patients “good as new,” the team tries to focus patients on
functional goals and manage their expectations toward reaching a functional plateau—possessing the physical strength and
endurance to remain at a job and the psychological tools to
control pain and cope with daily stressors. It is hoped that this
important meeting will readjust patient expectations to internalize the concept of continued recovery ater the program—
keeping the patient focused on getting “good enough” rather
than perfect. On the basis of objective data from the initial
interdisciplinary assessment rather than simply relying on
subjective pain reports, patients have set their own speedometer for the length and intensity of the treatment program.
With the patient’s agreement to participate in treatment, a
comprehensive medication management strategy is also discussed with the patient. his strategy involves the use of
medications speciically related to the indings of the initial
evaluation to help control the identiied problems (e.g., pain,
inlammation, mood disorder, insomnia, neuropathic factors,
cognitive issues, and/or central sensitization). It is important
that patients understand that new medications and dosages
may be prescribed at this point with the intention of reducing
medication as pain recovery and functional improvement
progress. Finally, the patient’s agreement to enter the program
is a tacit agreement to pursue functional posttreatment goals
that are primarily vocational and societal but may also include
familial and educational enrichment.

Insurance Preauthorization
It is a reality of current medical practice that almost every
insurance system now requires preauthorization for complex
treatments; functional restoration interdisciplinary programs
are no exception. Over the past decade, this process has been
streamlined to some degree by the acceptance of national
guidelines that have been previously discussed.8,9 Most state
and federal worker’s compensation carriers now have a preauthorization process, oten delegated to a semi-independent
vendor and guided by some type of state or federal rules.
he peer review process involves submission of data for
determination of authorization, usually overseen by a semiindependent physician evaluation, and oten permitting a
telephonic peer call between the requesting facility staf and
peer reviewer. here is usually a single reconsideration appeal
process inherent in the system. Whatever the methodology,

the results of the physician assessment and interdisciplinary
evaluation become integral to the approval or denial of the
program within these systems. At this writing, such a formal
preauthorization process is not generally part of group health
coverage and the rules regarding interdisciplinary pain management are heterogeneous and arcane. here is also a large
variation between what is permitted in hospital and outpatient
settings. It is anticipated that the consolidation of national
health care system reforms will ultimately create some standardization and clarity, but right now the ability of patients
outside the WC system to participate in such programs may
be limited in scope by inancial barriers. In some states, state
vocational rehabilitation agencies may provide some supplementation to medical insurance to assist patient rehabilitation
for vocational recovery and preparation for retraining or work
placement options.

Physical and Functional Capacity Assessment
For spine surgeons, the main principle to understand in
tertiary level, interdisciplinary, functional restoration is that
the usual way we assess activity tolerance (i.e., by endurance
and pain) is, in this self-selected population, unreliable and
counterproductive to functional return. As such, validated,
reproducible quantitative measures of physical dysfunction
must be employed to track functional gains. he FCE has
become a popular term that denotes a variable set of methods
and tests. Diferent methodologies for performing FCEs
exist. hey oten lack speciicity, physics-based principles
of accuracy and precision, and comparisons to normative
databases. Functional restoration requires true quantiication
of function because the absence of numeric data leaves physically inhibited patients and their care team enslaved by the
cliché, “If it hurts too much, don’t do it.” An understanding
of the principles of accuracy, precision, and sources of error
is necessary when performing a quality FCE and interpreting
the results.42–44 In the PRIDE model of functional restoration, physical capacity assessment implies the assessment of
the injured musculoskeletal spinal region, generally involving
quantiication through reproducibility of mobility, strength,
and endurance of a given functional unit or around a given
joint. On the other hand, the term functional capacity assessment implies measurement of whole-person performance—
taking compensatory strategies into account in tasks that are
speciically designed to stress the injured body parts (e.g.,
materials handling capability for liting, carrying, or pulling,
as well as tolerance of positions and activities such as sitting,
standing, walking, and climbing). Research has focused on
responsiveness of prerehabilitation functional measurements
with retesting at the end of the program and comparison to
speciic normative databases.43–48 Aided by a new generation
of quantitative tools and an evidence-based consensus on
techniques for FCEs, a reproducible prognostic FCE is now
possible, even for diicult chronic pain patients.49,50 his innovation permits an individual patient’s comparison with both
normative data and an absolute job requirement for materials
handling and positional tolerances.
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Range-of-Motion Assessment

Isolated Trunk Strength Assessment
Several devices are commercially available for assessing isometric, isotonic, or isokinetic trunk strength in various planes
of motion. Most involve some type of pelvic stabilization, with
application of force through a line projecting between the
sternum and scapulae, thus representing trunk strength as
torque (torsional force) around a pelvic fulcrum with a lever
arm individualized to a subject’s height. Cervical dynamic
strength measurement devices have been seen in prototype
form but are not currently available, leaving isometrics as the
only cervical alternative. Isokinetic devices stabilize the variables of acceleration and velocity in order to provide torque as
the primary independent variable. Isokinetic testing narrows
the Gaussian distribution of values by limiting the number of
independent variables, which, in our opinion, provides a more
valid test. Isometric test models employing strain gauges have
been used for more than 60 years. hough commercially available, dynamic isokinetic trunk strength testing has only been
available since 1985. here is abundant literature demonstrating

FIG. 111.2 A detachable sagittal trunk testing unit connected to a
multidynametric system (Biodex 4; Biodex Inc.) that allows measurements of
isolated trunk strength to be compared with normative databases related to
age, gender, and body weight.
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Trunk motion is a compound movement combining intersegmental spine and hip motion components. A patient with a
completely fused spine, but very loose hamstrings, can oten
bend forward to perform toe touches using hip motion alone.
Although it is diicult to measure intersegmental motion
nonradiologically, inclinometers may be used to separate the
hip motion component from the lumbar spine motion component and derive valuable information.51,52 he basic information on inclinometry originally came from British
rheumatology, and the system has been used, in one form or
another, in Europe for over 50 years.53 As with all physical
capacity measures, ROM information is only useful when
compared with a normative database and contextualized by an
identiiable efort factor. For lumbar ROM, the efort factor is
the comparison between the hip motion component and the
spine straight-leg raise test measurement.52,54
Contrary to the belief of many clinicians, a surprising
amount of information can be obtained from visual observation of sagittal and coronal lumbopelvic motion. In subjects
with normal spine and hips, forward bending occurs in a
sequence (easier to recognize with the observer’s hands on the
top of the pelvis) in which the lumbar spine lexion occurs
early and faster than the hip motion component. his represents an inborn physiologic strategy, recognizable by all
familiar with “stoop labor,” in which the spine “hangs on the
ligaments” and then descends further through the action of
the more powerful gluteal musculature around a hip access.
When this pattern is interrupted in a patient population, it
usually represents motion limited by pain or fear, but may also
point to unrecognized segmental rigidity, spasm, or eforts to
deceive the examiner. Segmental rigidity is an especially
important inding. It is assessed through observation of
coronal movement, which is oten a source of pain, and is
potentially correctable by exercise alone or the combination
of exercise and facet injections at the rigid levels.21,55
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FIG. 111.3 Trunk extensor strength at two speeds (60 degrees and 120
degrees per second) for torque versus time for a normal subject on a Biodex
4 testing device.

eicacy in identifying isolated motion-segment dysfunction
(diferentiating weakness and/or decreased endurance) and
quantifying outcome improvements. Only a few commercially
available isometric or isokinetic devices still exist. PRIDE currently uses a dynamometer connected to a sagittal semi-seated
torso testing device56 (Figs. 111.2 to 111.4).
Isolated trunk strength results from normal subjects have
been compared with CSP patients with and without prior
surgery.38,45–47,57,58 Substantial diferences have been shown
between these groups, initially with incremental trunk strength
improvement demonstrated during rehabilitation of chronically disabled spine pain patients59,60 (see Figs. 111.3 and
111.4). he intent of all of the devices is to isolate and challenge the trunk strength component of the thoracolumbar
functional unit by stabilizing above and below the area to be
tested. he isolation of the vulnerable weak link portion of the
vertebral biomechanical chain, linking the shoulder girdle to
the pelvis, is intended to assess muscle strength and endurance
just as measuring quadriceps and hamstrings is of prima facie
importance to knee function. For any of the devices to be
useful, the dynamometer must give accurate and reproducible
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FIG. 111.4 Trunk extensor strength performance at 60 degrees/sec
(Biodex 4; Biodex Inc.) demonstrating changes in strength curves
anticipated during functional restoration (torque vs. time). A, Typical curve
for a normal subject maintaining force throughout the contraction. B,
Typical postrehabilitation patient curve demonstrating slower onset of
torque (impulse) and lower torque, but with force well sustained through
the contraction. C, Typical prerehabilitation patient demonstrating physical
inhibition (also termed fear-avoidance or kinesophobia) with low impact,
maximum torque, and ability to sustain torque through the predetermined
test distance/time.

measurements and the testing protocol must conform exactly
to the one that was employed when the normative database
was created. he normative database can then be used to
express the individual’s results as a percent of normal.43,45

Cardiovascular Fitness Assessment
he inactivity that leads to deconditioning and a regional
spinal motion/strength weak link in patients with CSP also
reduces cardiovascular itness, creating a feed-forward efect
on decreasing weak-link endurance and overall functional
tolerance. Treadmill, bicycle, and upper body ergometry have
long been used to measure the cardiovascular response to a
measured workload. Signiicant deicits in aerobic capacity are
frequently present in chronic and postoperative CSP patients.
hese deicits are somewhat proportional to the duration of
disability and the degree of inactivity.61 Because inactivity may
also produce deconditioning of arms and legs, the patient may
quit the ergometry test due to limb fatigue rather than reduced
cardiovascular itness. However, these alternative scenarios
can usually be distinguished either by interval monitoring of
the heart rate delta achieved at the point of voluntary test
termination or by comparing the upper and lower body
ergometric results. In most deconditioned patients who are
exerting full efort, an exaggerated heart rate response to relatively low workloads is customarily the limiting factor of the
test. Such testing leads to a determination of the extent to
which aerobic capacity training and/or lower and upper
extremity strength training need to be added to the functional
restoration program.

Whole-Body Task Performance (Functional
Capacity) Assessment
he whole-body task performance assessment, usually the
province of the occupational therapist, requires a skilled eye

and a highly burnished insight. Whereas quantiication of the
isolated lumbar region has multiple internal checks, the wholebody materials handling performance component efort is
subject to interference by a number of psycho-socioeconomic
factors. A patient may demonstrate limited ability to lit, carry,
push, or pull due to weakness, fear-avoidance, or chronic fatigue
but may also avoid performing well on these tasks because of
perceived inancial secondary gain.62 Physically, whole-body
performance problems may be entirely due to the injured
lumbar spine or may have to do with comorbid problems in
the arms, upper back, or legs. Detecting the reason for suboptimal whole-body performance can sometimes be diicult.
he whole-body performance assessment is divided into two
major subsections that can be classiied as materials handling
and positional tolerance. hese functional requirements can be
compared to job descriptions, household tasks, or recreational
demands to determine speciic functional capabilities.
Liting capacity has long been the gold standard for spinerelated, materials-handling functional capacity. It is still the
measurement of greatest concern to those medical and nonmedical personnel who judge the patient’s work capacity or
vocational suitability. he isometric lit task employed in the
National Institute of Occupational Safety and Health guidelines is still in wide use and has a large comparative database,
though it does not quite rectify the inherent lack of generalizability of isometric measurements. To give the full picture of
any materials-handling task, several measures—including
isometric, isokinetic, and isoinertial63–66—may be combined.
All whole-person tests are standardized to provide interpretable, quantiiable information to assess the proximity to
job-speciic task performance, keeping the patient accountable
to a speciic outcome of choice. Within the domain of wholebody task performance, the subdomains of materials handling
(e.g., loor-to-waist liting, waist-to-shoulder liting, carrying,
pushing, pulling) and positional tolerance (e.g., sitting, standing, balance, stair/ladder climbing, reaching, squatting,
walking, kneeling, or reaching) each have to be assessed and
collated. Repeated longitudinal testing adds validity to programmatic compliance and credibility to the physician’s
attestation of task-speciic suitability to the prospective
employer. In addition, longitudinal studies, demonstrating
suiciently large diferences in prerehabilitation and postrehabilitation performance measures, are an efective demonstration of the program’s relevance and validity.44,57,60
A quantitative FCE has been developed for use in the
PRIDE program. Examples of pre- and postrehabilitation
FCE reports are provided in Figs. 111.5A and 111.5B, respectively. he patient entered the treatment program with 28
months of injury-related total disability and 12 months following L5–S1 fusion. His job of injury, in construction,
required a very heavy physical demand level. He was terminated from his job of injury while in treatment and chose a
target job goal of construction project manager. As can be
seen in Fig. 111.5A, the patient tested at a below sedentary
level in the initial FCE, in large part due to his inability to do
any loor-to-waist liting. Chronic pain patients are frequently
so physically inhibited by their psychosocial comorbidities
that “0” scores on one or more tests are not uncommon at the
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FIG. 111.5 (A) The quantiied pain survey illed out by the patient.
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FIG. 111.5, cont’d
Continued

initial FCE. he extreme deicits of trunk strength that he
demonstrated in the Biodex lit test and the Progressive
Isoinertial Liting Evaluation indicated that he was unable to
develop torque, which was likely due, at least in part, to pain
inhibition. Ater completing the functional restoration
program, however, his physical demand level had increased
to heavy, which met the demands of his target job (see Fig.
111.5B). he principles underpinning an FCE in a chronic
pain population are discussed in an American Medical Association book on FCEs by Galper and colleagues.49
In summary, quantiication of physical function is a relatively new, important, but still underused tool in assessing
patients with CSP. Quantiication of physical functional capacity requires patient motivation, but because an efort factor

can be identiied by a skilled therapist with each physical
capacity test, suboptimal efort can be recognized and used to
evaluate and address patient fear-avoidance beliefs, hyperalgesia, or motivational barrier.

Mental Health Assessment
As stated previously, CSP is oten accompanied by signiicant
psychosocial distress, fear-avoidance of ADLs, social withdrawal, high pain sensitivity, opioid overuse, loss of self-esteem,
anger, depression/anxiety, and a sense of helplessness and
loss of control. hese factors can inhibit functional recovery
and a return to normal ADLs and can impede success in the
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FIG. 111.5, cont’d (B) When a “0” score occurs during physical testing, indicating that the patient is unable to
demonstrate any force, it is rated as either “below sedentary” in the determination of the physical demand level
(PDL), or “extremely deicient” under the isolated spinal region joint mobility or strength measures.

functional restoration program. he mental health assessment
helps identify biopsychosocial barriers (depression, cognitive
distortion, substance dependence, stress) so that they can be
efectively addressed in treatment. he goal is not to “cure”
psychosocial barriers but to provide therapeutic interventions
to assist the patient in overcoming these barriers while in
the functional restoration program, with the ultimate goal
of maximizing successful rehabilitation and return to vocational, avocational, familial, and societal productivity. he
most important mental health assessment tool is the clinical
interview. Self-report tests can also be very helpful in the

initial patient evaluation, in monitoring therapeutic progress
during the course of treatment, and measuring inal outcomes
at the conclusion of the treatment program. Both of these
assessment strategies are detailed in the next sections.

Clinical Interview
he clinical interview, performed by a trained and experienced
mental health professional, has two primary goals. First, the
interviewer seeks to identify the patient’s goals and motivation
for change, biopsychosocial factors that are contributing to the
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patient’s disability, and risk factors predicting treatment
failure. he second objective is to begin building a therapeutic
alliance to help the patient overcome obstacles and maximize
treatment success. Speciically, the clinical interview assesses
personal/family medical, psychiatric, and substance abuse
history; the presence of depression/anxiety, sleep disturbance,
and fear-avoidance beliefs; and history of cognitive disorders.
Financial, interpersonal, and work-related stressors are evaluated (including job losses, job change, and job satisfaction). In
addition, secondary gain issues, including pending litigation,
are identiied, which may afect the patient’s trust, motivation,
and treatment success.

Self-Report Questionnaires
Self-report questionnaires, which have more recently been
termed patient-reported outcome (PRO) measures, are easy to
use and can provide a helpful adjunct to the clinical interview.
Periodic retesting can provide relevant information about the

patient’s self-perceived psychosocial response to treatment. A
wide range of clinical PRO measures can assess speciic psychosocial factors related to CSP. hough subjective and qualitative, they provide a method for quantifying and monitoring
the levels of psychosocial distress that patients are experiencing. Test results can help screen for more serious psychopathology, including psychosis and suicidal ideation, which
demand an immediate therapeutic response. Repeated selfreport testing can also be a helpful measure of clinical progress.
Lack of positive change as patients progress through treatment
is a red lag for the treatment team, requiring a closer reevaluation of the patient’s motivations, perceived response to treatment, trust in the treatment team, and alignment with
therapeutic goals.
PRO scores have also been used with the concept of a
minimum clinically important diference (MCID) in a number
of recent studies.67–69 he MCID concept can be used with
both anchor-based and distribution-based approaches.70,71 he
fallacy of comparing one self-report measure with another and
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other pitfalls of the MCID concept are being raised as the
MCID concept gains greater popularity.72,73
Symptoms that are commonly assessed by PRO measures in
a functional restoration program are pain severity, depressive
symptoms, anxiety symptoms, fear-avoidance beliefs, sleep
disturbance, central sensitization symptoms, and perceived
disability. hough the speciic tests that are used in a functional
restoration program are somewhat based on preferences of the
psychology staf and medical director, it is important to choose
measures with good psychometrics that are validated and
published in peer-reviewed journals. Some popular PRO
measures that have been found to be useful in the assessment
of CSP patients are reviewed below. Note that it is beyond the
scope of this chapter to review all available measures.

Pain Drawing
Pain drawings allow patients to provide a visual representation
of their painful body areas. It is a basic and vital tool to help
physicians understand a patient’s presenting pain symptoms.
Some versions of the pain drawing allow for quantiication of
the total percent of body area in which one is experiencing
pain and the subjective characteristics of the pain.74

Function/Disability Questionnaires

psychotherapy.79 It evaluates important components of depression, including cognitive factors, sleep disturbance, weight
change, irritability, sexual dysfunction, and anhedonia. A
cognitive/somatic BDI ratio can help guide psychoeducation
and cognitive-behavioral therapy.80 he BDI consists of 21
items, rated on a 0 to 3 Likert scale, with a total score from
0 to 63. Since its original publication, it has been revised
several times.
he Inventory of Depressive Symptoms (IDS) is designed
to assess all Major Depressive Disorder symptom domains
speciied in the Diagnostic and Statistical Manual of Mental
Disorders.81,82 he original version has 30 items (though only
28 items are summed for a total score) with a score range of 0
to 84. A shorter, 16-item self-report version (Quick Inventory
of Depressive Symptoms), was later developed.83 Both versions
are also available in a clinician-administered format. An alternative (and older) clinician-administered depression measure
is the Hamilton Rating Scale for Depression (HRSD).84,85
Some mood questionnaires are designed to assess anxiety
symptoms. For instance, the Beck Anxiety Inventory (BAI) is
a similar format to the BDI, with the same number of items
and scoring system.86 Unlike the BAI, the Pain Anxiety
Symptom Scale (PASS) was designed to speciically measure
pain-related anxiety.87 Several versions are available, but the
most commonly reported version has 20-items, rated on a
5-point scale from 0 (never) to 5 (always).

Perhaps the most commonly used tool for low back pain is the
Oswestry Disability Index (ODI).75 With a score range between
0 (no disability) and 100 (completely bedridden), the ODI
assesses one’s level of pain and level of disability with functional tasks, including liting, ability to care for oneself, ability
to walk, ability to sit, sexual function, ability to stand, social
life, sleep quality, and ability to travel. he Pain Disability
Questionnaire32,33 is a newer instrument useful not only for
the lumbar spine, like the ODI, but for all other musculoskeletal
conditions. It also includes a psychosocial component, vital in
the assessment of CSP patients. Its responsiveness has been
demonstrated and it is now being used in the most updated
version of the American Medical Association Guides to the
Evaluation of Permanent Impairment.76
he West Haven-Yale Multidimensional Pain Inventory
(WHYMPI/MPI) is a 52-item, 12-scale questionnaire designed
to assess important components of the chronic pain experience, including pain severity, perceived interference in daily
functioning due to pain, perceived life control, afective distress, and self-perceptions about how signiicant others
respond to one’s pain and functional limitations.77 MPI score
proiles can indicate a patient’s pain-coping style (adaptive
coper, interpersonally distressed, or dysfunctional). A dysfunctional MPI coping style has been shown to be associated
with decreased work productivity and excess health care utilization ater completing a functional restoration treatment
program.78

Insomnia is a very commonly reported problem with CSP
patients. hough insomnia has traditionally been assumed to
be simply a symptom of pain or depression, there is evidence
that insomnia can occur independently of pain and depressive
symptoms in CSP patients.35 Several instruments are available
to measure parameters of sleep disturbance and its efect on
daily functioning. he Pittsburgh Sleep Quality Index is a
comprehensive (and relatively long) scale that assesses seven
sleep-related components, including sleep quality, latency,
duration, habitual sleep eiciency, sleep disturbances, use of
sleep medicine, and daytime dysfunction.88 A much more
concise measure is the Insomnia Severity Index.89 his 7-item
questionnaire assesses both nighttime and daytime components of insomnia with a 5-point Likert scale, from “not at all”
to “extreme problems.” Total scores indicate severity categories
from no clinical insomnia to severe clinical insomnia. Studies
have found that more severe patient-reported insomnia on the
Insomnia Severity Index is associated with more severe
patient-reported pain, depressive symptoms, disability, higher
opioid use, and worse work outcomes 1 year ater completing
a functional restoration program.34 he Epworth Sleepiness
Scale, also a relatively short questionnaire, assesses the likelihood of a person dozing of or falling asleep in eight common
life situations.90

Mood Questionnaires

Fear-Avoidance Questionnaires

he Beck Depression Inventory (BDI) was developed by
Aaron T. Beck, one of the founding fathers of cognitive-based

As the association between CSP and fear-avoidance beliefs
and behaviors is becoming more universally recognized,

Sleep Disturbance Questionnaires
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Quality-of-Life Questionnaires
he Short Form-3697 has achieved wide acceptance as an
outcome measure in many areas of medicine and has been
used in longitudinal studies of quality-adjusted life years for
many diseases. It has 36 items that assess eight self-perceived
health dimensions, with two global, comprehensive scores
summarizing physical and mental health.

Personality Questionnaires
he Minnesota Multiphasic Personality Inventory (MMPI),98–100
later revised into the MMPI II,101 is the grandfather of self-report
questionnaires for assessing personality and psychopathology.
Because it has more than 500 self-report items and oten has low
patient acceptance, its use in chronic pain assessment appears
to have declined over the years. By itself, it does not ofer much
help in choosing among treatment options. However, as part
of a comprehensive evaluation, using several other assessment
tools, the MMPI can add valuable information.102

Psychiatric Assessment
he Structured Clinical Interview for Diagnostic and Statistical Manual of Mental Disorders (SCID) uses a standardized
interview format to assess for psychiatric disorders.103 Because
the rate of psychiatric illness is so high in chronically disabled
patients, whether lifetime or secondary to the efects of disability, this instrument can be very useful for the assessment

of psychopathology in CSP patients. It is considered the gold
standard for psychiatric diagnoses in published research.
However, because it is so comprehensive and is clinician
administered, it is somewhat costly and time consuming to
use. herefore, many mental health professionals in functional
restoration programs choose not to use it. Because of the cost
and time commitment of the SCID, the Patient Health Questionnaire was developed.104 his questionnaire is selfadministered by the patient and easy to employ in a physician
oice. hough the results of this test can be a helpful guide in
evaluating CSP patients for mental disorders, it cannot replace
the expertise of a trained clinician in performing a clinical
interview.105

Other Symptom Inventories
Broader symptom inventories are also available. For instance,
the Symptom Checklist-90-Revised helps assess a broad range
of self-reported psychological problems and symptoms of
psychopathology.106 he Brief Symptom Inventory is a related
measure, with fewer items (53 vs. 90).107 More recently, an
18-item version, the Brief Symptom Inventory-18 was introduced.108 he Central Sensitization Inventory109 is a relatively
new measure, designed to assess psychophysiologic symptoms
related to central sensitization and central sensitivity syndromes, which are known to be related to CSP.23,24 It has 25
items, scored on a 4-point Likert scale, which rates the prevalence of symptoms from “never” to “always.” Five severity
levels, from “subclinical” to “extreme,” can help with clinical
interpretation.110 Clinical research suggests that patients with
CSSs can respond well to interdisciplinary biopsychosocial
treatment interventions, but they tend to show poor treatment
responsiveness to invasive medical procedures. High scores on
the CSI can alert care providers to evaluate patients for central
sensitization/central sensitivity syndromes before engaging in
expensive and invasive diagnostic procedures.111,112

Treatment Components of
Functional Restoration
Sports Medicine Concepts and Physical Training
he physical part of the interdisciplinary approach is centered
around a quantitative, quota-based, measurement-driven,
sports medicine approach to comprehensive rehabilitation.
he principles of sports medicine have evolved from individualized rehabilitation of the competitive athlete to a conceptual
and methodologic framework that connotes active treatment
protocols for all individuals with physical deconditioning who
want to return to higher levels of function. Much of the initial
work and evidence was done with rehabilitation of injured
limbs, but these concepts are clearly applicable to the spine
as well.
Restoration of physical function has to begin with regaining the mobility of the weak link injured or target area(s).
Loss of joint mobility may be associated with joint pain.
Because muscles spanning the rigid joint cannot be stretched
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self-report measures of fear-avoidance have increased in popularity. Several scales are available that measure speciic components of fear-avoidance. Perhaps the most studied is the
Tampa Scale of Kinesiophobia (TSK).91,92 Kinesiophobia refers
to fear of movement and activity resulting from a feeling of
vulnerability to pain and (re)injury. Several versions of the
TSK are available, including the original 17-item version, and
more recent 13- and 11-item versions. Severity ranges for the
TSK-13, designed to help with clinical interpretation, have
recently been developed.93 hey indicate four levels of severity
of kinesiophobia symptoms, including subclinical, mild,
moderate, and severe. he Fear-Avoidance Beliefs Questionnaire consists of 16 items with two subscales speciic to fearavoidance beliefs about work and general physical activity.94
Because most of the items on the Fear-Avoidance Beliefs
Questionnaire are speciic to work activities, its use appears
limited to individuals who are currently working or who have
recently been of work due to pain. Because pain-related
anxiety is a component of fear-avoidance, the PASS, which was
mentioned in the previous section, is oten viewed as a fearavoidance measure.87 More recently, the Fear-Avoidance
Component Scale was developed to assess the important
cognitive, emotional, and behavioral components of the evolving fear-avoidance model.95,96 he Fear-Avoidance Component
Scale consists of 20 separate items, covering common fearavoidance beliefs and behaviors, scored from 0 (“completely
disagree”) to 5 (“completely agree”), resulting in a total possible
score of 100.
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adequately, relieving muscle spasm pain can become diicult.
Motion training is taught by physical therapists to be done frequently with low repetitions (every hour or 2 hours), both in
and outside of treatment (as homework), to allow the patient
to “ratchet up” the motion. Antiinlammatory medications and
occasional joint injections to facilitate mobilization (not speciically for pain relief) can be beneicial in regaining motion.
Muscular strength and endurance can be restored through
a variety of exercise modalities. As stated earlier in this chapter,
dynamic muscle training has been shown to be the most
eicient method of training. It involves distinct subcategories:
isotonic, isokinetic, eccentric, and isoinertial, sometimes
termed psychophysical (free weights).113 Isotonic exercises are
those in which the same force is applied throughout the
dynamic range and is oten inappropriately used for exercises
in which a changing lever arm actually alters the applied
torque. his type of exercise is most oten associated with
variable-resistance devices, using a cam to equalize muscular
demands throughout the dynamic ROM. Isokinetic training
devices require a sophisticated dynamometer that limits the
speed to a preset value. In this mode, speed and acceleration
are controlled, allowing almost unlimited torque around a
central axis, which, in turn, eliminates the efect of acceleration on work. hese devices accommodate a force application
that provides injury protection, at least in the concentric
(muscle shortening while contracting) type of contraction.
Unlike variable resistance devices, however, high-speed training is possible for development of agility. Pure eccentric training is far to the right on the force–speed curve and can produce
rapid strength gains with a correspondingly higher likelihood
of injury at high forces or high speeds with little ability to
provide external control for injury prevention. Finally, isoinertial (psychophysical) strength training, using free weights, is
limited to those postures in which weight can be attached to
the body or held in the hands, usually against gravity.
While professional athletes may oten go “too far” and risk
recurrent tissue injury, the vast majority of CSP patients are
inhibited in physical performance due to their psychological
proile and pain hypersensitivity (which is sometimes related
to opioids and other medications), so that they will usually
underperform. his is when a speciic measurement-driven
training program, individually based on age, gender, and
height/weight perimeters, can be efective in progressing the
patient in a stepwise fashion aimed at a predetermined goal.
At PRIDE, a 75-step program allows safe but orderly individualized training that progresses patients despite pain, even if
they have failed previous PT and OT reconditioning attempts
from other providers. he patient’s ability to progress in a
strengthening program while overcoming pain symptoms
helps develop patient conidence in one’s future, and one’s
ultimate triumph over disability. Once the weak link target
body part(s) have begun progressing in the PT gyms, the
occupational therapists can more efectively coordinate each
involved weak link with whole-person strengthening and
coordination for functional capacity progression. Exercises
that speciically simulate motion and loads of a sport or work
activity have been shown in multiple studies to be an efective
training tool that is robustly protective against reinjury.114

Psychophysical and variable resistance liting devices enable
both concentric and eccentric contraction capability.
Secondary efects of a functional restoration program are
also critically important. Physical training appears to have a
speciic beneicial efect on pain (possibly through increased
synthesis of specialized neurotransmitters) and has been
demonstrated to increase remodeling of scar and adhesions,
while improving cartilage nutrition. Mobility that maximizes
lexibility through the entire functional range appears to be
the key to functional return. Combining improved ROM with
normal strength and endurance provides a synergistic beneit
of protecting functional motion with increased biomechanical
eiciency. his development of protective muscular mechanisms is particularly important when a return to normal joint
architecture can no longer be anticipated.
hus, the speciic physical conditioning programs that
combine stretching, strengthening, cardiovascular itness,
endurance, and agility show the best and most consistent
functional outcomes with less risk of future injury.115 he
application of these exercises is individualized on the basis of
quantitative testing of function (noted earlier in this chapter),
with the speciicity and intensity of exercise changing to minimize the likelihood of injury and to maximize improvement
in speciic deicits to function. A variety of weight equipment
is used in the program (Fig. 111.6). Finally, a posttreatment
itness maintenance program must be established and tailored
to the physical and psychological makeup of the patient to
ensure compliance when building on the initial gains made
ater graduating the intensive supervised program.

Psychosocial and Educational Interventions
In a functional restoration program, there is a strong relationship between gains in mental health and gains in physical
health. For instance, meeting speciic achievable physical goals
in the gyms provides a shared sense of success between the
patient and care team that allows the patient to overcome fear
of further injury and to increase daily activity levels. he
patient’s perception of the meaning of pain may change over
the course of treatment. Instead of the pain being perceived
as frightening, distressing, and something to avoid at all costs,
it can be perceived as merely an annoyance to be worked
through and managed as one pursues ADLs. he relationship
between mental and physical gains can create a feed-forward
cycle of reconditioning in which gains in one area spur gains
in the other. For example, as the collaboration of the patient
and care team achieves functional returns of strength, lexibility, aerobic capacity, and simulation of actual work activities,
increased feelings of self-conidence and self-eicacy, along
with decreased feelings of distress and helplessness, naturally
follow. he patient can learn that increased function, despite
pain, can improve pain perception (though possibly not in a
1 : 1 fashion). Physical success is oten accompanied by
improvements in afect, mood, sleep, and thought processes,
with a concomitant reduction in psychophysiologic symptoms
of depression, anxiety, and pain perception. In the end, the
team has provided an environment in which the rewards for
being well far exceed perceived rewards for being sick.
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FIG. 111.6 (A) Abdominal and (B) back extension weight machines used for trunk strengthening.

Ultimately, as a result of functional restoration, CSP patients
can shit their behavior away from an unrealistic dependency
on a medical system in a vain attempt to “cure” the source of
chronic pain, and to move toward independence in achieving
the highest level of function possible. Some speciic psychobehavioral therapeutic strategies are detailed next.

Psychotherapy
Two forms of psychotherapy are most oten used in a functional restoration program: client-centered psychotherapy and
cognitive-behavioral therapy (CBT).116,117 A trusting therapeutic alliance is essential for both of these therapies to be efective. As with the physical component of functional restoration,
the ultimate therapeutic goal of psychotherapy is to help
patients achieve maximum psychological and physical
functioning.
In client-centered psychotherapy, the therapist provides a
supportive environment to allow patients to discuss their
feelings and concerns without judgment. Many CSP patients
feel isolated and report that they have no one to talk to about
their pain-related experience. hey oten report that friends
and family members are tired of hearing about it. hey oten
get stuck in a cycle of ruminating about their injuries, struggling to get the medical help they need, and raging about the
unfairness of their situation. he goal of client-centered psychotherapy is to allow CSP patients to tell their story and
process their situation, while the therapist engages in active
listening. CSP patients may have to repeat their stories and
process their situation multiple times before they are ready to

begin to let go of past injustices and begin to focus on improving their mental and physical functioning through the functional restoration treatment approach.
Unlike traditional psychotherapies, CBT is more structured
and directive. Treatment focuses more on teaching and less on
just talking. here is less focus on the past and more focus on
making positive changes in the present and ultimately the
future. he goal of CBT is to analyze and modify the interactions between thoughts, behaviors, emotions, and physiology.
Negative and distorted thoughts, irrational belief systems, and
dysfunctional behaviors can contribute to depression/anxiety,
exacerbation of physical symptoms, and chronic pain-related
disability. Negative and dysfunctional thoughts and behaviors
can become habits, occurring outside of the patient’s awareness. CBT follows an educational model. It is assumed that
dysfunctional thoughts and behaviors have been learned; thus,
they can be unlearned and replaced with more functional
thoughts and behaviors. hrough CBT interventions, CSP
patients can become aware of their own dysfunctional
thoughts/behaviors and how they are contributing to their
current disability. CBT aims to teach speciic cognitive and
behavioral skills for managing stress and improving emotional
and physical health. Stress management training, relaxation
training, assertiveness training, and training to recognize and
challenge negative/dysfunctional thoughts are commonly
utilized in functional restoration. CBT usually involves homework to actively involve patients in their own treatment
outside of therapy sessions.
Providers involved with the CBT approach must be aware
of unique factors common in work-related injuries and the
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adversarial WC state and federal laws that have grown in
developed countries over more than a century. Patients may
perceive a risk of losing present and future inancial beneits
if their care providers document that they are “getting better”
from their CSP. he discussion of reality testing in CBT for a
“better future” may conlict with the perceived loss of the “bird
in the hand” of current inancial beneits or promises within
the speciic WC jurisdiction on a future “pot of gold” inancial
settlement. When the psychological and case management
team recognizes treatment resistance, inancial secondary gain
is the most common cause. Other causes include secondary
gain of relief from other family and social obligations or opioid
and benzodiazepine dependence.118 he managers of the
interdisciplinary psychosocial interventions must be on the
lookout for treatment resistance and utilize a number of
counseling and educational strategies to combat the perception that improving function will have negative efects for the
patient. he ability of the treatment team to reassure patients
during counseling is vital to the achievement of functional
restoration goals.

Stress Management and Self-Regulation Training
It is well known that stress can exacerbate pain and many CSP
patients have poor coping strategies for managing stress (see
Chapter 108). CSP patients oten get into a perpetuating cycle
of increased pain, increased emotional/cognitive reactivity,
and increased tension. Stress management training can
encompass a wide range of cognitive-behavioral strategies—
from assertiveness, to time management, to mindfulness
meditation, to paced diaphragmatic breathing. Self-regulation
training, which is oten a component of stress management,
refers to a group of behavioral techniques for learning to gain
some level of control over one’s psychophysiology and ultimately over distressing psychological and physical symptoms.
Common self-regulation techniques, which are ofered in a
functional restoration program, are relaxation training and
biofeedback.119
Relaxation training involves learning and practicing speciic techniques for focusing the mind and regulating the
emotional, cognitive, and physiologic components of stress,
which can disrupt the pain cycle and provide CSP patients
with behavioral tools for self-managing stress and pain. A
number of diferent relaxation techniques are available,
including progressive muscle relaxation, body scanning,
guided imagery, self-hypnosis, and meditation. Focus on slow
diaphragmatic breathing can be incorporated in any of these
techniques. he efectiveness of these techniques for stress and
pain control is determined by the skill of the therapist in
teaching them and the preferences and skill of the patient in
learning them. Relaxation training oten involves scripted
inductions. Guided relaxation inductions can be performed
live during treatment, either in a group or with individual
patients. When done in an individual session, guided relaxation inductions can be modiied to it the individual needs
and preferences of the patient. Biofeedback monitoring of
physiologic responses can provide an excellent adjunct to
relaxation training. Instead of judging a patient’s relaxation

success solely on subjective report, biofeedback data provide
objective measurements of muscular tension and indices of
autonomic nervous system stress and relaxation. To maximize
successful learning of relaxation techniques, it can be very
beneicial to provide recorded relaxation exercises for patients
to practice outside of treatment and to monitor the patient’s
experience and success with home practice during individual
sessions.
Biofeedback is a process in which biologic information
is measured and fed back to a patient and a clinician. In
chronic pain rehabilitation, the purpose of biofeedback
training is to help patients learn increased awareness and
control over biologic processes, with the ultimate goal of
gaining independent control over pain and pain-related
symptoms. A recent meta-analysis of 21 studies determined
that biofeedback training for chronic low back pain, either
alone or in conjunction with other therapeutic interventions,
resulted in signiicant reductions in muscle tension and
improvements in pain intensity, depression, and cognitive
coping.120 Efective biofeedback training must be performed
by a trained clinician, preferably one who is certiied
through the Biofeedback Certiication International Alliance
(www.bcia.org). A variety of biofeedback modalities are used
in chronic pain management and physical rehabilitation,
including autonomic nervous system measures (breathing, heart rate, skin conductance, and hand temperature),
central nervous system measures (electroencephalography),
and biomechanical measures (force and pressure).121 Surface
electromyography (SEMG) is one of the oldest and most utilized biofeedback modalities in chronic pain rehabilitation.122
SEMG measures the electrical activity generated by muscle
action potentials, which are rapid electrical signals that travel
along the surface of the motor endplate, resulting in a muscle
contraction. SEMG allows the patient and clinician to have
direct and immediate access to muscle functioning that is not
possible with manual palpation or visual observation. SEMG
can be used to help patients activate inhibited muscles, but it
is most oten used to teach patients how to better recognize
and relax tense muscles, which may be contributing to pain.121
CSP patients very oten demonstrate a deiciency in their
ability to discriminate between changes in muscle tension.
hey oten develop muscle bracing habits and imbalanced
postural adjustments in response to pain, which oten occur
outside of the patient’s awareness. It has been suggested that
these deicits may lead patients to believe that elevated muscle
tension levels are in a normal range, which may preclude
adjustments to lower tension levels.123 SEMG biofeedback
training can help patients to recognize and correct habitual
muscle bracing habits and postural imbalances, to recalibrate
their awareness of normal muscle relaxation, and to disrupt
the pain/tension cycle. More recently, SEMG biofeedback
has been used in functional restoration to help CSP patients
stretch more efectively by helping them overcome pain and
fear-related movement inhibition and increasing muscular
relaxation skill when stretching.124 As an adjunct to functional
restoration, this SEMG-assisted stretching protocol has been
shown to result in increased spinal ROM and associated
self-report improvements in pain and disability.125,126
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Anatomy and physiology related to pain and deconditioning
Nutrition for good health and weight loss
Pain-related medications, including opioids, antiinlammatories, muscle
relaxants, hypnotics, and psychotropics
Speciic exercise topics, including core strengthening, posture, use of a
Swiss ball, use of therapeutic bands
How quantiication is used in a functional restoration program to guide
progression of physical treatment
Worker’s compensation law
Concepts of stress, its relationship with pain, and strategies for
managing stress
Common emotional correlates to chronic pain, including depression,
anger, and worry
Common cognitive correlates to chronic pain, including negative and
irrational thinking
Sleep education, including behavioral strategies for improving sleep
success
Family dynamics and chronic pain
Assertiveness training

Didactic Classes
Education is a key component of functional restoration.
Patients participate in didactic education each day of the
program. Treatment team members from all departments participate in classes. See Box 111.3 for examples of class topics.

Case Management
Case management is an important and oten underused
component of the rehabilitative process. he case manager will
meet with the patient regularly in order to assist in following
the process and reaching treatment goals. he case manager’s
responsibilities include maintaining family contact; functioning as an administrative liaison with referring and consulting
physicians’ oices; updating rehabilitation nurses, insurance
carriers, and lawyers; and maintaining relationships with state
agencies. he most critical role for case managers involves
movement from disability back to function, particularly when
disability is associated with work-related injuries or when
patients are receiving compensation (state/federal WC, long-/
short-term disability, or SSDI beneits). Private and state
vocational rehabilitation services can help patients reintegrate
vocationally; the case manager’s contacts with those resources
are extremely valuable. It is important for communication to
be open to all stakeholders in the patient’s rehabilitation
process as medicolegal, administrative, and inancial concerns
play an increasing role in modern society.
Case managers not only provide counseling regarding
issues of treatment resistance (secondary gain inancially or
medication dependence) but must negotiate with patients as
to how they can improve all aspects of their future once timelimited aspects of their case have resolved. his is sometimes
diicult if major outside forces are actually encouraging disability and dysfunction. he most common secondary gain
issues that need to be negotiated relate to compensation
injuries such as WC or motor vehicle accidents, for which a
patient may be paid inancial beneits for being disabled (WC

disability beneits or short-/long-term disability) until the
treatment process has been deemed to be over, through a
concept now generally known as maximum medical improvement. Until that declaration is generally accepted, patients
may wish to live on the disability money rather than going
back to work and reengaging in normal ADLs. Patients with
secondary gain issues may demonstrate exaggerated pain
behaviors and inconsistent physical performance with exercise
and assessment. Case managers in a functional restoration
program have a major tool unavailable to therapists in other
treatment programs, because measurement-driven training
and quantitative functional measurements show which
patients are actually doing the physical training to improve
themselves and which patients are dragging their feet. his
recognition allows more focused “reality therapy” conversations to deal with secondary gain issues.
Over the past decade or more, many insurance carriers
have encouraged patients to treat pain with high-dose opioids
as a policy rather than focusing on rehabilitation designed to
result in work return. A liberal federal policy of allowing “cost
shiting” WC claims onto SSDI inancial beneits and Medicare
for medical beneits has been partially to blame. Greater
federal attention and national concerns about the dangers of
prolonged opioid dependence on society in general are contributing to some gradual reversal of these policies. Nonetheless, the concept of a lifetime of “free money” for disability
under SSDI is appealing to some disafected workers. Combine
lack of work options and motivation with physician management consisting of high-dose opioids for addictive personalities, and the “secondary gain” of SSDI, even at a young age,
can be appealing to some patients. he settlement of claims
for permanent partial disability has undergone a change in
many state venues, but a pot-of-gold mentality and encouragement from the plaintif ’s attorneys can also be a cause of
treatment resistance. Recognition of short- and long-term
goals by the case manager and reality-based discussion with
the patient can oten overcome the treatment resistance and
result in a long-term plan for tapering opioids, settling claims,
and moving back to some type of work (even if it involves
supplementing SSDI payments).

Medical Techniques Accompanying Functional
Restoration
Interventional Procedures
Pain management for CSP oten consists solely of repetitive
injection procedures, prolonged opioid and benzodiazepine
use to cover pain symptoms, and frequent use of spinal cord
stimulators or drug pumps. hese passive interventions used
in isolation generally foster persistent dependence, disability,
and dysfunction, thus are not considered best practices by
current national treatment guidelines for CSP. However,
occasional use of interventional procedures that facilitate
functional improvement may be something for the multidisciplinary medical supervisory staf to consider. he irst issue
that interventions are likely to impact positively in a functional
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restoration program is the loss of mobility in the lumbar and
cervical spine, termed segmental rigidity. his observable
physical inding is similar to the pain associated with any
ibrosed and contracted joint in the extremities and appears
to arise in the spine from similar processes of joint contracture,
primarily involving the facet joints. When a reasonable trial
of exercise alone fails to restore intersegmental motion (usually
in the lower lumbar spine or bracketing a lumbar or cervical
fusion procedure), then the combination of facet injections at
the rigid segments, with speciic stretching exercises performed frequently, can result in measurable improvement in
motion.54,55 As in the example of the extremities, once intersegmental motion is restored and “ratcheted up” efectively,
atrophic muscles can be more efectively strengthened, muscle
spasm relieved, and multijoint coordination restored.
When perineural scarring from injury or surgery afects
distal extremity function, or there is entrapment to neuropathy, perineural injections are commonly utilized. he CSP
equivalent is the epidural steroid injection, oten related to a
speciic nerve root and best treated with a transforaminal
injection technique. When arm or leg radicular pain persists
despite stretches to facilitate nerve mobilization, the epidural
steroid injection is a useful technique to reduce pain and facilitate exercise participation. Sacroiliac joints may occasionally
become inlamed through deconditioning and biomechanical
imbalances. Certain provocative tests can help in the diagnosis
of sacroiliac dysfunction and injections combined with speciic exercises can allow faster progress in functional restoration. Finally, but only very occasionally, sympathetically
mediated pain may be related to a spinal disorder, and a cervical or lumbar sympathetic block may help the rehabilitation
process.
Functional restoration can take place in the presence of
a spinal cord stimulator or a drug pump. However, they are
rarely implanted in conjunction with a functional restoration
program. More oten, once the beneits of the functional restoration program are achieved, patients are more likely to request
removal of these devices than to seek their implantation.

Medical Psychopharmacology
An awareness of common comorbid pain and neuropsychiatric disorders is necessary for more efective pharmacotherapeutic treatment of the CSP patient in the functional
restoration setting. As discussed earlier, psychosocial factors
(mood disorders, fear-avoidance, insomnia, posttraumatic
stress, and the like) frequently accompany CSP and can exacerbate pain symptoms. Central sensitization is also a common
cause of CSP through central mechanisms, oten diagnosed as
central sensitivity syndromes (such as ibromyalgia, myofascial
pain, and chronic fatigue syndrome). Central sensitization
and CSSs may respond to the same antidepressant medications as do mood disorders that accompany CSP. Chronic
widespread pain or ibromyalgia may be premorbid or appear
as a result of a traumatic injury.26,27 Treatment agents include
serotonin norepinephrine reuptake inhibitors (SNRIs) such as
high-dose venlafaxine, desmethylvenlafaxine, duloxetine, and
milnacipran, the latter two being approved by the US Food

and Drug Administration (FDA) for this condition. Standard
doses of these medications usually suice and can serve a dual
purpose. hese agents generally ofer a more benign sideefect proile than tricyclic antidepressants (TCAs), which
have long been the mainstay for treatment for this condition.127
Cyclobenzaprine has also been shown to be useful for some
patients.128 Pregabalin in higher doses than used for neuropathic pain (225–300 mg/day, usually divided into twice daily
dosing) is efective, as is gabapentin in standard doses.
We favor the use of the secondary amine group TCAs
(nortriptyline, desipramine, and protriptyline), which act
primarily as norepinephrine reuptake inhibitors and have less
sedative, anticholinergic, and orthostatic efects when compared with the tertiary amine group. he latter agents combine
serotonergic and adrenergic efects and include amitriptyline,
clomipramine, imipramine, and doxepin. All TCAs can be
efective for chronic pain in low dosages. If the patient is
sufering from comorbid depression, however, full clinically
efective dosages should be used. here is less evidence to
suggest that selective serotonin reuptake inhibitors (SSRIs)—
such as luoxetine, paroxetine, sertraline, citalopram, escitalopram, bupropion, and mirtazapine—are useful for chronic
pain, but they may be efective in some patients who have
developed mood disorders.
he SNRIs, TCAs, and SSRI antidepressants are all efective
as well for frequently encountered comorbid anxiety disorders
in this population. his includes panic disorder, generalized
anxiety disorder, posttraumatic stress disorder, and the surprisingly common obsessive compulsive disorder. Efective
use of these agents will reduce anxiety and therefore secondarily reduce muscular tension and pain perception. It may
allow for easier tapering of sedatives/hypnotics, benzodiazepines (BZDs), and opioids.
Patients who are dependent on high-dose carisoprodol
or short-acting BZDs can be converted to diazepam as per
standard dosage converting tables and tapered using threetimes-daily doses over 4 to 5 weeks. Patients taking BZDs in
sizable doses over 6 months may be able to tolerate a 10%
reduction every 1 to 2 weeks. For patients requiring muscle
relaxants to tolerate functional restoration, we prefer antispasticity agents—such as baclofen and tizanidine—to centrally
acting agents. he former agents may have analgesic properties
as well.
Many CSP patients present with comorbid radiculopathy
amenable to pharmacologic treatment. Again, the standard
multipurpose pain agents—such as low-dose TCAs, SNRIs,
pregabalin, and gabapentin—are useful for many patients. For
second-line agents, we favor a neuromodulator such as lowdose oxcarbazepine, which may be given at bedtime, and
topiramate, which has also been found to be efective. Some
patients may require polypharmacy, using agents with diferent pharmacologic mechanisms of action for treatment of
chronic neuropathic pain. Sodium channel blockers (such as
mexiletine and lidocaine 5% patches) can be efective in some
patients,129 and a multitude of anticonvulsant medications
(such as lamotrigine and levetiracetam) can occasionally be
useful in patients who have failed irst- and second-line
therapies.130
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mood enhancement and a smooth, uncomplicated withdrawal
process. his can allow them to safely participate in functional
restoration physical training in a timely manner. Buprenorphine is a moderate analgesic that can enhance the patient’s
ability to continue in treatment because it appears to be less
associated with opioid-induced hyperalgesia than most other
agents. When using buprenorphine, it cannot be given until
the patient is in mild withdrawal because it preferentially
displaces other opioids from the receptor site and precipitates
a full and rapid withdrawal state.134
Recently, there have been several recommendations generated with regard to the use of opioids, of which the pain physician should be aware:
1. he short-acting opioid/Tylenol or nonsteroidal antiinlammatory drug combinations have been reclassiied as
Schedule II, requiring a triplicate or C2 prescription.
2. he US Department of Health and Human Services
has published Guideline NCG9597 (2010) (http://www
.guideline.gov/content.aspx?id=43745&search=narcotics#
Section420), which has speciic recommendations for use
of opioids before and ater surgery and during the acute,
subacute, and chronic phases ater an injury associated
with pain. he recommended upper dose of narcotics
should not exceed 120 morphine-equivalent dose (MED),
unless prescribed by a pain specialist. he National
Academy of Medicine (formerly the Institute of Medicine)
has even more recent 2015 guidance that lowers the acceptable opioid dosage for chronic pain to 50 to 60 MED.
3. A national guideline, the ODG, has instituted a list of “N”
second-line and “Y” irst-line drugs that may be used
within the WC system. Allowable narcotics include only
the short-acting opioids (codeine, hydromorphone, hydrocodone, morphine, oxycodone), tramadol, buprenorphine,
and naloxone. It also recommends a CSP maximum of 50
to 90 MED.

Functional Restoration Program
Treatment Phases
Initial Treatment Phase
he program’s initial phase oten involves patient accommodation to scheduled attendance at a full day of program activities.
his simple concept is oten more diicult than it seems and
requires time to rebuild activity tolerance. Atrophy is not just
limited to the body but usually includes attention, mood, sleep
success, and motivation to engage in ADLs. he early physical
portion concentrates on rapidly advancing mobility and a
home program of stretching, walking, and cardiovascular
exercise to aid transition to the intensive phase. Detoxiication
or tapering down from medications such as opioids, muscle
relaxants, and anxiolytics, as well as alcohol use, is facilitated
by the gradual increase in patient conidence as early progress
is achieved. he basic principle is to utilize whatever medications are needed to deal with the assessment indings early in
the program and then taper medication later in the program
as functional improvement occurs.
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Patients with more severe personality disorders, comorbid
psychotic disorders, chemical dependency disorders, and
treatment-resistant afective disorders may beneit from atypical neuroleptics, such as risperidone, ziprasidone, olanzapine,
quetiapine, or asenapine. hese agents, usually at low doses, may
have a mitigating efect on anxiety, hyperarousability, emotional
lability, and—particularly for quetiapine—refractory insomnia.
hey may occasionally have analgesic efects in some patients.131
However, because most of them have the potential for metabolic
syndrome as a side efect, it is important to monitor the body
weight of patients for whom they are prescribed. Along with
many other psychotropic agents, including antidepressants and
antipsychotic agents, there can be a risk of QT interval prolongation in some patients, particularly females and those over the
age of 65 years, so that an electrocardiogram is recommended
at the beginning of such treatment.132
Opioid tapering presents possibly the greatest challenge
in the pharmacologic treatment of the pain patient. Past
experiences and second-hand knowledge of opiate withdrawal
cause considerable distress in patients who fear that they
will be forced to go “cold turkey.” he chronic pain patient
is inherently diferent than the habitual recreational heroin
and pain pill user. It is incumbent on the practitioner that
the patient be treated with compassion, dignity, and respect
and be provided a comfortable tapering process, because
patients initially experience increases in pain from exercise
and reconditioning. For safety and hyperalgesia concerns,
patients on high-dose opiates may need to be tapered signiicantly before being able to partake in a more aggressive
measurement-directed reconditioning. Patients on low-dose
opiates may be continued on their originally prescribed agent
with dose reductions of 10% per day or 25% every 3 days,
because this is usually tolerated well in terms of withdrawal.
Chronic pain patients, however, generally need more time
to become accustomed to the new sensation that they are
experiencing and will be more comfortable with a 2- to 3-week
tapering process. Adjunctive use of low-dose clonidine and/or
BZDs may reduce symptom severity.
Sublingual buprenorphine is a good choice for substitution
and tapering of opiate-dependent CSP patients. Buprenorphine is an opiate receptor, partial µ-agonist/κ antagonist. It
is less potent than morphine but more tightly bound to the
opiate receptor and dissociates more slowly from the receptor,
thereby minimizing withdrawal symptoms in physically
dependent patients. Buprenorphine is FDA approved in the
United States in the sublingual form for the treatment of
opiate dependence. It is combined with naloxone (Suboxone)
to prevent intravenous abuse and is also available as buprenorphine alone as Subutex. It is FDA approved in intramuscular
form as an analgesic agent (Buprenex). his agent is available
in lower doses in sublingual tablet form and in a patch form
as an analgesic agent.133
It is legal in all US states to taper pain patients’ opioid
medications to avoid withdrawal symptoms. Unless a special
certiication is obtained, it is not legal to detoxify a substance
abuser with buprenorphine. In our experience, patients
treated with buprenorphine experience signiicantly reduced
cognitive, sedative, and euphoric efects and can experience
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Depending on the duration of the chronic pain, the psychological comorbidities and the degree of conditioning,
patients may fail to tolerate full days of back-to-back reconditioning in an intensive program. Moreover, various real barriers to attendance need to be considered, including problems
with transportation, childcare or elder care, inancial limitations, and dependence on the availability of care providers.
Over the past decade, changes in WC systems have encouraged
many employers to maintain patients at light-duty or parttime work rather than having them out of work on total disability. his means that there are more programs involving a
stay-at-work treatment approach, in which the rehabilitation
process needs to be organized around work responsibilities on
the job.135 All of these factors mean that functional restoration
attendance may be part or full time, ranging from 1 to 5 days
per week. Patients usually begin trying to do twice-weekly full
days, increasing to three times a week quickly, and assessing
their tolerance for further increases in attendance.

Intensive Phase
his phase is the most team intensive because the biopsychosocial multimodal disability management that is the hallmark
of a program requires excellent interstaf communication. A
crucial component of the intensive phase of functional restoration is the initiation of measurement-driven therapy (MDT).
he measurements of the quantitative FCE (and repeated
physical testing) set training levels in a progressive resistance
strength-building and endurance-building computerized
process, individualized to age, gender, and body mass. MDT
is quota-based and a necessary component of a sports medicine reconditioning model. It is especially critical when an
injury or pain target area has become a weak link relative to
other body parts. In traditional PT and OT, dealing with a
weak link is usually limited by the patient’s pain tolerance, and
therefore becomes pain-driven therapy. At some point, lacking
other measurements to override the patient’s pain perception,
pain complaints for the CSP patient force the therapist to back
down on attempts to recondition the weak link, limiting progress in the group of chronic pain patients unable to push
through the chronic pain. his failure to respond to paindriven therapy is usually the critical factor that selects out the
candidate for functional restoration and is usually associated
with a poor performance on initial FCE for those patients. he
use of MDT provides a counterweight to pain perception and
its psychological accompaniment (e.g., fear-avoidance, physical
inhibition, and hyperalgesia).
he intensive phase is when most didactic classes and CBT
interventions for stress management and pain control techniques are provided. his is also when most of the planning
for vocational reintegration and a transition back to a more
normal life takes place. he further decrease in use of habituating medication and stabilization of psychotropic medication
is a crucial part of this phase, leaving patients with a stable
and low-dose medication management plan at program discharge to cover the various aspects of their CSP. he usual
maximum program length of 160 hours may be abbreviated
for CSP patients with shorter periods of disability or those

who are currently working part time or light duty and participating in a stay-at-work approach during their rehabilitation.
For those with more chronic disability and very high opioid
levels, programs of greater length may be justiied. Short
refresher programs may be appropriate for patients who have
undergone postprogram surgeries. Every patient’s functional
restoration program ends with discharge testing, involving an
FCE and repeat of the self-report questionnaires, to demonstrate the change that has occurred over the course of program
participation and to help determine continued objective
functional limitations.

Postprogram Long-Term Care Plan
Following program discharge, patients enter a long-term care
plan (LTCP) phase. his open-ended process is handled by
program physicians and nurse practitioners but supported by
functional restoration program team members. Case managers usually assist patients in their work transition back to
full-duty or modiied-duty work, oten with assistance from
state or federal vocational rehabilitation agencies and other
community resources. When appropriate, mental health professionals facilitate a connection to community resources for
management of ongoing psychiatric or cognitive issues. he
physical staf provides each patient with an individualized
itness maintenance program based on each patient’s physical
capacity at program discharge.
As part of the LTCP, patients may be ofered the opportunity for quarterly visits to the supervising physician, who can
provide medications to assist in meeting postprogram goals
(work return, home exercise, and decreased health utilization). he opportunity to meet with speciic members of the
treatment team, as needed, for symptom exacerbations for
focused interventions consistent with functional restoration
philosophy is important for maintaining cost-efectiveness.
he most positive therapeutic outcome, however, is for patients
to develop a perception of independence and self-eicacy with
their own ability to manage their chronic pain and related
physical limitations so that ongoing medical management for
pain is no longer required. In addition to routine LTCP quarterly visits, until the CSP condition has stabilized, patients may
occasionally call in for lare-ups of pain. he shortest possible
pharmacologic or interventional procedures are utilized to
“keep molehills from becoming mountains.”

Outcome Tracking Phase
his important program phase allows continued evaluation of
long-term efectiveness of the program both from the patient’s
point of view and for the facility’s continuous quality improvement initiative. Efort is made during the postdischarge phase
to reinforce patient independence with itness maintenance
and pain management strategies so that return visits to the
physician are minimized to maintenance evaluations only. It
is important to educate patients about the willingness of team
members to help with problems that arise ater the program.
Patient perception of an environment of care that extends
beyond program discharge leads to a high rate of compliance
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KEY POINTS
1. Spinal disorders are the second-leading cause for doctors’ visits
in the United States. The vast majority of spinal pain episodes
are self-limited and improve without interventions or advanced
imaging as long as the deleterious efects of immobilization,
disuse, and disability are avoided. However, rehabilitation is
sometimes necessary for returning to function after CSP
develops.
2. A small minority of CSP patients account for the large majority
of costs related to spinal disorders. Greater than 90% of spinal
patients miss less than 2 days of work, leaving about 10% of
patients who account for over 80% of lost work days. It has
been shown that earliest possible intervention is most
cost-efective, avoiding the secondary complications of
progressive physical deconditioning and worsening
psychosocial distress. For this reason, prolonged delay in
performing appropriate imaging and diagnostic tests for surgical
intervention is unwarranted, and an SOP may be helpful in
decisively determining a surgical plan with shared decision
making when surgical indications are not crystal clear. When
surgery is not indicated, recommendations for engaging in the
appropriate level of nonoperative care are identiied in national
treatment guidelines, such as the ODG or those developed by

3.

4.

5.

6.

the American College of Occupational and Environmental
Medicine and the North American Spine Society. When spine
care physicians identify patients with CSP, especially when it is
associated with signiicant disability from ADLs, referral to a
functional restoration program should be strongly considered.
Patients with chronic spinal pain and disability must be assessed
and treated from a biopsychosocial perspective. For this patient
population, the interaction of fear-avoidance of ADLs, social
withdrawal, physical deconditioning, high pain sensitivity, opioid
overuse, psychosocial distress, and psychopathology is complex.
If all of these biopsychosocial factors are not addressed
efectively in treatment (as is done in a functional restoration
program), the treatment is likely to fail.
Quantifying motion, strength, efort, psychological distress,
employer disharmony, familial stress, secondary gain, and
intrusive thoughts is the only way to prevent these variables
becoming barriers to recovery. In addition to the well-known
development of a deconditioning syndrome and chronic pain,
psychosocial problems, discussed extensively in this chapter,
and other medical comorbidities (e.g., neuropathic pain,
postoperative scarring, postconcussive cognitive deicits,
posttraumatic stress) can add even more challenges to the
recovery process. Financial secondary gain and opioid
dependence are both strongly associated with treatment failure,
and the recognition of these additional barriers to recovery
should motivate the spine care provider to consider an
interdisciplinary program referral rather than continuing with
lesser levels of care.
Functional restoration has demonstrated successful treatment
outcomes replicated at multiple treatment sites for over 30
years through objective responsiveness measures of strength,
ROM, and physical/psychological function, with total
posttreatment return-to-work rates approaching 90% and 1-year
work retention rates greater than 80%. Completion of a
functional restoration program is also associated with low rates
of future health utilization, additional surgeries, new claimed
injuries, and medication use when compared with control or
drop-out groups.
Interdisciplinary care is team driven and personnel intensive. A
physician team leader must be a good diagnostician and an
excellent integrator of disparate information. The team leader
must assimilate quantiied data from physical and occupational
therapists, case managers, and mental health professionals to
create an environment of function to help patients return to
productive, contributing members of society.
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in telephone tracking, which is performed at approximately 1
year ater discharge. A high patient contact rate, in turn, allows
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control group. Measurable functional gains that corresponded to
work retention and the decreased health utilization served as a
strong addition to the existing proof-of-concept study. Objective
quantiiable measurements that corresponded to hard data
outcomes served as an additional demonstration of the eicacy of
the tertiary-level functional restoration.
Mayer T, Polatin P, Smith B, et al. Spine rehabilitation: secondary
and tertiary nonoperative care. Spine J. 2003;3(3 suppl):28S-36S.
Discussion of rationale and formulation of a standard of care for
spine rehabilitation. With the recognition of a bimodal distribution
of cost and disability, ensuring prompt reactivation with minimal
cost (irst 90 days) is best suited for the vast majority of patients. A
minority (20–40%) may need additional interventions (secondary
care) aimed at reactivation and reeducation to prevent further
disability. A small minority, which incidentally accounts for
almost 90% of health costs associated with spine pain, will
need interdisciplinary care (tertiary-level care), which is the only
evidence- and outcome-proven way of decreasing disability and
increasing return to work in this population.
DeLorme TL. Restoration of muscle power by heavy-resistance
exercises. J Bone Joint Surg. 1945;27:645-667.
This groundbreaking article discusses in detail the implications
of resistance exercise applied to an injured motion segment. The
implications of this paper in the ield of rehabilitation medicine
cannot be overstated and are often referenced as the DeLorme
principles. The primary inding of this far-reaching observational
study shows resistance exercise can provide both endurance
and power (strength). Next, resistance exercise is safe even when
applied to an injured motion segment. Atrophy and muscle
dysfunction from disuse can often lead to increased pain. Finally,
following a quota-based resistance program can lead to improved
function, strength, and endurance.
Kidner C, Mayer T, Gatchel R. Higher opioid doses predict
poorer functional outcome in chronic disabling occupational
musculoskeletal disorders. J Bone Joint Surg Am.
2009;91:919-927.
In a highly successful tertiary-level functional restoration program,
very high levels of preprogram opioid narcotic use greater than
120 mg of morphine equivalents per day was associated with
approximately 20% worse return-to-work rate (76% vs. 94%) within
1 year after treatment discharge compared with the nonopioid
group. Work retention at 1-year follow-up was even lower (55%
in the very high opioid group and 85% in the nonopioid group).
Moreover, at 1 year after treatment, the group reporting the
highest opioid use was 11.6 times as likely to be receiving Social
Security disability income or Supplemental Security Income
compared with the nonopioid group. These diferences were true
even though efective weaning and maintenance of opioids
was voluntarily undertaken by all patients during the functional
restoration program.
Seidel S, Aigner M, Ossege M, et al. Antipsychotics for acute
and chronic pain in adults. Cochrane Database Syst Rev.
2008;(4):CD004844.
Meta-analysis of data from ive of 11 randomized controlled
trials showed that in selected patients with comorbid psychiatric
conditions, use of atypical antipsychotics as an adjunct medicine
shows signiicant reduction in mean pain intensity compared with
placebo. Due to the risk of extrapyramidal side efects, care should
be taken until further double-blind placebo control studies can be
performed to better elucidate risk/beneit proile.
Mayer T, Gatchel R, Brede E, Theodore B. Lumbar surgery in
work-related chronic low back pain: can a continuum of care
enhance outcomes? Spine J. 2014;14(2):263-273.

Recent studies have found that worker’s compensation (WC)
patients with low back injuries who undergo lumbar fusion surgeries
have relatively poor return-to-work rates of 26% to 36%, reoperation
rates of 22% to 27%, and high rates of persistent opioid use 2 years
after surgery. WC populations have also been found to have poorer
lumbar spinal surgery outcomes than non-WC patients. This study
compared groups of WC patients with diferent lumbar surgeries
who then completed a functional restoration program: those with
previous lumbar fusions (n = 331), those with previous nonfusion
lumbar spine surgeries (n = 233), and a comparison group with no
previous lumbar surgeries (n = 349). Postrehabilitation work-return
rates (81–85%) and work retention rates 1 year later (81–75%), were
statistically similar among the three groups, as were single-digit
rates of reoperation or recurrent injury. These results suggest that
early referrals to interdisciplinary rehabilitation of patients who
do not respond to usual postoperative lumbar surgical care may
accelerate recovery and achieve socioeconomic outcomes that are
comparable to nonoperated patients.
7. Theodore B, Mayer T, Gatchel R. Cost efectiveness of early vs.
delayed functional restoration for chronic disabling
occupational musculoskeletal disorders. J Occup Rehabil.
2015;25(2):303-315.
Three groups of chronic pain disorder patients with worker’s
compensation claims and diferent lengths of disability (time
between injury and treatment) were compared on functional
restoration treatment outcomes. All three groups demonstrated
comparable work outcomes 1 year after completing treatment.
For patients who entered functional restoration treatment within 8
months of injury, there was an estimated 64% savings in medical
costs and up to 80% savings in disability beneits and productivity
losses compared with patients who entered treatment more
than 18 months after injury. Overall, early rehabilitation resulted
in estimated cost savings of up to 72% (or almost $170,000 per
worker’s compensation claim).
8. Brede E, Mayer T, Shea M, Garcia C, Gatchel R. Facilitating
unequivocal and durable decisions in workers’ compensation
patients eligible for elective orthopedic surgery. J Pain.
2014;15(1):49-58.
This study introduced a surgical option process to improve
functional restoration program (FRP) outcomes for patients with
chronic musculoskeletal pain disorders who are undecided about
elective orthopedic surgery. This surgical option process allows
patients with unresolved surgical options to participate in an FRP
for half of the normal treatment hours (approximately 80 hours)
before deciding whether to pursue surgery. From a group of 245
patients with surgical options, the majority of patients declined
surgery (n = 164) and were invited to complete the FRP. The
remainder elected to pursue surgery and ultimately did undergo
surgery (n = 43) or did not (n = 38). Within the year following
treatment completion, less than 1% of patients who had declined
surgery at program midpoint reversed their original decision
and underwent surgery. The patients whose decision to have or
not have surgery was accommodated demonstrated signiicant
psychosocial improvement and excellent work return outcomes,
which were similar to FRP patients without a surgical option.
Patients who did not undergo surgery usually did so because they
did not wish to accept the risk, or their surgeons thought better of
performing new surgery at a surgical consultation after program
midpoint. Those patients mostly completed the treatment program
and had outcomes close to those for the other two groups. These
results suggest that the addition of a formal surgical option
process to an FRP can facilitate patients’ decisive surgical decisions
and help prevent delayed recovery.
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the longer term disabled groups demonstrated work return from
72% to 87% and work retention from 63% to 80%. Previous studies
have found that treatment outcomes deteriorate as patients
accommodate to prolonged disability following work-related
injuries. However, the results of the present study, in large part,
did not support this assumption. These results demonstrate that
disabled workers who complete a quality functional restoration
program have a very good chance of achieving positive
psychosocial outcomes, including return and maintenance
of employment, regardless of their length of disability before
beginning treatment.
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he results of conventional surgical therapy (e.g., deaferentation) for chronic benign pain syndromes are poor.1,2 he
results of so-called neuromodulation therapy, neurostimulation, and infusion techniques are continually improving,
however, particularly in benign pain syndrome, which has
typically been the most challenging to treat. Surgical experience with central deaferentation (e.g., cordotomy)3–10 suggested that patients with neoplastic pain achieved satisfactory
pain relief more frequently than those with benign pain. his
is hardly surprising, as the efects of neural plasticity in patients
with a longer lifespan should tend to confound the results of
surgical interruption.11 his was borne out in studies of cordotomy or dorsal rhizotomy.12-18 A distinct characteristic of
refractory benign pain is that it appears to follow lesions of
the nervous system. his is in contrast to malignant pain,
which is thought to be nociceptive.
Surgical intervention for chronic benign pain of lumbar
origin is associated with high complication rates. he principles
of such intervention, however, appear to be based on reasonable principles; these can be appreciated only with a basic
understanding of neuropathologic mechanisms.

Mechanisms of Chronic Pain Production
he immediate efect of injury is to activate receptors in speciic nerve iber types. hese include large myelinated Aβ
ibers, small myelinated Aδ ibers, and small unmyelinated C
ibers. he interaction of these aferents, primarily though not
exclusively through the substantia gelatinosa, forms the basis
for the gate control theory of pain. he cell bodies of primary
nociceptive neurons are located in the dorsal root ganglion,
with aferent synapses in layer I or V. Layer I cells are nociceptor speciic and somewhat less discriminatory. Layer V cells
respond to many inputs, mainly repetitive nociceptive stimuli
and nociceptive input. he primary nociceptive neurons
synapse on rostrally projecting second-order neurons in the
dorsal horn, the theoretical target of the “gate.”19 Ater postinjury discharge, the next normal event would be for the ibers
to return to rest. In the face of persisting injury, however,

repeated irings are provoked; some receptors become more
sensitive to subsequent stimulation and can, in fact, ire
spontaneously. his sensitization can arise from direct change
in the structure of the nociceptor14,20,21 or as a response to
substances released in its milieu.22–25 As damaged tissue heals
with scar formation, granulation tissue containing nerve
sprouts and capillaries invades the area. his further changes
the local environment and the sensitivity thresholds of the
nerve endings. Such changes have relevance in the healing of
surgical wounds such as those from laminectomy or spinal
fusion; during healing, there may be signiicant pain problems
generated by the wound itself. As would be expected from the
nature of neuropathic pain, patients may note localized
burning dysesthesias or even allodynia.
he compressed root is susceptible to such damage and all
its ensuing consequences. Such roots are further subject to
chemical irritation from the inlammatory process and to the
resulting edema and ischemia. he end results of these pathologic processes are neural scar formation and demyelination.
he physiologic responses to nerve damage are complex
and variable. Devor broadly classiies these into three groups.26
he irst, sensitization of the nociceptor endings, is characterized by a reduced threshold for activation. In such a state,
nonnoxious stimuli may become capable of producing pain.
Second, the nociceptive ibers themselves become a source of
pain when they are activated at abnormal locations along their
course; this is the phenomenon of ectopic electrogenesis.
hird, pain could result from abnormal central processing of
aferent impulses. In the setting of chronic spinal pain syndromes, the irst two possibilities are most pertinent, with true
central pain syndromes being uncommon.
Chemical22,23,25 and mechanical27–29 stimuli can invoke or
modify repetitive discharge in the damaged nerve. Epinephrine
and norepinephrine can both activate aferent iber endings
in neuromas; these responses are thought to be mediated
by α-adrenergic receptors.24,30,31 Sympathetic activity can
produce abnormal sensation through neural transmitter
release that stimulates aferent nerve sprouts possessing
ectopic adrenergic chemosensitivity.31 he abnormal sensations produced by these mechanisms may explain causalgia
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and other sympathetic dystrophies32,33 along with the potential
beneit of sympathectomy for such disorders.
he phenomenon of ectopic electrogenesis, which occurs
in neuromas, can also develop in axons that have become
demyelinated but remain in continuity. his issue relates
directly to chronic low back and leg pain, in which a neuroma
would not be expected to form, but in which demyelination
of nerve roots is a known complication. Such demyelinated
roots may exhibit either hyposensitivity or hypersensitivity.
Spontaneous discharge has been shown to occur at sites of
peripheral demyelination.33 hese discharge patterns are
similar to those found in neuromas.26 Consequently, nerves
with regions of demyelination can demonstrate ectopic electrogenesis, which transfers nociceptor-like information into
the central nervous system. Rhythmic iring, a characteristic
of cell behavior not elicited until a certain threshold level of
generation current is reached,34 can be provoked in demyelinated regions by mechanical stimuli. his threshold characteristic is important because many injured nerves appear to be
poised near the rhythmic iring threshold. As a consequence,
brief or weakened stimuli can set of a prolonged discharge
that may persist beyond removal of the stimulus.26 In experimental preparations, tetanic stimulation produces this socalled ater-discharge, which is followed by a period of
prolonged electrical silence.35 It is evident that this could have
implications for pain relief from neuromodulation, such as
spinal cord stimulation (SCS).
he dorsal root ganglion is mechanically quite sensitive in
its normal state. Some discharge occurs spontaneously36 even
at baseline. Postdischarge, stimulation is common. his baseline excitability is heightened ater peripheral nerve injury. In
this instance, the dorsal root ganglion contributes ectopic
barrages above and beyond those generated by the region of
peripheral injury.37,38 he state of excitability of the dorsal root
ganglion is thus of clinical importance in root compromise.33
In the chronically injured root, deaferentation in the form of
ganglionectomy would, theoretically, remove this focus of
irritability.
Damage to a peripheral nerve causes changes central to
the lesion that may not be reversed by treating the original
injury.11 As noted earlier,26,36 these central changes include
heightened sensitivity of the dorsal root ganglion to mechanical distortion and to neurotransmitters. Axons central to a
nerve lesion also diminish their conduction velocity. Cells
in the dorsal root ganglion may degenerate, with consequent
degeneration of central axons. his leads to substantial loss
of aferent ibers, leading to deaferentation, which is another
mechanism of pain. Additionally, the central terminals of C
ibers change in response to peripheral nerve injury. he result
is a failure of feedback mechanisms that produces prolonged
depolarization and inhibition. Peripheral nerve section is
thus followed by a reduction in inhibition of aferent ibers.38
he cord “responds” to diminished input (deaferentation) by
diminishing inhibitions to the remaining input.39 he spinal
cord itself thus becomes a location for continuing provocation of pain through mechanisms of chronic aferent barrage
accompanied by reduced inhibition. Not surprisingly, many
central ablative procedures, such as cordotomy, have been

proposed as treatments for chronic pain syndromes. However,
the role of these more central procedures in the treatment of
chronic spinal pain syndromes is limited.
Variability in anatomy also creates additional levels of
precision and uncertainty. Recently, Solmaz et al.40 in a cadaveric study noted that there were an average of 4.8 ± 1.3 ibers
consistent with intradural communication between dorsal
rootlets of spinal nerves. he number of these intradural communications varied based on the level of the spine. All spanned
one level, with the highest frequency in the cervical and thoracic areas. No cadaver had fewer than three, with some as
high as seven. Clearly, such anatomic variation would compromise the results of any deaferentation procedure related to
the dorsal rootlets.
Finally, the individual motion segment is richly innervated
and thus capable of generating postinjury pain in the absence
of frank neural compression.41–46 Many of the procedures to
be discussed are intended for the treatment of continued
extremity pain caused by persistent neurogenic dysfunction;
such procedures are usually unsuccessful in dealing with
disorders of the motion segment per se. hus, entities such as
posttraumatic lumbar strain, postdecompressive segmental
instability, and persistent discogenic pain are not well served
by deaferentation procedures. Additionally, reversible sources
of neural compression producing continued sciatica—such as
disc herniation, lateral recess, or central or foraminal
stenosis—must be meticulously excluded before the consideration of any of these procedures. Indeed, the most efective
way to deal with the “failed back” (failed back surgery syndrome [FBSS]) is to avoid creating it by judicious treatment
and surgery. Given the historical and current rates of spine
surgery,47 in the settings of favorable natural history of many
degenerative syndromes,48 it is unlikely that the incidence of
FBSS will decrease.
he surgery for chronic pain in this setting has revolved
around two concepts: deaferentation and enhancement of
presynaptic inhibition. In the irst case, the theoretical goal is
diminution of the conduction of painful stimuli centrally by
interrupting appropriate aferent pathways. Precise determination of these pathways can be diicult because of neuroplasticity, central mechanisms of continuing pain generation, and
anatomic variation. In the second approach, enhancement of
presynaptic inhibition, the goal is to achieve functional deafferentation by either chemical or physiologic means. Again,
neuroplasticity complicates this approach.
Modulatory therapies that are germane to the concept of
inhibition are nerve and cord stimulation and subarachnoid
implants. Destructive therapies are essentially deaferentation
procedures: rhizotomy and ganglionectomy. More central
ablative procedures have no place in the current treatment of
failed lumbar surgery syndromes. For example, the dorsal root
entry zone lesion, produced by electrocoagulation, has been
reported to yield a success rate of 54% to 82% in brachial plexus
avulsion,49–52 50% in neurogenic pain from spinal cord injury,
and nearly 60% in cases of postherpetic neuralgia, or complex
regional pain syndrome.53 However, in benign pain syndromes
or arachnoiditis, dismal results have been reported.54–57 Cordotomy58 has been extensively studied in cases of neoplastic
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myelomeningocele.77 Sacral rhizotomy in the treatment of
hypertonic neurogenic bladder has also been investigated,32,78–80
as has control of spasticity resulting from posttraumatic
paraplegia.81 Percutaneous radiofrequency rhizotomy resulted
in improvement of spasticity in 24 of 25 patients in the series
of Kasdon and Lathi.82 In Turnbull’s series, percutaneous
rhizotomy improved lower extremity spasm in paraparetic
patients who were not hospitalized.83
Taken in concert with the results presented for the disorders
reviewed earlier, the outcome of rhizotomy for chronic lumbar
pain syndromes is particularly grim. In the case of chronic
pain patients, preservation of function is essential and the
surgeon does not have the latitude to interrupt multiple roots,
as is the case in many of the situations reviewed earlier. Additionally, the precise interpretation of pain reduction, which is
necessarily subjective, complicates the evaluation of results of
rhizotomy or ganglionectomy for chronic benign pain.

Rhizotomy and Ganglionectomy

Deaferentation Procedures
Little attention in the recent literature has been focused on the
use of rhizotomy as a treatment for chronic backache and
sciatica. It has been widely investigated in other areas, however.
As noted previously, results in tumor patients are generally
superior to those achieved in chronic benign pain patients.13,60–64
In a comprehensive review, Barrash and Leavens65 analyzed
dorsal rhizotomy for relief of tumor pain. Promising results of
rhizotomy were noted in cases of central neoplasms as well as
neoplasms involving the breast, colon, head and neck, lung,
and rectal and urogenital systems. he problem of trigeminal
neuralgia has been widely addressed as well. van Loveren and
colleagues66 reviewed their experience of 1000 patients with
trigeminal neuralgia, comparing the techniques of percutaneous stereotactic rhizotomy and posterior fossa exploration. Of
the 700 treated by percutaneous stereotactic rhizotomy, excellent or good results regarding pain relief were achieved in 125
patients treated with microsurgical vascular decompression or
partial sensory rhizotomy. hese favorable results were corroborated by the report of Bederson and Wilson67 in 252
patients. Additionally, glycerol rhizotomy for trigeminal
neuralgia has been investigated.68–70 In general, good or excellent results are reported in 70% to 72% of the cases using this
technique. Outcomes of intradural rhizotomy for neuropathic
pain syndromes may be less favorable over time, however. A
recent retrospective study of 55 patients treated by intradural
cervical dorsal root rhizotomy for refractory occipital neuralgia reported a functional improvement of 57% at follow-up of
14 years. Interestingly, this is less than the rate reported for
full pain relief (64%).71
Selective dorsal rhizotomy for spasticity in children with
cerebral palsy, although controversial, has also been recommended. Cahan and colleagues72 and Kundi and colleagues73
emphasized the safety of the procedure, citing preservation of
cortical somatosensory evoked responses. Good results have
also been reported by others.12,18,74–76 Intraspinal rhizotomy
has been reported to diminish spasticity in patients with

Sectioning of the spinal nerves or excision of dorsal root
ganglia can be accomplished at multiple levels. Rhizotomy
may be performed by intradural section of the dorsal root,
extradural section of the dorsal root, or extradural section of
the mixed root (Fig. 112.1). Additionally, the median branch
of the posterior primary ramus may be interrupted, although
this is usually by a percutaneous technique, such as radiofrequency ablation (Fig. 112.2).
Sensory rhizotomy for the relief of chronic pain was irst
carried out by Abbe in 1888 but had been nearly abandoned by
1925 because of the relatively high failure rate and the subsequent interest in cordotomy.12,84 Rhizotomy may be performed
at this level to include selective sensory ibers or it may take
the form of a complete rhizotomy. Characteristically, both
ablative procedures are performed proximal to the ganglion.15
he goal of rhizotomy or ganglionectomy is denervation of
the area in which pain is felt. It has frequently been assumed
that root section should remove pain that is peripheral and
circumscribed because the aferent territory of a few adjacent
nerves presumably completely delineates the pain for that
region.15,85 Long-term results of rhizotomy fail to support this,
however. In addition, results of selective sensory rhizotomy
may be compromised because of the presence of denervation hypersensitivity, intersegmental cross-linking,17,40 and
overlapping dermatomes86–89 and the presence of aferent
unmyelinated axons in the ventral roots.90,91 Intraoperative
stimulation of these roots has been shown to provoke pain.
If these ventral aferents comprise a signiicant portion of
the ventral root, dorsal sensory rhizotomy may be providing
insuicient deaferentation to interrupt pertinent sensory
pathways.
One of the central problems in planning surgery for persistent limb pain is the precise delineation of the involved
roots. Many authors have attempted to select patients on
the basis of their response to individual nerve root sheath
blockade as guided by electrophysiologic evidence of chronic
radiculopathy and neurologic examination. Onofrio and
Campa17 reported their results in 286 cases of rhizotomy,
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pain and can be of major beneit in this instance; some recent
reports noted a 90% rate of pain relief in microendoscopically guided percutaneous procedures.3,5,7,9,10 he procedure,
in which the anterolateral pathways of the spinal cord are
divided, thus interrupting pain and temperature transmission,
has also been investigated for cases of lower cord or cauda
equina injury. Porter and colleagues8 reported a 62% rate of
signiicant pain relief in follow-up ranging from 8 to 20 years.
White and Sweet cited a 60% rate of pain relief in patients with
cord injuries and in four of seven with cauda equina damage.59
A recent review suggested that dorsal root entry zone, midline
myelotomy, and anterolateral cordotomies, while continuing
to be included in residency and fellowship training, should be
“rarely used,” particularly in benign pain syndromes, due to
variability in results and the signiicant nature and frequency
of complications (urinary incontinence, sexual dysfunction,
and leg weakness). Additionally, genitourinary dysfunction
rates of 8% to 92% have been reported.5,6,8,9
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A

B
FIG. 112.1 Rhizotomy and ganglionectomy. The circular shaded areas the surgical lesions for (A) intradural
rhizotomy, predominantly for use in cervical and thoracic areas; (B) extradural rhizotomy, predominantly used in
the lumbosacral region; and (C) ganglionectomy. (From Wetzel FT. Chronic benign cervical pain syndromes:
surgical considerations. Spine. 1992;17:S367–S374.)

FIG. 112.2 Facet rhizotomy. The circular shaded area represents the
surgical lesion created. (From Wetzel FT. Chronic benign cervical pain
syndromes: surgical considerations. Spine. 1992;17:S367–S374.)

58 of which were lumbar. Only six of the 45 undergoing
S1 rhizotomies reported long-term pain relief. hree of 13
patients who underwent lumbar rhizotomies had clinically
successful results. hese results were obtained despite consideration of dermatomal overlap and the use of selective nerve
root blockade to plan the surgery. Loeser16 reported similar
results with a 14% success rate at 10 years. Arachnoiditis in
the setting of failed disc surgery seemed to be correlated with
poor results, and preoperative nerve root blocks provided
little diagnostic or prognostic information. Loeser ofered
several reasons for these results, including incomplete root
sectioning, inadequate numbers of roots divided, and a higher
threshold of ibers in adjacent nerves, which may begin to
produce chronic pain syndromes ater the efects of local
anesthetics from root blocks have worn of. He also speculated
that central alterations may be important. Additionally, the

utility of “diagnostic” nerve root blocks must be questioned.
he selective root sheath injection appears to be nonspeciic
in not only a dermatomal sense but in a central and peripheral
sense as well: several authors have reported on the ability of
distal blocks to produce temporary relief.92–94 Jain95 believed
that selective extradural sensory rhizotomy was not successful
in the setting of arachnoiditis. Other authors have reported
similarly discouraging results.14,93,96
In a compendium of results from multiple sources,12
Dubuisson noted a 74% rate of immediate success following
rhizotomy at L4, L5, and S1, which dropped to 33% 3 months
ater surgery.15–17,63,95,96 hese results are corroborated by the
reports of others.14,93,96 White, in reviewing a series of sensory
rhizotomies for 10 patients with failed lumbar surgery, noted
80% good to excellent results. However, follow-up was variable, ranging from 4 months to 11 years, and no temporal
speciics were reported. He did, however, agree that there was
little pain relief when arachnoiditis was present.61 Wetzel and
colleagues97 reported poor outcomes (14% success) in patients
undergoing selective sensory rhizotomy at a mean follow-up
of 2 years. All patients had undergone previously unsuccessful
lumbar surgery.
hus, it is diicult to recommend rhizotomy for the treatment of chronic benign lower extremity pain. Seemingly, the
most reliable indication for rhizotomy is pain caused by deafferentation itself. Tasker and colleagues32 reviewed 168
patients. he pain was divided into two groups: spontaneous
and hyperpathic. In the latter, pain is induced by normally
nonnoxious stimulation within adjacent areas of increased
somatosensory thresholds. Overall, the pain in this group
was nearly always causalgic or dysesthetic in quality and was
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Technique
he patient is placed in a prone position under general anesthesia, and hemilaminectomy and partial facetectomy are
used to expose the involved root. he root sheath is clearly
identiied and opened longitudinally for 8 to 10 mm proximal
to the dorsal root ganglia. he dural septum, which separates
dorsal and ventral roots, is identiied, and a small nerve hook
is passed between root ilaments. Osgood and colleagues98
noted that several distinct root fascicles are usually present.
With electrocautery at a low setting, electrical stimulation
is used to distinguish between motor and sensory ibers. As
Bertrand has noted, however, caution must be used in relying
on this test exclusively because chronically damaged roots
may exhibit a higher threshold for motor excitation response
than normal roots.96 hus, a wake-up test may be required.
here are currently no reports in the literature on the use of
somatosenory or motor evoked potentials to supplant this.
When appropriate sensory ibers are identiied, they can be
sectioned with electrocautery or a microsurgical blade. Currently, there are no reliably described microsurgical or endosurgical techniques for rhizotomy or ganlionectomy in the
particular instance of chronic benign lumbar pain syndromes,
although endoscopic techniques have been described for facet
rhizotomy.100

Facet Rhizotomy
Facet denervation is not nerve root surgery in the same sense
that open rhizotomy is; rather, the theory behind this procedure involves destruction of the median branch of the posterior
primary aferent nerve that supplies the facet joint (see Fig.
112.2). he median branch of the posterior primary ramus
descends through a notch at the base of the transverse process
and is covered by a ligament at the anteroinferior border of the
facet joint at this level. his ligament is a continuation of the
intertransverse membrane; it is here that several small twigs
are given of to the facet joint. hese twigs then enter the facet

joint capsule.46 Each posterior primary ramus supplies at least
two facet joints, and each facet joint receives innervation from
at least two spinal levels. Clinical features of facet joint syndrome have been described by several investigators. Mooney
and Roberson are generally credited with one of the earliest
descriptions.44 Subsequent authors have attempted to improve
the sensitivity and speciicity of diagnosis and investigate
diagnostic maneuvers, speciically response to facet blockade
as selection criteria for facet rhizotomy101 or even fusion.102
Saal, in reviewing current diagnostic techniques, noted that
the capacity of diagnostic facet blocks to correlate speciically with indings of the history and physical examination is
limited.103 Although a variety of signs and symptoms have
been described as being associated with facet-mediated pain,
these signs or symptoms are not speciic enough to delineate
a patient population sufering from facet-mediated pain per
se.104,105 Several studies have noted that the prevalence of facet
pain among patients with chronic back pain is relatively low
when measured by facet injection; however, the anesthetic
response to a single uncontrolled block is as high as 50%, an
unacceptably high false-positive rate.106 It is generally felt that
the gold standard by which facet joint blockade is judged is
the appropriateness of the pain relief response based on duration of efect appropriate to the agent used for blockade and
sustained relief by subsequent facet rhizotomy. his has been
demonstrated in the cervical spine. In a study by Lord and
colleagues,107 patients experiencing neck pain from whiplash,
who responded to facet blocks, were randomized into active
and sham groups for radiofrequency lesioning. he median
duration of pain relief in the active group was signiicantly
greater than that in the sham group. No patients who failed
to respond to blockade were included in the study.
Rees is generally credited with performing the irst facet
rhizotomies.107 hese were done percutaneously with a knife
and reportedly resulted in immediate relief of symptoms in
998 of the 1000 patients who had facet pain in concert with
the “intervertebral disc syndrome.” Shealy108 performed the
procedure in North America but had an unusually high frequency of wound hematomas. his led to the adoption of a
radiofrequency probe. Success rates as high as 90% were initially reported in previously nonoperated patients. hat pain
relief achieved by the interruption of aferent impulses of the
facet joint has been suggested by the anecdotal reports of
many authors who have noted immediate relief of pain in
patients undergoing lumbar fusion.
Candidates for facet rhizotomy are those patients with back
pain caused by facet dysfunction who have failed to respond
to conservative therapy.109 he key diagnostic maneuver is
thought to be the facet block. his involves percutaneous
insertion of a needle into the joint, under luoroscopic guidance, followed by joint injection with lidocaine (Xylocaine)
combined with steroids or contrast agents.44,110,111 Patients in
whom this procedure yields temporary relief may be candidates for facet rhizotomy.109,110
In the series of Shealy,112 a satisfactory clinical result was
noted in 79% of patients who had not had previous surgery.
In patients who had undergone previous laminectomy, the
success rate fell to 41%, and in those who had undergone
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associated with sensory loss. his was dramatically ameliorated by intravenous sodium thiopental, but not by morphine,
and was usually relieved by proximal local anesthetic blockade.
Various deaferentation procedures were reviewed, including
rhizotomy, neurectomy, cordectomy, and cordotomy; each of
these ablative procedures failed to relieve most patients of
deaferentation pain. Hyperpathia, which occurred in incompletely deaferented areas, however, was partially relieved by
surgical completion of the deaferentation, although the
authors noted that pain may persist at the periphery of the
sensory loss.
Sectioning of the dorsal root ganglion has been shown to
provide the best results in terms of pain relief when performed
for benign truncal neuralgias.98 he results of ganglionectomy
(see Fig. 112.1) at the caudal lumbar roots in cases of failed
lumbar surgery are as disappointing as those reported for
rhizotomy.16,17,95,98,99 At this time, meaningful diferentiation
between rhizotomy and ganglionectomy as distinct therapeutic tools in this setting is impossible.
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previous fusion, success was only 27%. Of the 82 patients
McCulloch followed from 6 to 20 months ater facet rhizotomy, only 50% had satisfactory results.113 Interestingly,
three patients in this group required repeat surgery. Schaerer
reported on 71 patients who underwent lumbar facet rhizotomy.114 here were ive distinct subgroups in his review: (1)
lumbar facet disease without disc involvement (discography
negative), (2) lumbar facet involvement with disc involvement
(discography positive), (3) lumbar facet disease with discopathy and root signs, (4) facet signs with osteoarthritis, and (5)
postlaminectomy pain. At a mean follow-up of 13.7 months,
patients were evaluated using a pain proile. hirty-ive of
71 patients had satisfactory results. he highest percentage
of success was in the author’s irst group—those who had
a “pure” facet syndrome (seven of 15 patients). No attempt
was made to determine statistically signiicant diferences
in outcome between these groups. Florez and colleagues115
reported a series of 30 patients, achieving satisfactory results
in 76%. Twenty-six of the patients were followed for 3 to 9
months. he best results were noted in patients without previous operations and those with shorter duration of symptoms.
Oudenhoven116 reported 377 patients with “pseudoradicular”
pain in whom a lumbar facet syndrome was diagnosed by facet
blocks. At a mean follow-up of 26 months, 83% were judged
to be clinical successes. he author noted that a unilateral
facet rhizotomy did not control pain and reported that 22% of
patients who were judged to be clinical successes noted some
return of symptoms at 18 to 24 months postoperatively. None
of the authors reported any signiicant complications with the
procedure. Lord and colleagues117 reported on 19 patients who
underwent cervical percutaneous neurotomy for neck pain of
at least 3 months’ duration following motor vehicle accidents.
hey found that results varied by level. Of the 10 patients who
underwent C2–C3 rhizotomy, three obtained greater than 6
months of pain relief and one was pain free at the 4-month
follow-up; the remaining six had return of symptoms over 3
weeks. Of the 10 who underwent more caudal neurotomies,
seven obtained “clinically useful” pain relief. he authors
noted that C2–C3 results may have been compromised by
technical failure, including the relatively large diameter of the
nerves and their variable course. In a recent level IV study,
Duf et al.118 reported that 63.64% of the patients in their series
were pain free at 1 year. All patients had a mean of 1 year of
pain relief.
With the recent interest in minimally invasive procedures,
several studies have reported results of endoscopic rhizotomy
of the lumbar spine. Jentzsch et al.100 in a small series (four
patients) reported that 75% had signiicant pain relief at 2
months. he sole study criterion was “chronic low back pain.”
Leon et al.119 described a “360” technique of radiofrequency
ablation of the medial branch of the posterior primary ramus
and the internal joint capsule. In this level IV study of 73
patients, a mean decrease in 10 cm visual analog scale data
from 7.3 to 1.7 with good to excellent outcomes was noted in
91.7 of the patients at 12 months.
One may be tempted to recommend this procedure ater
diagnosis of facet syndrome with facet arthrography and blockade. he current literature, however, does not substantiate the

rates of clinical success (83%) reported earlier.116 North and
colleagues101 retrospectively reviewed prognostic factors for
facet rhizotomy and found that only 42% of those selected
for rhizotomy by response to facet blockade had pain relief
at 2 years postprocedure. Seventeen percent of those who
experienced relief from blockade, but did not undergo
rhizotomy, were improved. As noted previously, one randomized prospective study of rhizotomy for cervical pain noted
a longer duration of relief in the active lesion group.107 he
reported complication rates are low,120 and the apparent risk
to the patient is minimal. here remain no convincing studies
in the literature, however, suggesting that pain relief from the
procedure is permanent.

Technique
he technique for this procedure is well described.109,113 It is
recommended that it be performed in the operating room
or radiology department. Local anesthetic is adequate; the
patient should be in the supine position for cervical rhizotomy
or the prone position for thoracic and lumbar rhizotomy.
Image intensiication is required. Fourteen-gauge needles are
placed unilaterally in the region of the appropriate facet(s)
and nerves. A 5-mm, bare-tipped probe is then positioned
in the area of the facet and the 14-gauge needle is partially
withdrawn, leaving only the probe in the space between the
superior facet and the transverse process immediately adjacent to the superior facet. he depth of the probe is controlled
by lateral image intensiication. A stimulation frequency of
100 Hz and from 0.1 to approximately 3 V is used to localize the tip away from the anterior ramus, as noted by the
absence of paresthesia in the ipsilateral extremity. Once the
depth is appropriate, stimulation adjacent to the posterior
primary ramus reproduces a pain pattern familiar to the
patient and the lesioning is then performed. A temperaturecontrolled lesion is produced by setting the controls at 25 V
and 100 mA for approximately 60 seconds at 80°C. During
the inal 20 seconds, the amperage is slowly increased to the
point where the milliamperage starts to diminish and voltage
rises. his takes the temperature to approximately 90°C. Ater
this, the probe is withdrawn, the wound dressed, and the
patient mobilized. Alternatively, an endoscopic approach
may be used as described earlier.100 Whether or not the
so-called “360” technique100 is superior in the long run to
the conventional deaferentation techniques is at this point
unknown.

Sympathectomy
Sympathetic dystrophy represents a constellation of disorders
of sympathetic nerve functions that accentuate or perpetuate
chronic pain. Historically, Lankford121 divided sympathetic
dystrophy into two types, causalgia and dystrophy, based on
the type of injury. More recently, Stanton-Hicks and colleagues122 presented a revised taxonomic classiication for
relex sympathetic dystrophy, regrouping the subtypes into a
single entity, complex regional pain syndrome (CRPS). he
diagnosis of CRPS requires regional pain and sensory changes

Chapter 112 Surgical Procedures for the Control of Chronic Pain

satisfactory pain relief at 5 years.120 hus, lumbar sympathectomy cannot be recommended with any conviction in the
setting of chronic benign lumbar pain syndromes at this time.

Technique
he patient is positioned in the lateral decubitus position with
the appropriate side up. A standard retroperitoneal approach
is used, with a short transverse lank incision spreading each
of the three layers of the anterior abdominal muscles, inferior
to the level of the kidneys. his may be modiied by a long,
oblique incision from the twelth rib to the lower abdomen,
permitting access to the bodies of all the lumbar vertebrae.
he lateral and inferior ibers of the latissimus dorsi and serratus posterior lie over the twelth rib and may be partially
transected. he distal half of the twelth rib may be resected
subperiosteally as well. he external oblique muscle is split
in line with its ibers. he internal oblique and transverse
abdominis are cut across their iber in the same direction as
the skin incision. Deep to the transversus is the peritoneum;
posterior to this is the renal fascia. he renal fascia and the
retroperitoneal fat must be dissected en bloc and taken anteriorly. he major dissection is posterior to the kidney, between
Gerota’s fascia and the quadratus lumborum and psoas.
he lumbar veins and arteries are anterior to the vertebral
bodies, and mobilization is assisted with ligation of some of
the segmental vessels. he sympathetic chain can then be
plainly seen on the lateral aspect of the lumbar vertebra, with
the most caudal ganglion usually at the L4 level. hese ganglia
should be dissected free from the underlying tissue, clipped,
and removed. he wound is then closed in layers, with or
without drainage as required.
Alternatively, sympathectomy can be performed endoscopically, even in the lumbar spine. Singh et al. reported reasonable
results of endoscopic lumbar sympathectomy for plantar
hyperhidrosis.132 Fluoroscopically guided radiofrequency
techniques have also been described in the thoracic spine.133

Stimulation Therapy
Epidural and Intraspinal Implants
Selective nerve root blockade (or epidural blockade) has been
successfully used in many intraoperative and postoperative
situations.60,134–136 Likewise, implanted epidural narcotic reservoirs have been used in the treatment of intractable spinal and
limb pain in a variety of neoplastic conditions.137–142 Downing
and colleagues141 reported excellent relief of refractory pain in
23 cancer patients. In the series of Sjogren and colleagues,143
29 of 48 patients were able to be stabilized on epidural opioid
treatment; of these patients, 21 were judged to be clinical
successes. A tendency toward better relief of nonneurogenic
pain was noted. In a large series reported by Liew and Hui,144
good to excellent pain relief was obtained in 85% of patients.
In patients who survived more than 3 months, the mean daily
morphine requirement increased progressively from 3.5 to
19.5 mg per day, consistent with both drug tolerance and
disease progression.
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following the index injury, coupled with skin color changes,
temperature changes, abnormal sudomotor response, and
edema. CRPS type I occurs without a speciic nervous lesion
and corresponds to sympathetic or traumatic dystrophy; type
II refers to a discrete nervous lesion, equivalent to the former
deinition of causalgia. Obviously, many features of chronic
spinal pain syndrome may fall into these various categories.
Given the multiplicity of complaints in patients with
chronic extremity pain and the anatomic relationship of the
sympathetic chain to the mixed lumbar root, the coexistence
of autonomic dysfunction in the setting of chronic lumbar
pain and radiculopathy is intuitively plausible. Patients with a
pattern of persistent limb distress ater spinal surgery may
have signs and symptoms suggestive of sympathetic dysfunction. hese include vasomotor changes, alterations in skin
temperature, and joint stifness.
he anatomic constancy of the sympathetic trunk with
respect to the outer anulus has been well demonstrated by
Bogduk and colleagues.43 Pain ibers traveling lateral to the
vertebral column in the sympathetic trunk may be prone to
irritation owing to injury to the motion segment. Likewise,
tears of the anulus ibrosus have been thought to be capable
of producing a cold, painful limb on the ipsilateral side,41 and
Hodgson described a pattern of intractable lower extremity
pain, associated with diminished temperature, in patients with
failed lumbar surgery.123
Sympathectomy has been investigated in the treatment of
limb distress of other causes, most notably vascular disease.
Norman and House reported the results of lumbar sympathectomy for peripheral vascular disease in 153 patients.124 Five
years postoperatively, 67% of those who experienced claudication and 54% of those who experienced rest pain had avoided
further surgery. Repelaer van Driel and colleagues125 reported
favorable results from sympathectomy in 66 patients who had
sufered from lower limb ischemia. Jones also noted a beneicial efect of digital sympathectomy in treating ischemia of the
hand in systemic disease.126
In the setting of persistent neurogenic dysfunction,
however, the results of sympathectomy have been far less
predictable. A central problem remains in establishing the
diagnosis. he sine qua non for diagnosis remains response
to sympathetic blockade.42,92,127,128 hermography has been
suggested to be another diagnostic technique for detecting
skin surface temperature changes associated with autonomic
dysfunction.93,129,130 Even with the use of both modalities,
however, doubts have been raised regarding the validity of
patient selection in chronic lumbar pain syndromes.93
Mockus and colleagues131 reported on 34 patients who
underwent lumbar sympathectomy. In 13, the precipitating
incident was lumbar disc surgery. In this series, only one
patient failed to obtain satisfactory relief. Wetzel and colleagues reported acceptable pain relief in only four of 17
patients at the 2-year follow-up. In this group, the patients’
response to block was not as signiicant in predicting response
to surgery as was their initial thermographic diagnosis.93
Overall, including the results of even upper thoracic ganglionectomy, less than two-thirds of patients report satisfactory
pain relief at 2 years with less than one-third reporting
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Overall, the results of intraspinal narcotics, usually morphine, are less consistent in benign pain than in pain from
cancer. In an early report of 43 patients, 32 of whom had continuous delivery systems, Auld and colleagues145 noted good to
excellent pain relief in 65% of patients at greater than 2-year
follow-up. Neither serious side efects nor evidence of addiction were observed. he same authors reported comparable
results using a smaller system consisting of an epidural catheter
and subcutaneous reservoir.146 Prager recently summarized
the current literature, noting comparable outcomes reported
in most studies to date, with approximately 80% of cancer
patients reporting greater than 50% pain relief and somewhat
lower rates being reported for benign pain patients.147
he implantation of an indwelling narcotic reservoir is a
promising technique for the management of benign refractory
spinal pain syndromes; however, several notes of caution must
be sounded. As previously noted, neuroplasticity in the setting
of chronic benign pain tends to diminish the results of ablative
therapies over time. In an earlier report, increasing narcotic
requirements were seen in cancer patients.144 Paice and colleagues148 made a similar observation in chronic benign pain
patients. In a multicenter study of 429 cases provided by 35
physicians, the temporal proile of drug use difered between
cancer and noncancer patients: cancer patients had a higher
initial dose, which increased quickly and then reached a
plateau. Benign pain patients had a gradual, virtually linear
increase in dose. Bearing this in mind, the following guidelines
appear to be reasonable: an appropriate patient is one who is
chronically disabled, not a surgical candidate, not appropriate
for behavioral operant therapy, and psychologically sound.
Whether a trial of electrical stimulation (discussed later)
should precede consideration of an intraspinal implant is a
matter of debate. Additionally, it appears to be the case that
certain types of pain (e.g., nociceptive predominant) may be
relatively stimulator resistant and are treated more efectively
by intrathecal therapy.
For both intrathecal infusion and SCS, a psychologic
assessment should be undertaken as a component of patient
selection.149 his analysis is best performed before initiating a
trialing procedure. Certain mood and behavioral abnormalities are considered a contraindication for implantable device
therapy (Box 112.1). It is important to recognize that the
prevalence of depression, anxiety, and other mood disorders
within a population of chronic pain patients is quite high and
that these psychological abnormalities do not represent a
contraindication for implantable pain technology.150 he
BOX 112.1
Technology
1.
2.
3.
4.
5.
6.
7.
8.
9.

Psychological Contraindications for Implantable Pain

Active psychosis
Major uncontrolled depression
Major uncontrolled anxiety
Abnormal illness behavior
Paranoid, schizoid, antisocial, or borderline personality disorder
Active suicidal behavior
Active homicidal behavior
Serious, unresolved alcohol or drug addiction problem
Serious cognitive deicits

methodology for psychological clearance is not standardized.
Some commonly used testing measures include the Minnesota
Multiphasic Personality Inventory, Beck Depression Inventory, Sickness Impact Proile, and Oswestry Disability Index.
Certain measures have failed to demonstrate signiicant
prognostic value.151 It is pertinent to note that psychological
screening is not 100% efective in eliminating patients with
signiicant psychopathology from trialing and implantation.152,153 It may also be appropriate to maintain psychological
interventions into the chronic phase of therapy because a
synergistic efect on pain reduction has been reported with a
combination of behavioral and interventional therapy.154
Although several agents are commonly used for chronic
intrathecal delivery, only three medications currently have US
Food and Drug Administration (FDA) approval for long-term
intrathecal use: baclofen, morphine, and ziconotide. Baclofen,
a γ-aminobutyric acid (GABA)-B agonist,155,156 has FDA
approval for spasticity of both cerebral and spinal origin.157,158
Although baclofen has shown some analgesic properties in
animal studies, its utility in chronic pain is probably limited
to musculoskeletal pain associated with spasticity and dystonias associated with CRPS.159–162 Morphine, considered by
many clinicians to be the irst-line agent for intrathecal pain
management, has been FDA approved for clinical use for
more than 2 decades. Other opiates—such as hydromorphone,
fentanyl, and sufentanil—have been used for chronic intrathecal delivery, but these agents lack formal FDA approval.
Intraspinal opiates are thought to exert their therapeutic
efect presynaptically by inhibiting calcium ion inlux and
postsynaptically by increasing potassium outlow.163,164 he
newest medication for intrathecal pain control is ziconotide,
a synthetic form of ω-conotoxin MVIIa (Prialt; Élan Pharmaceuticals). his compound was originally isolated from the
venom of the cone snail, Conus magus. his drug was formerly
known as SNX-111 and is a 25-amino-acid peptide that blocks
a neural-speciic calcium channel on small myelinated and
unmyelinated nociceptive aferents that are primarily localized
in the supericial Rexed laminae (I and II).165 he analgesic
efect of ziconotide is produced when this channel blockade
results in diminishing neurotransmitter release from these
primary nociceptive aferents. hus, the transmission of the
pain signal never crosses the synaptic clet from the primary
aferents to the second-order neurons. Other commonly used
agents for chronic intraspinal infusion include bupivacaine
and clonidine. Intrathecal bupivacaine exerts its therapeutic
action by directly inhibiting neuronal voltage-gated sodium
channels and thus hindering nerve transmission. In general,
the degree of blockade is related to the diameter, myelination,
and conduction velocity of nerve ibers. Because the axons
of pain-transmitting neurons tend to be thinner and poorly
myelinated, bupivacaine can difuse more readily into them
than into thicker and more heavily myelinated nerve axons.166
he mechanism of action for intrathecal clonidine, an α2adrenoceptor agonist, is not fully elucidated and may include
interactions with N-methyl-d-aspartate receptors.167
Treatment algorithms for use of these agents, both in
monotherapy and combination therapy, are far from standardized. It is important to recognize that although combination
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(a)
morphine

(b)
hydromorphone

(c)
ziconotide

Line #2:

(d)
fentanyl

(e)
morphine/hydromorphone
+ ziconotide

(l)
morphine/hydromorphone
+ bupivacaine/clonidine

Line #3:

(d)
clonidine

(h)
morphine/hydromorphone/fentanyl
bupivacaine +/clonidine
+ ziconotide

Line #4:

(l)
sufentanil

(i)
sufentanil +
bupivacaine +/clonidine
+ ziconotide

Line #5:

(k)
ropivacaine, buprenophine, midazolam
meperidine, ketorolac

FIG. 112.3 2007 Polyanalgesic Consensus conference algorithm for intrathecal pain therapy. (Modiied from
Deer T, Krames ES, Hassenbusch SJ, et al. Polyanalgesic consensus conference 2007: recommendations for the
management of pain by intrathecal (intraspinal) drug delivery: report of an interdisciplinary expert panel.
Neuromodulation. 2007;10:300–328.)

therapy may have the therapeutic advantage of synergy
between multiple agents, it also adds complexity with regard
to stability, compatibility, and dosing adjustments. No combination therapy has FDA approval. One level of evidence-based
decision making for intrathecal pain therapy is consensus
statements of experienced clinicians. In January 2007, a consensus of experts convened to review the current medical
literature and formulate updated guidelines for intrathecal
pain therapy. he 2007 group recommended three irst-line
agents: morphine, hydromorphone, and ziconotide. Secondline agents include fentanyl monotherapy, as well as morphine
or hydromorphone in combination with ziconotide; morphine
or hydromorphone in combination with bupivacaine; and
morphine or hydromorphone in combination with clonidine.
he complete algorithm from this consensus panel is outlined
in Fig. 112.3.168
Intrathecal delivery of medications can result in several
potential adverse events, including sedation, cognitive impairment, nausea, vomiting, pruritus, urinary retention, constipation, hormonal dysfunction, and edema.169 he majority of
these problems can be managed with adjunctive care and/or
adjustments of intrathecal delivery. However, the development
of an inlammatory mass at the tip of the intraspinal catheter
may require surgical intervention. hese masses are called
granulomas and were irst described by North more than 2
decades ago.170 he precise pathophysiology of these masses is
not well understood. he relative contributions of drug dose,
drug concentration, low rate, continuous versus bolus dosing,
catheter position, and cerebrospinal luid dynamics remain
somewhat unknown. Although several medications have
been associated with granuloma development, morphine and
increasingly hydromorphone are implicated in the majority of
cases. here is consensus among experienced providers that
high drug concentrations, especially for morphine, combined
with low low rate increase the risk of granuloma development. here is an increasing recognition of these masses with
widespread use of magnetic resonance imaging, which makes
prevalence reporting uncertain. he clinical presentation for

granulomas ranges from asymptomatic to full-blown progressive myelopathy. Patients should be routinely queried for newonset neurologic symptoms and undergo motor, sensory, and
relex examinations on a regular basis. his investigation is
especially important in individuals who have demonstrated
loss of pain control or new-onset pain complaints. Computed
tomography myelography or magnetic resonance imaging with
gadolinium contrast of the catheter tip region is necessary to
conirm the diagnosis.171 In asymptomatic and nonprogressive
patients, weaning of intrathecal medications and initiation
of saline infusion can produce spontaneous disintegration of
the mass. In patients with progressive or severe neurologic
compromise, urgent surgical decompression and excision are
recommended.172

Technique
An epidural block of 0.5 to 1 mg of morphine mixed with
saline is injected through a 22-gauge spinal needle. he degree
and duration of pain relief are then noted in relation to side
efects. Occasionally, an indwelling catheter of several days’
duration may be required.
If a satisfactory response to the block is noted, an epidural
or intrathecal catheter is placed subcutaneously through the
T12–L1 or L1–L2 interlaminar space and brought through a
subcutaneous tunnel to the lank. he tunnel is then taken
anteriorly, where a pocket is created for the reservoir. he
procedure can be done under local anesthesia.

Spinal Cord Stimulation
With the introduction of the gate control theory began a new
era of thinking regarding chronic pain.19 his theory held that
low-threshold, primary, aferent ibers might be electrically
activated peripherally, resulting in central suppression of
nociceptive inluences. Several authors173,174 applied this idea
to the treatment of pain in the distribution of a peripheral
nerve, with encouraging results. Subsequently, Shealy and
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colleagues175,176 suggested stimulation of the dorsal columns of
the spinal cord to control chronic, intractable lower extremity
pain. his seemed physiologically correct because the dorsal
column ibers represent direct extensions of large-diameter
primary aferent ibers running centrally. hus, their stimulation should allow pain control over a wide region of the
body.86,177,178 Although the key concept revolved around stimulation of the dorsal columns, Larson and colleagues179 demonstrated an efect from ventral electrode placements as well.
hus, active pathways are diicult to determine, and the
physiologic basis of pain relief from SCS remains an active
area of research.
Clinically, the neurogenic component of pain is more
efectively treated than the nociceptive component; sympathetically mediated pain is more efectively treated than
somatic pain. his suggests that the “gate” may be closed in
the spinothalamic tract by activation of large-diameter aferents. Activation of supraspinal loops may provide ascending
and descending inhibition. Additionally, direct stimulation or
activation of descending pathways in the cord may block
ascending impulses.180 he mechanism by which SCS achieves
the desired efect may not be limited to electrical depolarization of certain iber populations. he work of Basbaum and
Fields181 has characterized a descending modulatory pathway;
this lends credence to theories recommending the electrical
and pharmacologic stimulation of descending pathways for the
treatment of chronic pain. In this descending pathway, ibers
from the midbrain and hypothalamus synapse in the dorsal
pons and rostroventral medulla. Eferent, inhibitory impulses
travel via the dorsolateral funiculus to synapses in the dorsal
horn. hese projections may functionally inhibit the target
cells that give rise to the spinothalamic tract. he release of
neuromediators in the dorsal horn has been documented in
animal models. Linderoth and colleagues,182,183 in a cat model,
noted increased levels of substance P–like immunoreactivity
in microdialysate from the dorsal horn ater SCS. Release of
serotonin was also noted, but no efects on extracellular levels
of amino acids were detected. he authors speculate that
serotonin release may be relevant for pain on the basis of the
existence of descending neurons in the dorsolateral funiculus
that store both substance P and serotonin and have a putative
role in pain inhibition. Recent studies have also implicated
GABA, demonstrating GABAergic activity following SCS.182–184
Current thoughts on the neurochemistry of SCS have been
elegantly summarized by Oakley and Prager.180 SCS decreases
dorsal horn excitability; releases dorsal horn GABA, substance
P, serotonin, glycine, and adenosine; and reduces the release
of glutamate, aspartate, and excitatory amino acids.
Initially, it was assumed that most of the efects of stimulation were attributed directly to stimulation of the dorsal
columns. However, it has become clear that application of an
electrical ield to the dorsal epidural space may activate a
larger number of neural structures. It is likely that paresthesias
are elicited from intraspinal neural structures both inside and
outside the cord. Barolat and colleagues185 noted paresthesias
ipsilateral to stimulating electrodes perceived as tingling
sensations, relecting stimulation of large myelinated ibers,
involving the dorsal columns, dorsal roots, dorsal root entry

zone, and dorsal horn. Meyerson and colleagues186 noted
evoked activity in the dorsal and ventral spinal cord at the level
of the dorsal horn. hus, as proposed by Oakley and Prager,180
the older term “dorsal column stimulation” should be abandoned in favor of the term “spinal cord stimulation.”
Clinically, the results of stimulation appear to have improved
over time. Krainick and colleagues187 reported a 38% success
rate in 726 patients, which subsequently declined to 22.5% in
long-term follow-up. hese igures represent the results for
various etiologies, however. Husson and colleagues134 reported
good preliminary results in 20 patients with radicular pain
from arachnoiditis. hey based their selection criteria on a
pain relief level of at least 50% ater a month of transcutaneous stimulation.134 Wester,135 in a series of 35 patients, 30
of whom were selected for implants, noted that 15 months
postoperatively, 43.5% used the stimulator regularly. He found
an increase in the amount of pain relief among patients with
failed lumbar surgery syndromes and arachnoiditis. Young, in
a series of 51 patients who underwent stimulator implantation, reported much less satisfactory results.60 Twenty-ive of
the patients had undergone previous lumbar surgery; in all
patients, pain had been present for at least 24 months. hirtyseven patients underwent open laminectomy for implantation;
11 had electrodes placed percutaneously; and three, ater an
initial trial of percutaneous implantation, required open laminectomy. he author noted no major complications but stated
that minor complications (e.g., paresthesia not in the desired
location, infection, cerebrospinal luid leak, lead migration,
and breakage) required an additional 33 procedures. At a
mean follow-up of 38 months, his results were disappointing.
In the immediate postoperative period, 47% had signiicant
relief, but no functional improvement (e.g., return to work)
was noted in any patient. his raised the question of whether
or not a spinal cord stimulator is an efective treatment for
chronic benign pain.
Overall, with increased technical support, clinical experience, and the use of multichannel programmable devices,
results have improved. Pain relief ranging from 0% to 85% has
been reported.55,112,140,185,187–213 All these studies, however, sufer
from the same laws: retrospective study design, variable deinitions of criteria for success, and outcome comparisons
independent of pain etiology. As the techniques and selection
criteria have improved, an overall trend of increased maintenance of pain relief over time has been noted. Regarding
eicacy in benign pain syndromes, the work of North and
colleagues206 appears to be illustrative. Successful outcomes,
deined as 50% or greater pain relief, have been realized in 50%
to 53% of patients with follow-up as long as 20 years.
Work by North and colleagues188 bears special mention. In
that prospective randomized study, SCS was compared with
reoperation (laminectomy) for FBSS. Fity-one patients were
randomized into either stimulation or reoperation groups,
with crossover permitted. Failure of stimulation was deined
as crossover into the surgical group from the stimulator group,
and failure of reoperation was deined as crossover into the
stimulator group. Results for the irst 27 patients reaching the
6-month crossover point showed a statistically signiicant (P
= .018) advantage of SCS over reoperation. In a group of
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patients followed outside the study who opted for reoperation,
42% crossed over to SCS at 6-month follow-up. Kemler and
colleagues214 conducted a randomized prospective study to
evaluate SCS in CRPS. hirty-six patients were assigned to the
SCS plus physical therapy group, while 18 received therapy
alone. Of the 36, 24 had a successful trial and underwent
implantation. At 6-month follow-up, patients in the SCS plus
physical therapy group had signiicantly lower visual analog
pain scale scores, although there were no functional diferences between the groups.
Turner and colleagues215 performed a meta-analysis of SCS
for FBSS. In the 39 studies that met inclusion criteria, mean
follow-up was 16 months, satisfactory pain relief (>50%) was
reported by 59%, and complications occurred in 42%. All
studies were case controlled. On the basis of these data, the
authors concluded that no irm conclusions could be reached
regarding eicacy or the efect of SCS on patient work status,
disability, or medication use. It should be recalled that although
this study did relect the bulk of the available literature, it did
not include either of the randomized prospective studies
reviewed earlier.
he selection criteria for patients who may be candidates
for SCS are of paramount importance. Krainick and colleagues187 performed an initial trial with an electrode inserted
into the arachnoid space using a small cannula. Stimulation
was performed above the segmental level of pain for 30
minutes. In 73 patients, 28 obtained more than 50% pain
relief. he value of a trial stimulation was also addressed by
Nielson and colleagues.178 In 96 of 221 patients who underwent
a percutaneous trial, the stimulation was found to provide
insuicient pain relief. Surprisingly, 28 of these 96 underwent
permanent spinal cord stimulator implantation and, not surprisingly, failed to obtain any relief from the procedure.
Use of SCS to treat benign lumbar pain syndromes remains
controversial. he most rigorous set of guidelines espoused for
patient selection and technique are those of Krainick177: use of
multiple electrodes, open epidural placement, localization of
electrodes above the pain segments, absence of secondary
gain, and localized rather than difuse pain. hese guidelines
represent the ideal candidates for SCS. With the use of multiple
electrodes to treat more complex pain syndromes, the open
laminotomy or laminectomy approach is becoming more
common, although percutaneous insertion may still be used
as well (Fig. 112.4).204,216
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FIG. 112.4 (A) Note the symmetry around the midline and the thoracic
placement. (B) Spinal cord stimulation, with multiple electrodes placed via a
percutaneous epidural approach. These electrodes are in the optimal area
for control of six to seven dermatomes involving the lower back and lower
extremities.

the T12–L1 interlaminar space and traverse at least three levels
cranially. his must be done under luoroscopic control. he
intradural pouch, well described by Burton, also requires an
open laminotomy.190
Once the catheter is threaded, an unscrubbed assistant is
given the lead to verify extension and eicacy of placement
and to arrive at baseline parameters of stimulus intensity
and frequency. Ater this, the lead is anchored in the fascia
with a suture. A temporary lead extension is then tunneled
and externalized for a trial. If a trial is done on the table
and is successful, the lead and pulse generator are implanted
permanently. A subcutaneous pouch and tunnel are created,
and the lead is connected to the power source. he wounds
are closed in a routine manner and compressive dressings are
applied.

Technique
Spinal cord stimulator implantation can be performed via
several methods. hese include percutaneous threading of the
electrodes into the epidural space, epidural electrode insertion
through an open laminotomy, and creation of an intradural
pouch. he last is not clinically useful.
For most procedures, the patient is taken to the operating
room and positioned prone. If the procedure is to be done
percutaneously, local anesthesia with intravenous sedation is
used. If an open laminotomy is preferred, the epidural space
is directly visualized and the lead inserted. It is recommended
that, for chronic lumbar pain syndromes, leads be inserted in

Summary
As can be appreciated in the previous discussion, the results
of surgery for chronic lumbar pain syndromes are far from
satisfactory. In ablative therapy, the results of rhizotomy and
ganglionectomy are singly disappointing and can be recommended only when completion of the rhizotomy would result
in alleviation of peripheral hyperpathia. Likewise, sympathectomy in the setting of chronic limb distress is unpredictable.
he stimulatory therapies ofer much more promise, with
long-term outcome data available showing greater than 50%
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pain relief in approximately 70%, with additional work
required to determine the proper role of implantable narcotic
reservoirs and of spinal cord stimulation. Overall, however,
these results further underscore the need to emphasize careful
preoperative planning before any lumbar surgery, with the
objective of creating fewer chronic benign pain syndromes.
PEARLS
1. Most chronic pain syndromes are of mixed character, with
nociceptive and neuropathic components. In general,
nociceptive pain is aching, more diicult to localize, and
narcotic responsive. In contrast, neuropathic pain tends to be
burning or stabbing and generally refractory to narcotics except
in high doses.
2. Perhaps the only reliable indication for a lumbar rhizotomy is a
failed rhizotomy. In patients who underwent selective extradural
sensory rhizotomy, they subsequently experienced signiicant
peripheral hyperpathia. Completion of the rhizotomy resolved
the pain in most cases.
3. For facet rhizotomy (medial branch of the posterior primary
ramus) many authors advocate that not only the target facet
but the rostral and caudal levels be lesioned as well due to
intersegmental communication.
4. For patients with predominantly nociceptive pain, a
subarachnoid implant (drug administration system or DAS) is
usually more efective than spinal cord stimulation. The
response of the patient to the epidural trial accurately predicts
the response to the subarachnoid implant.
5. Patients with pure neuropathic pain syndromes often respond
extremely well to spinal cord stimulation. Examples of this
would be a unilateral “battered root” or complex regional pain
syndrome. If a patient has a monoradiculopathy or unilateral
pain, a trial can be performed with a permanent percutaneous
electrode, which can remain in place with an extender following
the trial so that the paresthesias do not have to be recaptured.
PITFALLS
1. In the rare instance of the central pain syndrome, no further
peripheral surgery will be of beneit. The only way to diagnose a
true central pain syndrome is persistence of pain despite a
complete motor and sensory blockade distal to the level of
spinal or epidural anesthesia.
2. All patients have large seromas following intrathecal pump
implantation. This is particularly noticeable to the patient when
he or she has diiculty feeling the reservoir itself or has a
ballottable mass in the incision. This is normal. This should not
be aspirated and the patient should be reassured.
3. For the irst 6 to 12 weeks following implant, all SCS is positional.
When the patient extends, the electrodes will move several
millimeters closer to the cord as the dorsal cerebrospinal luid
space thins. Patients will experience paresthesias of increased
intensity and perhaps diferent distribution. This positionality
typically improves after 6 to 12 weeks; lead revision during this
time should be avoided.

KEY POINTS
1. The character of chronic pain: Chronic pain difers from acute
pain in many ways. In acute pain, after postinjury discharge,
nociceptive ibers return to rest. In the case of persisting injury,
repeated irings that can cause central changes are provoked as
well. Thus, interruption of peripheral input (deaferentation) may
not be efective treatment.

2. Deaferentation procedures for chronic benign pain: The results of
surgical interruption of aferent circuits, regardless of the level,
are generally poor and no longer in wide use. The exception to
this may be facet rhizotomy (destruction of the medial branch
of the posterior primary ramus by radiofrequency lesioning). The
diagnosis of facet-mediated pain needs to be conirmed with
appropriate facet blockade, with the duration of relief
corresponding to the action of the anesthetic used. Recent
studies show that when selected in this manner, results of
cervical facet lesioning are superior to placebo.
3. Neuromodulation: Current medications approved by the FDA for
long-term intrathecal (programmable pump) are baclofen,
morphine, and ziconotide. Baclofen is useful in musculoskeletal
pain associated with spasticity and dystonia, whereas morphine
and ziconotide are useful for chronic pain. The latter is a
nonnarcotic medication, a 25-amino-acid peptide that blocks a
speciic calcium channel.
4. Neuromodulation: Intrathecal delivery of medication via a
programmable pump can result in several adverse events, the
most problematic of which is the development of an
inlammatory mass at the tip of the catheter. This may grow in
size and require surgical intervention. Thus, the patient needs to
be monitored for any neurologic changes. Habituation to
medication may also occur, necessitating adjustment of the
drug dosage, or even “drug holidays” in order to efectively
manage the pain long term.
5. Neuromodulation: Spinal cord stimulation is efective
predominantly in cases of neuropathic pain. Patients routinely
undergo an epidural trial followed by permanent epidural
implant via either percutaneous technique or laminotomy. By
meta-analysis, satisfactory pain relief was reported by 59%.
Randomized prospective studies comparing spinal cord
stimulation to repeat laminectomy have shown a higher
crossover rate from the surgical to the stimulation group than
from stimulation to surgery.
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Acetaminophen, for back pain, 1973–1974
Achondroplasia, 667
Acquired immunodeiciency syndrome,
postoperative spinal infections and,
1810
Acromiotrapezius, 69t
Actinomycosis, 1558–1559
Activation phase, NEE, 245–246
Active physical therapy, 1987–1988
Acute radiculopathy, 251

Acute spinal cord injury, treatment of,
1318–1327
cranial tong technique for, 1319–1320
cranial tong insertion in, 1319
reduction technique in, 1319–1320
fracture-dislocation reduction in, 1319
hemodynamic support in, 1318
immediate care of, 1318–1319
MRI in, 1318
neuroprotection in, 1318–1319
surgery for, timing of, 1319
transport in, 1318
Acute trauma, 92b, 96
to spinal cord, 1947–1948
Acute treatment, of athletic injuries, 592
Adalimumab, 1455t, 1462
Adams test, 527
ADAMTS-5, TNF-α and, 813
Addiction
chronic pain and, 1965–1966, 1976, 1976t
clinical observations and clues to,
1965–1966
ADI (atlas-dens interval), atlantoaxial
instability and, 618, 618f
Adjacent-segment degeneration, 771
adverse efect of fusion surgery, 828
cervical arthroplasty and, 732–733
etiology of, 1840–1841
risk factors for, 1841, 1841b
types of, 1840, 1840b
Adjacent-segment disease, 1839–1849
ACDF and, 746
ater kyphoplasty, 1842–1843
ater laminectomy, 1841
ater lumbar fusion, 1841–1842
ater sagittal imbalance surgery, 1843
ater scoliosis surgery, 1842, 1842f
deinition, 1839
etiology, 1840–1841
biomechanical, 1840
genetic, 1840–1841
physiology, 1841
natural history, 1839–1840, 1840f
risk factors for, 1841, 1841b
surgical strategies to treat/avoid, 1843–1846
bone cement augmentation of UIV and
UIV+1, 1844, 1844f–1845f

Adjacent-segment disease (Continued)
cortical bone trajectory screws,
1845–1846
interspinous devices, 1843
lateral interbody fusion, 1845, 1846f
minimally invasive spine surgery, 1844
pedicle screw-based dynamic
stabilization, 1843–1844
total disc replacement, 1843
vertebroplasty for proximal junctional
fracture, 1845
types of adjacent-level degeneration,
1840, 1840b
Adjuvant treatments, for intradural tumors,
1636
Adolescent idiopathic scoliosis, 140–141,
1239
genetic variants for, 140t
Adolescents. see Children and adolescents
ADTO model, 1987
Adult deformity
correction, neurologic injury from,
1733–1734, 1733f
ixed sagittal imbalance as, 1261–1272,
1262f
cervical/cervicothoracic posterior
osteotomies for, 1267–1268, 1268f
etiology of, 1261, 1262f
evaluation of, 1261–1263
midcervical osteotomy for, 1268
radiographic assessment of, 1263–1264,
1263f–1264f, 1263t
surgical management of, 1264
surgical technique for, 1264–1267,
1265f–1266f
vertebral column resection for,
1268–1270
spinal, classiication systems for,
1243–1245
Adult isthmic spondylolisthesis, 1229–1237
biomechanics of, 1231, 1231f
classiication of, 1229, 1230f
decompression for, 1234
diagnosis of, 1231–1232
history in, 1231–1232
imaging for, 1232, 1232f–1233f
physical examination in, 1232, 1232f
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Adult isthmic spondylolisthesis (Continued)
diferential diagnosis of, 1233
direct pars repair for, 1234
fusion for, 1234–1235
natural history/ incidence of, 1229
operative treatment for, 1233
pathophysiology of, 1229–1230,
1230f–1231f
surgery for, 1233–1235
treatment of, 1233
Adult scoliosis, 1239–1259
case studies for, 1251, 1252f–1255f
classiication systems for, 1243–1245,
1244f, 1245b
clinical evaluation of, 1245–1246
clinical presentation of, 1245
complications of, 1250–1251
degenerative, 1254f
imaging evaluation of, 1246
nonoperative management for, 1247
operative decision making of,
1248–1249
decompression for, 1248
decompression with limited fusion for,
1248–1249
operative management for, 1247–1248
perioperative considerations for, 1248
surgical approaches in, 1249–1250
terminology for, 1239, 1240t
treatment of, 1246–1247
Advanced glycation end products (AGEs),
1587
on disc degeneration, 815
Advanced Trauma Life Support protocol,
1374
Adverse events, in lower cervical spine
injuries, 1327–1330
Ater discharge, 2024
Age of patient, 188, 189f
back pain and, 418
changes in disc structure with, 807, 811
ossiication of posterior longitudinal
ligament, 763
spinal cord injury and, 1431–1432
thoracic disc disease and, 791–792
Aggrecan, 82
Aging
intervertebral disc and, 85, 85f
osteoporosis and, 1593
Airway obstruction, 329
Alagille syndrome, 436
Alar ligaments, 1286–1287
ALIF (anterior lumbar interbody fusion),
873–889
approach in, 873–877, 876f–877f
complications of, 884–885
degenerative disc disease and, 873,
874f–875f
indications for, 877
interbody implants and grat material in,
877–880, 878f–879f
postoperative management of, 884
Allergy, latex, 647

Allograts
bone, 1090–1092
demineralized, 1092
as bone substitutes, 1123–1125
American College of Rheumatology (ACR),
in ankylosing spondylitis treatment,
1457
American Psychiatric Association, in
“somatoform disorders”, 1963–1964
American Spinal Injury Association (ASIA)
Impairment Scale, 572
in spinal cord injury, 1433, 1433t
American Spinal Injury Association (ASIA)
motor score, 1313, 1314f
γ-Aminobutyric acid (GABA)-B agonist, for
spasticity, 2030
Amino-terminal-propeptide of type I
collagen, 1596
Amino-terminal-telopeptide of collagen
crosslink, 1596
Amitriptyline, for disc and degenerative
disorders, 708
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for blastomycosis, 1566–1567
for candidiasis, 1568
for coccidioidomycosis, 1565–1566
for cryptococcosis, 1567
for fungal infections, 1563
Anabolic agents, 1599
Anakinra, 1455t, 1462
Analgesia, narcotic, 304
Analgesic injections, diagnostic, 266–268
biopsychosocial factors and, 267–268
confounding factors in, 267–268
sacroiliac joint and, 279–285
sedation for, 267
selective nerve root blocks, 285–291
testing protocols for, 266–267
zygapophyseal joint and, 268–279
Analgesic peptides, recombinant, 1945–1946
Anatomy
of anterior cervicothoracic spine,
339–355, 340f
in arachnoiditis, 1935
developmental, 565–566, 566f
neurovascular, lower cervical spine
injuries, 1311–1312
of osseous, 317–319, 318f–319f
sacral fractures and, 1365–1368
thoracic and lumbar instrumentation and,
1188–1190
of vertebral artery, 1399
Anatomy, injections and prescriptions,
preoperative, nonoperative results and,
383–396
cervical spine injections, 384–387
cervical interlaminar epidural steroid
injection, 385–386, 385f
cervical medial branch blocks and
radiofrequency ablation, 387, 387f
cervical transforaminal epidural steroid
injection, 386–387, 386f
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lumbar interlaminar epidural steroid
injection, 388, 389f
lumbar medial branch blocks and
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lumbar transforaminal epidural steroid
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(facet joint), 391, 391f
sacroiliac joint injection, 393, 393f
spinal pain, anatomic considerations in,
383–384
intervertebral disc and, 384
ligaments of spine and, 384
nerve root and, 384
sacroiliac joint and, 384
zygapophysial joint (facet joint) and,
383–384
Anatomy, of cervical spine, 317–324
bony articulation, 317–319, 318f–319f
fascial layers, 323–324
intervertebral discs, 320, 320f–321f
ligaments, 319–320, 319f
lower, 1311–1312
bony, 1311
ligamentous, 1311
neurovascular, 1311–1312
musculature, 323
neural elements, 321–322, 322f
osseous, 317–319, 318f–319f
surface and skin, 317
triangles of neck, 324
vascular structures, 322–323
vertebrae in, 17
Anatomy, of posterior paraspinal muscles,
935–938
erector spinae muscles, 936
iber type characteristics, 937–938
innervation and, 937, 937f
interspinales, intertransversarii, and short
rotator muscles, 937
multiidus muscle, 935–936, 936f
surgical, 945
Anatomy, of spinal stenosis, 1019–1021,
1020f
cauda equina, 1021, 1021f
disc, 1019–1020
facet joints, 1020
intervertebral foramen, 1020, 1020f
Anatomy, vascular, of spine, 1673–1708
arterial supply, 1673–1677
macrocirculation, 1673–1675,
1674f–1675f
microcirculation, 1675–1676,
1676f
somatic arteries, 1676–1677,
1677f
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imaging and endovascular intervention,
1677–1704
catheter-based angiography and
intervention, 1680–1682
classiication, 1677–1679, 1680t
imaging, 1679–1680, 1681f
spinal vascular disorders, 1682–1694
normal, 1673–1677
arterial supply, 1673–1677
venous drainage, 1677, 1678f–1679f
Andrews frame, 1039–1040
Anesthesia, for posterolateral endoscopic
lumbar discectomy (PELD), 987
Aneurysmal bone cysts (ABC), 1508–1509,
1699–1702, 1701f–1702f
back pain due to, 426, 426f
Aneurysms, spinal artery, 1694
Anger, chronic pain and, 1963
Angiography
digital subtraction, 1399
spinal, 206, 207f
Angiomas, cavernous, 222, 224f
Angle of deformity, 1557
Animal models, neuropathic spinal cord
injury, 1946–1950
Anisomerism, 3
Ankylosed spines, fractures in patients with,
1327, 1328f
Ankylosing spondylitis (AS), 1449–1450,
1487–1501
back pain due to, 425–426
cervicothoracic osteotomy and, 1495–
1498, 1496f–1497f
clinical history of, 1450–1458
deformity due to, 1491
diagnosis of, 1488
diferential diagnosis for, 1453–1457,
1453b, 1454t
difuse idiopathic skeletal hyperostosis,
1457, 1457f
enteropathic arthritis, 1456–1457,
1457f
psoriatic arthritis, 1454–1455, 1455f
reactive arthritis, 1455–1456
epidemiology of, 1449
extension-distraction injuries, 1341
extraarticular manifestations of, 1451
laboratory data in, 1452
lumbar osteotomies and, 1492–1494
management of acute injury due to,
1488–1491
modiied New York criteria for, 1453,
1453b
neurologic complications of, 1450–1451
atlantoaxial subluxation, 1450–1451
spinal fracture, 1451
spondylodiscitis, 1451
nonorthopaedic manifestations in, 1488
pathogenesis of, 1450
physical examination for, 1451–1452,
1488
preoperative assessment, 1491–1492
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prognosis of, 1458
radiographic evaluation in, 1452–1453,
1452f–1453f
thoracic osteotomies and, 1494
treatment, 1457–1458
corticosteroids, 1458
muscle relaxants, 1457–1458
nonsteroidal antiinlammatory drugs,
1457
Annular disruption, disc degeneration and,
716
Annular repair, 869–872
annulus ibrosus and, 869, 870t
biological, 870
efect of aging on annulus ibrosus and,
869
healing of annulus and, 870
interest in, 869
surgical, 870–871, 871f
Annuloplasty, thermal, lumbar disc disease,
826–827
Annulus ibrosus (AF), 27–28, 27f, 80, 94,
94f, 808, 869, 870t
biological repair, 870
efect of aging on, 869
healing of, 870
surgical repair, 870–871, 871f
Antagonist, Rho, 1280
Anterior and posterior spine fusion, 443
Anterior approach
cervicothoracic junction, 331–333, 332f
iatrogenic cervical malalignment
prevention during, 1904–1907
of surgical treatment, in ossiication of
posterior longitudinal ligament, 767
to thoracolumbar spine, 345–348,
346f–348f
Anterior cervical cages, 1155–1159
bone grat selection in, 1158
implant selection and technique note in,
1157–1158
mechanics and rationale in, 1155–1157,
1156f–1157f
outcomes and complications of, 1158–
1159, 1159f
technique in, 1158
Anterior cervical corpectomy and fusion
(ACCF), for cervical myelopathy,
746–750
anterior cervical discectomy and fusion
(ACDF) versus, 750–751
outcomes, complications, and other
considerations to, 750
procedure for, 746–750, 748f–749f
Anterior cervical discectomy and fusion
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anterior cervical corpectomy and
fusion (ACCF) versus, 750–751
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procedure for, 745–746, 747f
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Anterior cervical spine surgery, neurologic
injury from, 1727–1729, 1728f
Anterior cervical vascular complications,
1747–1751, 1748f
Anterior cervicothoracic spine, anatomy of,
339–355, 340f
Anterior column
injuries in, 1322
reconstruction or release, 367
Anterior cord syndrome, 1313
spinal cord injury and, 1434
Anterior longitudinal ligament (ALL), 28,
29f, 1286–1287
Anterior lumbar interbody fusion (ALIF),
367, 873–889
approach in, 873–877, 876f–877f
complications of, 884–885
degenerative disc disease and, 873,
874f–875f
indications for, 877
interbody implants and grat material in,
877–880, 878f–879f
postoperative management of, 884
Anterior lumbar surgery, neurologic injury
from, 1732
Anterior lumbar vascular complications,
1758–1765, 1758f–1759f
Anterior median vein, 1677
Anterior neck pain, 679
Anterior osteotomy, 1913
Anterior spinal artery, 45–46, 45f–46f
Anterior spinal instrumentation,
1149–1160
anterior cervical cages in, 1155–1159
anterior cervical plating in, 1150–1153,
1151f–1152f
cervical disc arthroplasty in, 1159–1160
cervical plating, indications and rationale
to, 1153–1155
upper, anterior screw stabilization of,
1150
Anterior spinal release and fusion in
neuromuscular scoliosis, 482–487
indications for, 482–483, 482f–483f
instrumentation, 483
Anterior thoracic spine
surgical approaches to, 339–349,
340f
endoscopic, 344–345, 345f
low anterior cervical and high
transsternal approach, 339–341,
340f
resection, third rib in, 341, 341f–343f
thoracolumbar junction and, 345
thoracotomy in, 343–344, 344f
Anterior thoracic vascular complications,
1754–1757, 1754f
Anterior thoracolumbar implants, removal
of, 1799
Anterolateral retropharyngeal technique,
327–329, 328f
Anteromedial retropharyngeal technique,
326–327, 326f
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Antibiotics
for epidural abscess, 1545
for postoperative spinal infection, 1819
for vertebral osteomyelitis, 1536–1537
Antidepressants, for back pain, 1975
Antiepileptics, for back pain, 1977
Antiibrinolytic therapy, for adult scoliosis,
1246
Anti-Nogo antibody, for spinal cord injury,
1280
Antiphospholipid antibody syndrome,
694–695
Antirheumatic drugs, for ankylosing
spondylitis, 1487
Anti-tumor necrosis factor-α inhibitors
for arthritic disorders, 1458
for rheumatoid arthritis, 1462
Anxiety, chronic pain and, 1963
AO Cervical Spine Classiication,
1316–1317
facet fractures, 1316–1317
F1 and F2, 1326
F3, 1327
F4, 1327
modiied, 1316t
type A, 1316
type B, 1316
type C, 1316
AO spine sacral fracture classiication,
1373f–1374f
AO system (Arbeitsgemeinschat für
Osteosynthesefragen), 1337–1338
Aorta
in anterior lumbar vascular
complications, 1759–1763,
1760f–1762f
in posterior lumbar vascular
complications, 1765–1767,
1765f–1767f
in posterior thoracic vascular
complications, 1757, 1758f
Apophyseal (facet) joint, 168–169, 168f
of cervical spine, inite element modeling
of, 173–174
of lumbar spine, inite element modeling
of, 171, 171f
Apophyseal ring fracture, 599–600
back pain and, 420
Apophysitis, iliac, 602–603
Appositional growth, 9
Aquaporin-4, and neuromyelitis optica, 694
Arachnoid cysts, 227, 1631
Arachnoid diverticula, 227
Arachnoiditis, 216–218, 1935–1940
anatomy in, 1935
clinical features of, 1937
deinition of, 1935
etiology of, 1935–1937, 1936f
failed back surgery syndrome from,
1856–1857
pathogenesis of, 1935
radiographic features of, 1937,
1937f–1938f

Arachnoiditis (Continued)
spinal epidural ibrosis and, 1937
syringomyelia associated with, 1711
treatment of, 1938
Arbeitsgemeinschat für
Osteosynthesefragen (AO) system,
1337–1338
Architecture, muscle, 59, 59f
with diferent iber lengths, 61, 61f
dysfunction, 57
experimental determination of, 60
length, 59–60
mechanical properties of, 61–62
moment arms, 61–62, 62f
PCSA of, 61, 61f
pennation angle, 60
Arnold nerves, 1287
Arrested hydrocephalus, 647–648
Arterial injury, 1081
Arterial spinal cord infarctions, 690
Arterial supply, of spine, 1673–1677
macrocirculation, 1673–1675,
1674f–1675f
microcirculation, 1675–1676, 1676f
Arteries
aneurysms, spinal, 1694
anterior spinal, 45–46, 45f–46f
cervical cord lateral spinal, 47
fourth lumbar, 37f, 40–41, 40f–41f
iliolumbar, 40f–42f, 41
radicular, 1673
radiculomedullary, 1674–1675, 1675f
radiculopial, 1674
sacral, 41–42
sacroiliolumbar, 40–42
segmental, 1673, 1674f
somatic, 1676–1677, 1677f
spinal cord intrinsic vascularity, 47–48
sulcal, 45, 47
vertebral, 1399
complications, 1748–1749, 1749f
Arteriovenous istula, 691
dural, 691
intramedullary, 691
Arteriovenous malformations, 691
Artery of Adamkiewicz, anterior thoracic
vascular complications, 1755–1757,
1756f
Arthritic disorders, 1449–1466
ankylosing spondylitis, 1449–1450
clinical history of, 1450–1458
diferential diagnosis for, 1453–1457,
1453b, 1454t
difuse idiopathic skeletal
hyperostosis, 1457, 1457f
enteropathic arthritis, 1456–1457,
1457f
psoriatic arthritis, 1454–1455,
1455f
reactive arthritis, 1455–1456
epidemiology of, 1449
extraarticular manifestations of, 1451
laboratory data in, 1452
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modiied New York criteria for, 1453,
1453b
neurologic complications of, 1450–1451
atlantoaxial subluxation, 1450–1451
spinal fracture in, 1451
spondylodiscitis, 1451
pathogenesis of, 1450
physical examination of, 1451–1452
prognosis of, 1458
radiographic evaluation in, 1452–1453,
1452f–1453f
treatment for, 1457–1458
corticosteroids, 1458
muscle relaxants, 1457–1458
nonsteroidal antiinlammatory
drugs, 1457
anti-tumor necrosis factor-α inhibitors
for, 1458
medical therapy for, 1449
rheumatoid arthritis, 1449, 1458–1463,
1467–1485
cervical subluxation in, 1459
clinical history of, 1458–1459
diferential diagnosis of, 1461, 1461t
epidemiology of, 1458
laboratory data for, 1460
myelopathy in, 1459
pathogenesis of, 1458
physical examination in, 1459
prognosis of, 1463
radiographic evaluation for, 1460–1461,
1460f–1461f, 1469–1471,
1470f–1471f
surgical management for, 1471–1480
thoracolumbar disease and, 1480–1481
treatment for, 1461–1463
biologic therapies, 1462
cervical spine therapy for, 1463
disease-modifying antirheumatic
drugs, 1461–1462
immunosuppressive agents for,
1462–1463
nonsteroidal antiinlammatory
drugs, 1461
Arthrodesis
ater laminectomy, 1044
atlantoaxial, 574–575
cervical myelopathy for, 742–743
Arthrology, of spine, 23–28, 24f–25f
articulations of the vertebral arches and,
24–26, 25f
Arthroplasty, cervical disc, 781
background, 771–772
biomechanics, 780–781
clinical studies, 778–780
Bryan disc, 779
Mobi-C, 779–780
prestige disc, 778–779
ProDisc-C, 779
future direction, 780
history and device design, 772–773,
776t–777t
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Arthroplasty, cervical disc (Continued)
indications for use, contraindications, and
complications, 774–775
postoperative imaging, 778
preoperative imaging, 776–777
technique of implantation, 777–778, 777f
Articular processes, 17
Articulations
of vertebral arches, 24–26, 25f
special, 25–26, 26f
of vertebral bodies, 26–28
annulus ibrosus, 27–28, 27f
intervertebral disc, 26
nucleus pulposus, 26–27
regional variations of the disc and, 28,
28f
Artifacts, imaging, 208, 208f–209f
AS. see Ankylosing spondylitis
Ascending dorsal column-medial lemniscus
tracts, 689
Ascending lateral spinothalamic tracts, 689
ASIA Impairment Scale (AIS), 1314f, 1315,
1390
Aspergillosis, 1568–1569
Aspergillus species, 1561, 1568
Assessment and evaluation
of cervical radiculopathy, 728–730,
728f–729f
of congenital scoliosis, 440–441, 441f
of iatrogenic malalignment of cervical
spine, 1903–1904
of idiopathic scoliosis, 452–453
of lower cervical spine injury, 1312–1315
of myelomeningocele, 643
of pediatric spine trauma, 566–573, 567f
of revision spine surgery patient,
1867–1868
of sacral fracture, 1372–1380,
1376f–1377f
Assessment of Spondyloarthritis
International Society, 1453, 1454t
Astrocytoma, 1632, 1633f
intramedullary, 221
Astroglial scar, 1276–1277, 1277f–1278f
Athletic injuries, 589–608, 590f
diagnosis of, 589–591
genetics in, 590
history in, 589–590
imaging in, 591
physical examination in, 590–591
disorders and treatment, 594–603
apophyseal ring fracture, 599–600
cervical peripheral nerve injuries,
600–601, 601t
cervical spine injuries, 600
fracture, 601–602
herniated nucleus pulposus, 598–599,
599f
low back pain, 594
lumbar Scheuermann disease, 597–598,
598f
spondylolisthesis, 596–597, 597f
spondylolysis, 594–596, 595f

Athletic injuries (Continued)
treatment and rehabilitation for, 592–594
acute, 592
bracing, 592
core stabilization, 592
cycling, 593
deep water running and swimming,
592–593
education in, 593, 593t
lexibility, 592
muscle performance, 592
program guidelines in, 593
return to play ater, 593–594
sport-speciic exercise, 592
traction, 592
see also Children and adolescents
Atlantoaxial arthrodesis, 574–575
Atlantoaxial complex, 21
development of, 10–12
in spinal vasculature, 38–40, 38f
Atlantoaxial instability, 574–575, 617–635
clinical presentation of, 618
imaging of, 618–619, 618f–620f
treatment for, 619–620, 620f
Atlantoaxial (C1-C2) instability, rheumatoid
arthritis, 1473–1477, 1473f–1476f
Atlantoaxial instrumentation, 1163
Atlantoaxial joint, 618f
Atlantoaxial rotatory ixation, 575
Atlantoaxial rotatory subluxation, 575–576
Atlantoaxial subluxation and dislocation,
574–575, 575f, 1295–1298, 1300f
in ankylosing spondylitis, 1450–1451
Atlanto-dens interval (ADI), 565, 566f, 568
atlantoaxial instability and, 618, 618f
Atlanto-occipital articulation, 25
biomechanics, 50
Atlanto-occipital dislocations, 573–574
Atlanto-occipital injuries, 1290–1295,
1291f–1298f
Atlanto-odontoid ligament, 1286–1287
Atlas
development of, 565
fractures of, 574–576, 1287, 1295,
1298f–1299f
At-rest phase, NEE, 245
Atrophy, spinal muscle, 470–471, 495–498
scoliosis in, 495–496
treatment options, 496–498
bracing, 496–497
recommendations, 498
surgical management, 497–498
types, 495
Attenuation and ampliication, nervous
system, 1961–1962
Attrition bias, 160
Autogenous bone grating
for spinal fusion, 1124
for tuberculosis, 1554
for vertebral osteomyelitis, 1537–1538
Autogenous ibrin glues, 1742
Autologous bone marrow, 1088–1090, 1089f
Autologous cancellous bone, 1087–1088
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Autologous cortical bone, 1088
Autologous growth factor (AGF)
concentrate, 1128
Autologous platelet concentrate, 1128
(APLD) automated percutaneous lumbar
discectomy, 983
Automated percutaneous lumbar discectomy
(APLD), 983
Autonomic dysrelexia (AD), 1438
Avulsion, cervical root, 255
Axial compressive preload, 172
Axial pain
neck
advanced imaging studies, 718–719
cervical discography and, 719–720,
720f
clinical evaluation of patient with, 717,
717t, 718f–719f
deinition of, 715
etiology of, 715–716
natural history of, 716–717
pathophysiology of, 715–716
prognosis factors for, 716–717
radiographs for, 717–718
secondary to pseudarthrosis, 721–722
surgery for, 720–723, 722f
surgical management of, 715–726
versus radicular pain, 187–188, 188f
speciicity of positive discography and,
306
syndromes, diagnostic injections and
modulation of, pain perception in,
303–305, 305t
Axially loaded magnetic resonance imaging,
820
Axis
development of, 565, 566f
of rotation, 92b, 98–100
traumatic spondylolisthesis of, 1303,
1304f–1307f
Axons, 8–9
loss, 241, 246, 246f
Azathioprine, 1455t
Azoles, for fungal infections, 1563

B
Babinski sign, in cervical myelopathy, 685
Back pain, 1961
in adult scoliosis, 1253f, 1255f
algorithm, 1860f
in ankylosing spondylitis, 1450
in children and adolescents, 417–433
bone scan of, 419
computed tomography of, 419
developmental disorders in, 421–424
diagnostic studies of, 418–419
diferential diagnosis of, 419–420
hematologic conditions of, 426
history of, 417–418
infectious and inlammatory etiologies
of, 424–426
laboratory tests for, 419
magnetic resonance imaging of, 419
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Back pain (Continued)
malignant tumors in, 428–429
neoplasms in, 426–428
nonorthopaedic causes of, 429
physical examination of, 418
psychosomatic pain (conversion
reaction) in, 429
radiographs of, 418–419
cohort and matched case-control studies
of, 152
disc herniation and, 842
environmental and behavioral inluences
on, 152
facet rhizotomy for, 2027
genetic versus environmental inluences,
151–152
nociceptive, versus neuropathic, 1973
pharmacologic strategies in, 1973–1982,
1977f
acetaminophen for, 1973–1974
antidepressants for, 1975
antiepileptics for, 1977
muscle relaxants for, 1975
nonsteroidal antiinlammatory drugs
for, 1974
opioids for, 1975–1976, 1976t
other treatments and future prospects
for, 1977–1978
tramadol for, 1976–1977
prevalence of, 1973
revision spine surgery and, 1868, 1868f,
1871–1874
Back schools, 823
Bacterial infection, of spinal motion
segment causing low back pain,
813–814
Bacterial pathogens, 1641–1643
intramedullary spinal cord abscesses,
1643–1647
background and demographics,
1643–1647
clinical presentation, 1646
imaging, 1646–1647
laboratory evaluation, 1646
pathophysiology, 1645–1646, 1646b
treatment and prognosis, 1647
spinal subdural abscess, 1641–1643
background and demographics, 1641
clinical presentation, 1642
imaging, 1643, 1644f
laboratory evaluation, 1642
pathophysiology, 1641–1642, 1642b
treatment and prognosis, 1643
Balloon-assisted reduction, and cement
augmentation of thoracolumbar
fractures, 1350
Bamboo spine, 1452–1453, 1453f
Barricaid, 870–871, 871f
Baseline recordings, 257
Basilar invagination, 612–614
clinical features of, 612
imaging of, 612–613, 613f
treatment for, 613–614, 614f

Basilar tubercle, 11
Basion, 25
Basion-axial interval, 1290–1292
Battery for Health Improvement-2, 192
Beck Anxiety Inventory (BAI), 2006
Beck Depression Inventory (BDI), 2006
Behavioral inluences, on disc degeneration
and back pain, 152
Behçet disease (BD), 695
transverse myelitis and, 691
Bending moments, 92b, 95
Benediction sign, in C8 radiculopathy,
682–683
Benzodiazepines (BZDs), in functional
restoration, 2012
Bias
sampling, 162
study validity and, 159–160
Bieri faces, 590f
Bilateral facet dislocations, 1322–1326,
1326f
Bilateral injuries, in sacral fractures, fracture
reduction techniques for, 1380
Biochemical bone markers, 1595–1596,
1595t
of bone turnover, 1596
in Paget’s disease of bone, 1602
Biofeedback, in functional restoration, 2010
Biolex, 924, 925f
Biologic antirheumatic drugs, 1455t
Biologic failure, instrumentation
complications, 1784–1787
bone quality, 1786–1787, 1787f
dysvascular change, 1787
infection, 1784–1786
inlammation, 1784–1786
osteoporosis, 1786–1787, 1787f
Biologic therapies, for rheumatoid arthritis,
1462
Biological annular repair, 870
Biomaterials, of spinal orthoses, 1409–1410,
1410b
Biomechanical analysis, in orthoses,
1418–1419
Biomechanical considerations, sacral
fractures and, 1365–1368
Biomechanical failure, instrumentation,
1787–1789, 1788f–1791f
Biomechanical hypermobility, cervical
radiculopathy and, 679
Biomechanical model, 91, 92b, 111
Biomechanically correct implant, for
cervical instrumentation, 1147–1149,
1147b–1148b
Biomechanics, 107
assessing spinal motion segment, 91
axis of rotation and, 92b, 98–100
coordinate system and force/movement
deinitions in, 95–96, 95f–97f
degenerative spondylolisthesis,
1059–1060
immature spine, 565–566
intervertebral disc, 52

Biomechanics (Continued)
load tolerance, 103–107, 105t
of mechanical degeneration and tissue
damage, 97–98
motion characteristics (kinematics) of
spinal motion segments and, 98, 101t
motion coupling, 100–102, 102t
neutral zone limits, 102–103, 103t
physical characteristics of spine structures
and, 91–98
posterior lumbar interbody fusion,
893–894, 894f
purpose of, 91
regional considerations, 51
of spinal orthoses, 1409–1410, 1410b
spine, 50
systematic nature of, 107
tissue load characteristics and, 96–97
Biopsy, in giant cell tumor, 1509, 1509f
Biopsychosocial factors, 265–266
diagnostic analgesic injections and,
265–266
Bioresorbability, of ceramic, 1125
Bisphosphonates, 1598–1599, 1602
Bizarre high-frequency discharges, 245
Bladder dysfunction, neurogenic, 1437
Blastomyces dermatitidis, 1560, 1566
Blastomycosis, 1566–1567
Blood conservation during surgery, 484
Blood loss, adult scoliosis and, 1246, 1248
Blood pressure, spinal cord injury and,
1390–1392
Blood supply
of spinal cord, 44–46, 44f
anterior spinal artery in, 45–46,
45f–46f
and intrinsic vascularity, 47–48
lateral spinal arteries of cervical cord
in, 47
vertebral column, 36–38, 36f–37f
BMPs (bone morphogenic proteins),
1093–1095, 1094f, 1137–1138
improving or reining use of,
opportunities for, 1100–1101
risks and adverse events associated with,
1095–1100, 1099t
Bohlman technique, 1213
Bone
allograts, 1090–1092
autologous cancellous, 1087–1088
autologous cortical, 1088
cells, 1585–1586, 1586f
collagen, 1587
cysts, aneurysmal, 1508–1509
deproteinated heterologous, 1093
ground substance, 1587–1588
matrix, 1586–1588, 1586f
mineral, 1587
morphogenic proteins, 1093–1095, 1094f
scintigraphy, 591
structures afected by spinal implant
impingement, 1800
tolerance, 103
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Bone cement augmentation, of UIV and
UIV+1, in adjacent-segment, 1844,
1844f–1845f
Bone fusion
bone grat, 1086–1093
allograts and cages, 1090–1092
autologous bone marrow, 1088–1090,
1089f
autologous cancellous bone, 1087–1088
autologous cortical bone, 1088
demineralized allograt bone matrix,
1092–1093
deproteinated heterologous bone, 1093
synthetic materials, 1093–1103
vascularized autologous grats, 1088
deined, 1085
future considerations in, 1105
inlammatory response in wound site,
1086
local blood supply and, 1085–1086
local factors inluencing, 1103–1105,
1104t
principles of, 1085–1122
requirements for successful, 1085
sites, 1085–1086
synthetic bioactive bone grat materials,
1089f, 1093–1103
bone morphogenic proteins (BMP),
1093–1095,
1094f
ceramics, 1102–1103
collagen, 1101
noncollagenous matrix proteins,
1101–1102
other growth factors, 1101
systemic factors inluencing, 1103, 1103t
Bone grat, 484
iliac crest, 1770
pseudarthrosis and, 1829
reserve, 1077
Bone grat harvesting
autologous cortical bone, 1088
complications of, 1081–1083
anterior iliac crest in, 1081–1082
ibula in, 1083
general in, 1081
posterior iliac crest in, 1082–1083
rib in, 1083
demineralized allograt bone matrix,
1092–1093
surgical anatomy and techniques of,
1077–1081
anterior iliac crest in, 1077–1079, 1078f
ibula in, 1079–1081, 1081f
posterior iliac crest in, 1079, 1080f
rib in, 1079, 1081f
techniques and complications of,
1077–1084
Bone marrow
autologous, 1088–1090, 1089f
imaging, 226, 226f–228f
Bone mineral density (BMD), in
osteoporosis, 1611

Bone morphogenetic binding peptide
(BBP), 1128
Bone morphogenetic protein (BMP), 1013,
1093–1095, 1094f, 1125–1126,
1137–1138, 1588
improving or reining use of,
opportunities for, 1100–1101
risks and adverse events associated with,
1095–1100, 1099t
for vertebral osteomyelitis, 1540
Bone morphogenetic protein (BMP)-2, in
adult scoliosis, 1251
Bone quality, instrumentation complications
and, 1786–1787, 1787f
Bone scan, 591
of back pain, 419
in spinal tumors, 1504
Bone substitutes, 1123–1135
allograts as, 1123–1125
autologous platelet concentrate as,
1128
ceramics as, 1125
demineralized bone matrices as, 1125–
1126, 1126f
gene therapy as, 1129–1130, 1129f
mesenchymal stem cells as, 1128–1129
osteoinductive growth factors as,
1126–1128
properties of, 1124t
Bone-implant interface failure, in total disc
arthroplasty, 1893–1894, 1894f
Bone-ligament complex preservation,
939–940, 940f
Bony anatomy, lower cervical spine, 1311
Bony stenosis, 216
Bowel dysfunction, neurogenic, 1437
Bowstring sign, 195
Brachial plexus, 324
Brachioradialis test, for cervical myelopathy,
740
Bracing
athletic injuries and, 592
cerebral palsy and, 488
idiopathic scoliosis and, 455
myelodysplasia and, 491–492
neuromuscular scoliosis and, 472–473,
472f–474f, 486
Scheuermann disease and, 528
spinal muscular atrophy and, 496–497
thoracic and lumbar spinal injuries and,
1342–1344
Bragard sign, 195
Brief Symptom Inventory, 2007
Brown-Séquard syndrome, 1313–1315
spinal cord injury and, 1434
Brucellosis, 1559–1560
Bryan disc, 779
Buck fusion, 554–555
Buckling, 73–74
Bulbocavernosus relex, 1313
Bupivacaine, for spondylolysis and
spondylolisthesis, 554
Burners, 600–601
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Burst fractures, 1321–1322, 1339, 1341f,
1351–1353, 1352f–1354f
pediatric
lumbar spine, 578
thoracic spine, 579, 580f

C
C1 screws, 609, 610f
C1-C2 transarticular screws, 610–611, 611f
C2 screws, 610, 610f
C3 radiculopathy, 680
C4 radiculopathy, 680
for axial neck pain, 717
C5 radiculopathy, 680, 681f
C6 radiculopathy, 680, 681f
C7 radiculopathy, 680–682, 682f
C8 radiculopathy, 682–683, 682f
Cage characteristics, posterior lumbar
interbody fusion, 894–896, 895f–896f
Cage issues, instrumentation complications,
1796
Calcitonin, 1591, 1599, 1603
Calcitonin gene-related peptide (CGRP),
disc degeneration and, 815–816
Calcitriol, 1590–1591
Calcium, 1588–1589, 1597, 1602
Calcium sulfate, as bone substitute, 1125
Camptomelic dysplasias, 670
Canadian C-Spine Rule (CCR), 570
Canalization, 641–642
Cancellous bone, 92–93, 92b
Cancer red lags, 185–186, 187t
see also Tumors
Candida species, 1561, 1567, 1568f
Candidiasis, 1567–1568
Cannulated pedicle screw insertion,
974–977, 974f–978f
Capacitive coupling (CC) electrical
stimulation, 1138–1139
Capillary malformation-arteriovenous
malformation syndrome, 1697
Capitis, 69t
Carbohydrate sulfotransferase 3 (CHST3),
137
risk for disc degeneration disease, 812
Carboxy-terminal propeptide, 1596
Carboxy-terminal-telopeptide of collagen
crosslink (CTX), 1596
Cardiovascular complications, of spinal cord
injury rehabilitation, 1438–1439
Cardiovascular itness assessment, in
functional restoration, 2001
Carotid artery, vascular complications of,
1750–1751
internal, 1754
Carpal tunnel syndrome, 196, 252
Cartilaginous endplates, 79
Cartilaginous stage, 6
Case management, in functional restoration,
2011
Case managers, in functional restoration,
2011
Case presentation. see Clinical presentation
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Case series, 163
Case-control studies, 162–163, 162f
Caspar distractor pins, 1904, 1904f
“Cast syndrome”, 1769
Casting, bracing and, in idiopathic scoliosis,
455
Catastrophizing, pain, 1963–1964
Catheter-based angiography, intervention
and, 1680–1682
Cauda equina, anatomy of, 1021, 1021f
Cauda equina syndrome (CES), 254, 254f,
1434–1435
ankylosing spondylitis and, 1492
lumbar disc herniations with, 860–861,
861f
spondylolisthesis and, 558
Caudal cell mass, 641–642
Caudal dysplasias, 13–14
Caudal regression, 652–653, 654f
Cavernomas, 691
Cavernous angiomas, 222, 224f, 1634, 1634f
Cavernous hemangiomas, 691
Cavernous malformations, 1667–1668,
1668f, 1694–1697
CC (capacitive coupling), 1138–1139
CD Horizon Agile (Medtronic Sofamor
Danek) system, 925
Cell transplantation, Schwann, 1280
Cell-based therapy, 1013
for disc and degenerative disorders, 711
Cells, bone, 1585–1586
Cellular changes, in intervertebral disc, 83
Cement augmentation
balloon-assisted reduction and, of
thoracolumbar fractures, 1350
osteoporosis and, 1612–1613
complications in, 1615
contraindications to, 1613–1614
indications for, 1613–1614
novel implants and, 1615
techniques in, 1614
Central cord syndrome, 1313–1315, 1327,
1329f
spinal cord injury and, 1434
Central sensitivity syndromes (CSSs), in
chronic spinal pain, 1996
Central sensitization, in chronic spinal pain,
1996
Central Sensitization Inventory, 2007
Centrifugal system, 1675, 1676f
Centripetal system, 1676, 1676f
Ceramics, 1102–1103
as bone substitutes, 1125
Cerebral palsy, 471, 487–489
scoliosis in, 487–488
treatment options, 488–489
bracing, 488
recommendations, 489, 489f
surgical management, 488–489
Cerebrospinal luid (CSF), 203–204,
1739
dynamics in presence of neoplasm, 1711
embryologic analogue, 9

Cerebrospinal luid (CSF) (Continued)
leaks, spinal dural injuries and, 1741,
1742f
multiple sclerosis and, 693
VZV myelopathy and, 696
Certolizumab, 1455t
Certolizumab pegol, 1462
Cervical arthroplasty, 732–733
Cervical cages, anterior, 1155–1159
bone grat selection in, 1158
implant selection and technique note in,
1157–1158
mechanics and rationale in, 1155–1157,
1156f–1157f
outcomes and complications of, 1158–
1159, 1159f
technique in, 1158
Cervical cord lateral spinal arteries, 47
Cervical disc arthroplasty, 721, 732–733,
733f, 781
background, 771–772
biomechanics, 780–781
clinical studies, 778–780
Bryan disc, 779
Mobi-C, 779–780
prestige disc, 778–779
ProDisc-C, 779
future direction, 780
history and device design, 772–773,
776t–777t
indications for use, contraindications, and
complications, 774–775
postoperative imaging, 778
preoperative imaging, 776–777
technique of implantation, 777–778,
777f
Cervical disc disease
clinical syndromes of, 677–687
natural history of, 677–687
pathophysiology of, 677–687
Cervical disc herniation, 212f
Cervical disc replacement. see Cervical disc
arthroplasty
Cervical disc syndrome, 715–716
Cervical discography, 719–720, 720f
Cervical dynamic strength measurement
devices, 2000
Cervical instrumentation, 609–612
anterior spinal, 1149–1160
anterior cervical cages in, 1155–1159
anterior cervical plating in, 1150–1153,
1151f–1152f
cervical disc arthroplasty in,
1159–1160
cervical plating, indications and
rationale to, 1153–1155
upper, anterior screw stabilization of,
1150
biomechanically correct implant for,
1147–1149, 1147b–1148b
principles and functional modes of,
1148–1149
C1 screws, 609, 610f

Cervical instrumentation (Continued)
C1-C2 transarticular screws, 610–611,
611f
C2 screws, 610, 610f
luoroscopy and navigation for, 1146–
1147, 1146f
halo, 611–612, 611f
navigation, 612
occipital plating, 609, 610f
posterior, 1160–1173
atlantoaxial instrumentation in, 1163
C2 ixation options in, 1166–1167,
1167f
cervical hooks in, 1169
facet spacers in, 1172
Gallie and Brooks techniques in,
1163–1164, 1163f
Goel-Harms technique, C1 lateral mass
screws and, 1165–1166, 1166f
laminoplasty implants in, 1172–1173,
1173t
lateral mass screws in, 1169–1170,
1170f–1171f
lower cervical transarticular screws in,
1172
Magerl transarticular screws in,
1164–1165, 1164f–1165f
mid and lower cervical pedicle screws
in, 1171–1172, 1172f
nonrigid occipitocervical systems of,
1160–1162
occipitocervical instrumentation in,
1160
other C1-C2 stabilization options in,
1167
outcomes and complications of,
1162–1163
posterior cervical rods and crosslinks
in, 1172
posterior wiring in, 1167–1168, 1168f
rigid posterior mid-cervical
instrumentation in, 1168–1169
relevant anatomy for, 1143–1146, 1145f
subaxial lateral mass screws, 611, 611f
Cervical kyphosis, 670f
Cervical laminoforaminotomy, open
posterior, for cervical radiculopathy, 734
Cervical lordosis, 92, 93f, 568–569
Cervical manipulation, for disc and
degenerative disorders, 709
Cervical microendoscopic discectomy and
fusion (CMEDF), 1003–1005
clinical evaluation of, 1003
clinical outcomes and published studies
of, 1005
indications and contraindications to, 1003
technique of, 1003–1004, 1004f
Cervical motion segment, 715–716
Cervical myelopathy, 213, 683–685,
739–761, 1883–1884
anterior approach to, 743–744, 743f–744f
complications and risks of, 744–745
procedure for, 743
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Cervical myelopathy (Continued)
anterior cervical corpectomy and fusion
(ACCF) for, 746–750
anterior cervical discectomy and fusion
(ACDF) for, 745–746
cervical laminoplasty for, 753–757
classiication of, 740, 740t
clinical syndromes of, 685, 685t
goals of management of, 742
history and physical examination of,
740–741
imaging of, 741–742, 741f
laminectomy for, 742–743
laminoplasty for, 743, 753–757
natural history of, 683–685, 739–740
pathophysiology of, 683, 683f–684f, 739
posterior approach to, 751–752
posterior procedures for, 751–753, 751f
surgical approach considerations for,
742–751
Cervical nerve root compression, 195
Cervical orthoses (COs), 1410–1414,
1410f–1414f
Cervical pedicles, 19
Cervical peripheral nerve injuries, 600–601,
601t
Cervical plating
anterior, 1150–1153, 1151f–1152f
indications and rationale to, 1153–1155
outcomes and complications of, 1154–1155
technique of, 1153–1154
Cervical pseudarthrosis, 1831–1833
evaluation of, 1831–1832, 1832f
management of, 1832–1833
Cervical radiculopathy, 213, 252, 679–683,
727–738
anterior cervical discectomy and fusion
(ACDF), 731–732, 731f–732f
clinical syndromes of, 680–683
duration, determining of, 251
epidemiology of, 680
minimally invasive technique, 734–735,
735f
multilevel pathology, 732
natural history of, 680
pathophysiology of, 679–680, 727–728
posterior cervical foraminotomy and,
733–734
radiographic evaluation, 728–730,
728f–729f
severity, determining of, 251–252
surgical indications for, 730
surgical outcomes, 735–736
Cervical revision strategies, for failed total
disc arthroplasty, 1897
Cervical root avulsion, 255
Cervical spinal disorders, 672t–673t
associated with skeletal dysplasias and
metabolic disease, 663–675
complications, 667
imaging, 663–664, 664f–666f, 664t
patient evaluation, 663
treatment, 665–666

Cervical spinal stenosis, 678f
Cervical spine
adjacent-segment degeneration, 1881–
1883, 1881f–1882f
anterior approach to, 730–731, 730f–731f,
736, 743–744, 743f–744f
complications and risks of, 744–745
procedure for, 743
clearance of, 1312–1313
in asymptomatic patients, 1312
in obtunded patients, 1313
in symptomatic patients, 1313
temporarily not evaluable, 1312–1313
congenital anomalies of, 609–640
atlantoaxial instability, 617–635
basilar invagination, 612–614
Klippel-Feil syndrome, 625–635, 625f
muscular torticollis, 631–635,
631f–632f
occipitoatlantal fusion, 614–616, 615f
occipitoatlantal instability, 614, 615f
in odontoid (dens), 620–635
injuries, athletic injuries and, 600
injuries, upper, 1285–1309
atlantoaxial subluxation and
dislocation, 1295–1298, 1300f
atlanto-occipital, 1290–1295,
1291f–1298f
clinical evaluation of, 1287–1288
computed tomography of, 1288
demographics of, 1285–1286
fractures of the atlas, 1295,
1298f–1299f
imaging of, 1288–1289
initial stabilization for, 1289
magnetic resonance imaging of, 1288
occipital condyle fractures in, 1289–
1290, 1289f–1290f
odontoid fractures, 1301–1303,
1301f–1304f
plain radiography of, 1288
rupture of the transverse ligament,
1298–1301, 1300f
traumatic spondylolisthesis of the axis,
1303, 1304f–1307f
intrinsic muscles in, 65–69, 66f–67f,
66t–67t, 69t
minimally invasive techniques of,
1001–1010
osteoporotic vertebral compression
fractures, 1617–1620
pain referral patterns in, 276f
pediatric trauma, 565–588
atlantoaxial instability and, 574–575
atlanto-occipital dislocations, 573–574
burst fractures in, 578
compression fractures in, 577
computed tomography and magnetic
resonance imaging of, 569–570
developmental anatomy and
biomechanics in, 565–566, 566b,
566f
epidemiology, 565
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Cervical spine (Continued)
facet fractures and dislocations in, 577,
577f
fractures of the atlas, 574–576
hangman’s fracture and, 576–577
lower cervical (subaxial) spine injuries,
577–578
odontoid fractures and, 576
os odontoideum and, 576
pediatric halo, 578
plain radiography of, 567–569,
567b–568b, 568f–569f
spinal cord injury, 572–573
spine clearance in, 570–572, 571f
transport and evaluation, 566–573,
567f
vertebral growth plate fractures in, 578
posterior procedures for, 751–753, 751f
revision surgery, 1878–1884
additional testing, 1879–1880
early postoperative failure, 1880–1881
imaging, 1878–1879, 1880f
late postoperative failure, 1881–1884,
1881f–1882f
patient evaluation, 1878, 1879f
“rule of twelves” for, 567–568, 568f, 574
spinal instrumentation and, 1828, 1829t
surgery, neurologic injury from,
1727–1730
anterior, 1727–1729, 1728f
posterior, 1729–1730, 1730f
surgical anatomy of, 317–324
bony articulation, 317–319, 318f–319f
fascial layers, 323–324
intervertebral discs, 320, 320f–321f
ligaments, 319–320, 319f
musculature, 323
neural elements, 321–322, 322f
osseous, 317–319, 318f–319f
surface and skin, 317
triangles of neck, 324
vascular structures, 322–323
surgical approaches, 324–336
anterior, 324–329
anterior exposure of lower cervical
spine, 329–331, 329f
anterior to cervicothoracic junction,
331–333, 332f
anterolateral approach, 330–331
anterolateral retropharyngeal
technique, 327–329, 328f
anteromedial approach, 330
anteromedial retropharyngeal
technique, 326–327, 326f
posterior, 333–336, 751–752
posterior approach to cervicothoracic
junction, 335–336
posterior approach to lower cervical
spine, 334–335, 335f
posterior approach to upper cervical
spine, 333–334
transoral technique, 325–326
therapy, in rheumatoid arthritis, 1463
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Cervical spine (Continued)
trauma, vertebral artery injury associated
with, 1399–1407
anatomy, 1399
epidemiology of, 1399–1400
vascular complications, 1747–1754
anterior, 1748f
posterior, 1751–1754, 1751f–1752f
vasculature, 38, 38f–39f
vertebrae in, 17
atlantoaxial complex, 21
biomechanics, 50
zygapophyseal joint syndrome and,
275–276
Cervical spine iatrogenic malalignment,
1903–1934
during anterior surgery, prevention of,
1904–1907
anterior instrumentation in, 1907,
1909f–1910f
decompression in, 1905–1906,
1905f–1907f
grat selection in, 1906–1907,
1908f–1909f
noninstrumented fusion in, 1906, 1907f
positioning in, 1904–1905, 1904f
assessment of, 1903–1904
clinical evaluation of, 1903
deformity prevention in, 1904
during posterior surgery, prevention of,
1907–1912
decompression in, 1908–1909, 1911f
inadequate instrumentation in,
1910–1912, 1912f
noninstrumented fusion in, 1909–1910,
1911f
positioning in, 1907–1908, 1910f
radiographic evaluation of, 1903–1904
surgical treatment of, 1912–1914
anterior osteotomy as, 1913
posterior osteotomy as, 1913–1914
prior anterior fusion with no posterior
fusion mass, 1915
prior circumferential fusion, 1918–
1931, 1919f–1930f, 1932f–1933f
prior fusion, 1915
prior laminectomies, 1914, 1914f–1915f
prior posterior fusion, 1915–1918,
1916f–1917f
Cervical spine injections, 384–387
cervical interlaminar epidural steroid
injection, 385–386, 385f
cervical medial branch blocks and
radiofrequency ablation, 387, 387f
cervical transforaminal epidural steroid
injection, 386–387, 386f
Cervical Spine Injury Severity Score
(CSISS), 1315
Cervical spondylosis, 215f
Cervical stenosis, 601, 602f, 667
Cervical traction, with extension, 1984f
Cervical vertebrae, 19–21, 19f–20f, 91–92
atlantoaxial complex, 21
biomechanics, 50

Cervical/cervicothoracic posterior
osteotomies, 1267–1268, 1268f
Cervicis, 69t
Cervicothoracic junction
anterior to, 331–333, 332f
surgical approaches to, 339
Cervicothoracic orthoses (CTOs), 1414–
1416, 1415f–1416f
for nonoperative subaxial cervical spine
injuries, 1317
Cervicothoracic osteotomy, ankylosing
spondylitis and, 1495–1498,
1496f–1497f
Chamberlain line, 612, 613f
Chance, study validity and, 159
Chance fractures, 579, 580f, 1340, 1342f,
1353–1354
Chance variants, 1340, 1342f, 1353–1354
Charcot spine, 1569
Charleston bending brace, 455
Chemonociceptors, facet joint capsule and,
716
Chemonucleolysis, 863
Chemotherapy
for Ewing sarcoma, 1511
for intradural tumors, 1636
for osteosarcoma, 1510–1511
for tuberculosis, 1552
Chêneau brace, 455
Chiari malformations, and
myelomeningocele, 648–649, 648f
Chickenpox (varicella), 696
Children and adolescents
back pain in, 417–433
bone scan of, 419
computed tomography of, 419
developmental disorders in,
421–424
diagnostic studies of, 418–419
diferential diagnosis of, 419–420
hematologic conditions of, 426
history of, 417–418
infectious and inlammatory etiologies
of, 424–426
laboratory tests for, 419
magnetic resonance imaging of,
419
malignant tumors in, 428–429
neoplasms in, 426–428
nonorthopaedic causes of, 429
physical examination of, 418
psychosomatic pain (conversion
reaction) in, 429
radiographs of, 418–419
cervical instrumentation in, 609–612
congenital scoliosis in, 435–450
assessment in, 440–441, 441f
associated anomalies, 435–436
classiication of, 437–438
embryology, 435–437, 436f
etiology, 436
natural history, 438–440, 439f
treatment, 442–446, 444f–446f
discectomy in, 859

Children and adolescents (Continued)
idiopathic scoliosis in, 451–468
adjuncts to correction of, 461–462
classiication systems of, 453–454, 454f
complications of, 462–464
epidemiology of, 451–452
evaluation of, 452–453
natural history of, 452
operative intervention of, 455–458
postoperative care for, 462
treatment options of, 454–455
upper and lower instrumented vertebra
selection of, 458–461, 460f
kyphosis in
junctional, 536–537
Scheuermann, 525–536, 526f
spondylolisthesis in, 549–564
classiication of, 549, 550t
epidemiology of, 550–551
history and physical examination of,
551–552
nonoperative management of, 553–554
pathophysiology of, 549–550
radiographic evaluation of, 552–553,
553t
surgical treatment of, 554–558
spondylolysis in, 549–564
classiication of, 549, 550t
epidemiology of, 550–551
history and physical examination of,
551–552
nonoperative management of, 553–554
pathophysiology of, 549–550
radiographic evaluation of, 552–553,
553t
surgical treatment of, 554–558
trauma in
atlantoaxial instability and, 574–575
atlanto-occipital dislocations, 573–574
burst fractures in, 578
compression fractures in, 577
computed tomography and magnetic
resonance imaging of, 569–570
developmental anatomy and
biomechanics in, 565–566, 566b,
566f
epidemiology, 565
facet fractures and dislocations in, 577,
577f
fractures of the atlas, 574–576
hangman’s fracture and, 576–577
lower cervical (subaxial) spine injuries,
577–578
odontoid fractures and, 576
os odontoideum and, 576
pediatric halo, 578
plain radiography of, 567–569,
567b–568b, 568f–569f
spinal cord injury, 572–573
spine clearance in, 570–572, 571f
transport and evaluation, 566–573,
567f
vertebral growth plate fractures in,
578

Index
Chiropractic manipulation, 823
Cholecalciferol, 1590
Chondriication centers, 6
Chondrodysplasia punctata, 669, 669f
Chondroitin sulfate, 1587–1588
Chondroitin sulphate proteoglycans
(CSPGs), 1276–1277
Chondrosarcoma, 1513, 1513f–1514f
Chordoma, 1511–1513, 1512f
Chromosomes, 133–134
Chronic experimental nerve root
compression, 120
Chronic low back pain (CLBP), pain
perception in, 1962
Chronic non-cancer pain (CNCP), 1965
Chronic pain, 1943–1959
addiction and, 1965–1966, 1976, 1976t
cost of, 1961
deaferentation procedures for, 2025–2029
facet rhizotomy in, 2027–2028
rhizotomy and ganglionectomy in,
2025–2027, 2026f
sympathectomy in, 2028–2029
depression and, 1962–1963
following spinal cord injury, 1943
mechanism of
general, 1944–1946
in humans, 1950
neuropathic spinal cord injury animal
models, 1946–1950
nonneural molecular targets for spinal
cord injury, 1950–1952
pain perception of, 1961–1962
production of, mechanisms of,
2023–2025
the psyche and, 1962
psychiatric comorbidities of, 1962–1963
psychogenic pain/somatization of
diagnostic considerations in,
1963–1964
pain ampliiers, 1964–1965
psychological contributors to, 1963
psychological treatments of, 1966–1968,
1967t
cognitive behavioral therapies for, 1966
education for, 1968
interdisciplinary pain rehabilitation
programs for, 1968
mindfulness and acceptance-based
therapies for, 1966–1967
psychodynamic and interpersonal
therapies for, 1968
psychophysiologic and relaxation
training for, 1968
role of exercise in, 1968
spinal cord injury pain classiication,
1943–1944, 1944t
stimulation therapy for, 2029–2033
epidural and intraspinal implants in,
2029–2031, 2030b, 2031f
spinal cord stimulation in, 2031–2033,
2033f
surgical procedures for, 2023–2040
see also Pain

Chronic pain syndrome, 1962
depression and, 304
pain perception and, 304
Chronic radiculopathy, 251
Chronic spine deformity, evaluation of, 1245
Cigarette smoking, intervertebral disc
degeneration from, 811–812
Circulatory collapse, due to spinal cord
injury, 1275
Classiication
of adult isthmic spondylolisthesis, 1229,
1230f
concept of spinal stability and its role in
fracture, 1336–1337
of congenital kyphosis, 538–539, 538f
of congenital scoliosis, 437–438
failures of formation, 437, 437f
of disc herniations, 842–843, 843f
of fracture, 1337–1338, 1337f–1338f
of idiopathic scoliosis, 453–454, 454f
of instrumentation complications,
1783–1784
of lower cervical spine injuries,
1315–1317
by AO Cervical Spine Classiication,
1316–1317, 1316t
by Cervical Spine Injury Severity Score,
1315
by fracture stability, 1315
by Subaxial Cervical Injury
Classiication System, 1315,
1315t
of neurologic injury, 1335–1336
of neuromuscular scoliosis, 469
of postoperative spinal infection, 1813
of psoriatic arthritis, 1454
of sacral fracture, 1368–1372, 1369f–
1371f, 1373f–1374f
of spinal cord injury, 1313–1315,
1432–1434, 1433t
pain, 1943–1944, 1944t
of spinal stenosis, 1021f, 1022b
of spinal vascular diseases, 1677–1679,
1680t
of thoracic disc disease, 790–791, 790f
of vascular malformations of spinal cord,
1659, 1660b
Claudication, neurogenic, 1060, 1060t
Clavotrapezius, 69t, 71
Clearance, spine, 570–572, 571f
cervical, 1312–1313
in asymptomatic patients, 1312
in obtunded patients, 1313
in symptomatic patients, 1313
temporarily not evaluable, 1312–1313
Cleidomastoid, 70–71
Client-centered psychotherapy, 2009
Clinical aspects, lumbar spinal stenosis,
1033
Clinical context, of provocative discography,
301–302
Clinical interview, in mental health
assessment, in functional restoration,
2004–2005
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Clinical presentation
of adult scoliosis, 1245
of atlantoaxial instability, 618
of epidural abscess, 1543–1544
of intradural tumors, 1627–1628
of intramedullary spinal cord abscesses,
1646
of muscular torticollis, 632
of postoperative spinal infection,
1810–1811
of rheumatoid arthritis, 1468–1469, 1469t
of spina biida occulta, 650, 650f
of spinal intradural tuberculosis,
1648–1649
of spinal stenosis, 1023–1024
of spinal subdural abscess, 1642
of thoracic disc disease, 789–790, 789t
of vertebral osteomyelitis, 1528–1530,
1530f–1531f
see also Diagnosis; Physical examination
Clinical reasoning, physical therapist and,
1985
Clinical studies, cervical disc arthroplasty,
778–780
Closed subarachnoid drainage, 1742
Closing wedge osteotomy, in ankylosing
spondylitis, 1492–1493
Closing-opening wedge osteotomy, in
thoracic and thoracolumbar spine,
1494
Cluneal nerve injury, 1082
CMFs (combined magnetic ields), 1137
Cobb elevator, 359–360, 360f
Cobb syndrome, 1697
Coccidioides immitis, 1564
Coccidioidomycosis, 1564–1566, 1566f
Coccyx, 23, 91–92
Colex system, 927–928, 927f
Cognitive-behavioral therapy (CBT), 2009
for chronic pain, 1966, 1967t
Cohort studies
of back pain, 152
observational, 161–162, 162f
Colitis, ankylosing spondylitis and, 1488
Collagen, 82, 138, 1101, 1587
type IX, risk for disc degeneration
disease, 812
Collagen matrices, 1742
Collagen sponges, 1742
Combined anterior and posterior
procedures
for neuromuscular scoliosis, 484–485
in spine fusion, 443
Combined magnetic ields (CMFs), 1137
Common iliac artery, let, in anterior
lumbar vascular complications,
1764–1765
Common iliac vessels, in posterior lumbar
vascular complications, 1765–1767,
1765f–1767f
Communicating syringomyelia, 1710–1711,
1712f
indirect approach to, 1717–1718, 1719t
Communication, physical therapy and, 1986
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Community integration, in spinal cord
injury rehabilitation, 1442, 1442f
Comorbidity, pain, back pain and, 151–152
Compact bone, 92–93
Compensation injuries, in chronic spinal
pain, 1996
Complementary/alternative medicine
therapies, 823–824
Complex regional pain syndrome (CRPS),
2028–2029
Complex repetitive discharges, 245
Complex wound closure, 1819
Complications
of anterior approaches, in ossiication of
posterior longitudinal ligament, 767
anterior exposure of lower cervical spine,
330–331
of anterior lumbar interbody fusion,
884–885
anterolateral retropharyngeal technique,
329
deinition of, 1783
of discography, 310, 311f–312f
of idiopathic scoliosis, 462–464
instrumentation, 1783–1806
biologic failure, 1784–1786
biomechanical failure, 1787–1789,
1788f–1791f
classiication, 1783–1784
errors in surgical strategy, 1789–1793,
1792f–1794f
grat and cage issues, 1796
plate and rod issues, 1796, 1796f
screw and wire misplacement,
1793–1796, 1794f–1795f
spinal implant impingement, 1796–
1801, 1797f–1801f
of lumbar disc herniations, 858
in minimally invasive lateral approach to
spine, 360
of myelomeningocele, 647–649
neuromuscular scoliosis, 469, 470f–471f
surgical treatment, 486–487
of orthoses, 1419–1420
posterior approach to cervicothoracic
junction, 336
posterior lumbar interbody fusion, 903
postoperative spinal infection, 1807–1825
antibiotic treatment for, 1819
classiication of, 1813
clinical presentation of, 1810–1811
complex wound closure and, 1819
diagnostic modalities for, 1810–1813
discitis in, 1818
epidural abscess and, 1818
imaging for, 1812–1813, 1812f–1814f
incidence/epidemiology of, 1807–1808,
1809f
laboratory testing for, 1811–1812
management of, 1816–1817, 1816f,
1817t
microbiology of, 1810
prevention of, 1813–1816

Complications (Continued)
risk factors of, 1808–1810
spinal instrumentation and, 1817–1818,
1818f
rheumatoid arthritis, 1480
of spinal cord injury rehabilitation
cardiovascular, 1438–1439
respiratory, 1439, 1439f
in surgical treatment
of congenital kyphosis, 543
of lumbar spinal stenosis, 1051–1053
of Scheuermann disease, 535–536
transoral technique, 325–326
transthoracic approach, 333
wound infections and, 486–487
see also Outcomes
Complications, vascular
cervical spine, 1747–1754
anterior, 1747–1751, 1748f
posterior, 1751–1754, 1751f–1752f
frequency of, 1747
lumbar spine
anterior, 1758–1765, 1758f–1759f
posterior, 1765–1767
of spine surgery, 1767–1770
superior mesenteric artery syndrome,
1769
thromboembolic disease and, 1767
thoracic spine
anterior, 1754–1757, 1754f
posterior, 1757, 1757f–1758f
Compound muscle action potential
(CMAP), 242–243, 243f
radiculopathy and, 247
Compression, 103–105, 105f–106f
of disc, 92b, 95, 96f
injury and chronic pain, 1948–1949,
1948t
nerve root, chronic experimental, 120
onset rate, 120
transient spinal cord, 601
see also Trauma
Compression fractures, 1339, 1340f, 1351
anterior, 1322
osteoporotic vertebral, 1611–1620
instrumentations in, 1615–1617
nonsurgical treatment, 1611–1612
vertebroplasty and kyphoplasty,
1612–1613
pediatric
lumbar spine, 577
thoracic spine, 579
type A, 100f
Compression test, for sacroiliac joint pain,
401t
Computed tomography (CT), 202,
202f–203f
angiogram, 1399–1400
of ankylosing spondylitis, 1488
of arachnoiditis, 216, 1937, 1938f
athletic injuries and, 591
of axial neck pain, 718–719
of back pain, 419

Computed tomography (CT) (Continued)
cervical arthroplasty and, 776–777
of cervical spine model, conversion to 3D
solid model, 173, 174f
of congenital scoliosis, 437f, 441, 442f
of degenerative spondylolisthesis, 1060
discography and, 308
of epidural abscess, 1544
of lumbar disc disease, 817
of lumbar disc herniations, 849
of ossiication of posterior longitudinal
ligament, 765, 765f–766f
of pediatric trauma, 569–570
of postoperative spinal infection, 1812
reconstruction of sot tissue and hard
tissue geometry, 171
revision spine surgery and, 1869,
1878–1879, 1880f
of spinal cord injury, 1390, 1390f–1391f
of spinal ischemia, 690
of spinal stenosis, 1025, 1025f–1026f
of spinal tumors, 1504
in aneurysmal bone cyst, 1508
in chondrosarcoma, 1513
in eosinophilic granuloma, 1506
in Ewing sarcoma, 1511
in hemangioma, 1506
in metastatic spinal tumors, 1516,
1516f
in multiple myeloma, 1514, 1514f
in osteoblastoma, 1507
in osteochondroma, 1505
in osteoid osteomas, 1507, 1507f
in osteosarcoma, 1510
of spondylolysis and spondylolisthesis,
552
of thoracic disc disease, 792, 795f
of upper cervical spine injuries, 1288
of vertebral osteomyelitis, 1533–1534
Computed tomography angiography, 206
of spinal vascular anatomy, 1679
Concentric contraction, 2008
Conduction velocity, 243
“Cone of economy”, 1239, 1240f
Confounding, 160–161, 160f
Confounding factors
in diagnostic analgesic injections,
267–268
in selective nerve root blocks, 291
Congenital anomalies, of cervical spine,
609–640
atlantoaxial instability, 617–635
basilar invagination, 612–614
Klippel-Feil syndrome, 625–635, 625f
abnormalities associated with, 625–626,
626b
associated conditions with, 627–628
clinical features of, 626–627, 626f–627f
embryologic etiology of, 625, 625f
imaging of, 628–629, 628f–629f
patterns of cervical motion in,
629–630, 630f
treatment for, 630–631

Index
Congenital anomalies, of cervical spine
(Continued)
muscular torticollis, 631–635, 631f–632f
clinical presentation of, 632
diferential diagnosis of, 632–633, 633t
imaging of, 633–634, 633f
nonoperative treatment for, 634
surgery for, 634–635, 634f
occipitoatlantal fusion, 614–616, 615f
occipitoatlantal instability, 614, 615f
in odontoid (dens), 620–635, 621f
agenesis or hypoplasia of, 622, 622f
Congenital anomalies, of spinal cord,
641–659
embryology of, 641–642
myelomeningocele, 642–649
closure of, postnatal surgery for,
644–645, 644f–646f
embryology of, 642
endoscopic third ventriculostomy for,
646–647
epidemiology of, 642
initial management of, 643, 643t
prenatal diagnosis of, 642–643, 643f
surgical complications of, 647–649
in utero closure of, 645–646
ventriculoperitoneal shunts for, 646
spina biida aperta, 642
spina biida occulta, 649–652
clinical presentation of, 650, 650f
embryology of, 649–650
epidemiology of, 649–650
investigation for, 650–652, 651f
speciic, 652–656
Congenital cervical stenosis, 683
Congenital dermal sinus, 653, 655f
Congenital kyphosis, 537
classiication of, 538–539, 538f
clinical evaluation of, 539
imaging studies for, 539
natural history of, 539
nonoperative treatment of, 539, 540f
surgical treatment of, 540–543
Congenital scoliosis, 139–140, 435–450
assessment in, 440–441, 441f
associated anomalies, 435–436
classiication of, 437–438
failures of formation, 437, 437f
failures of segmentation, 437–438,
438f
mixed deformity, 438, 438f
embryology, 435–437, 436f
etiology, 436
genetic variants for, 140t
natural history, 438–440, 439f
treatment, 442–446, 444f–446f
nonoperative, 442
operative, 442–443
Congenital syndromes, 13–14
Construct length, minimization of,
1344–1345
Contact force tolerance, 103
Contained disc herniations, 842

Contoured loop/rod techniques, atlantoaxial
subluxation, 1478
Contrast-enhanced magnetic resonance
imaging, 818
Control blocks, in diagnostic zygapophyseal
joint, 269–270, 270f–271f
Conus medullaris arteriovenous shunts,
1691
Conus medullaris syndromes, 1434–1435
Convex hemiepiphysiodesis, 443–444
Coordinate system, 92b, 95–96, 95f–97f
Copper deiciency, 699
Core stabilization, athletic injuries and, 592
Coronal lumbo-pelvic motion, 2000
Corpectomy
anterior cervical, for cervical myelopathy,
746–750
anterior cervical discectomy and fusion
(ACDF) versus, 750–751
outcomes, complications, and other
considerations to, 750
procedure for, 746–750, 748f–749f
posterolateral and lateral, 907–916
Corridor, minimally invasive spine surgical,
945
Corrosion, thoracic and lumbar
instrumentation and, 1191
Cortical allograts, 1123–1124
Cortical bone, 92–93, 92b
trajectory screws, in adjacent-segment
disease, 1845–1846
Cortical screws, 1203, 1204f
Corticocancellous allograts, 1123–1124
Corticosteroids, 1650
for ankylosing spondylitis, 1458
for rheumatoid arthritis, 1462
COs (cervical orthoses), 1410–1414,
1410f–1414f
Cosmic Posterior Dynamic System, 924
Costal elements development, 9
Cost-efectiveness analysis, 163–164
Costotransversectomy, 351–352, 352f, 1195
for vertebral osteomyelitis, 1538–1540
Costovertebral articulation, 349
Cotrel-Dubousset (CD) segmental system,
478
Counseling, genetic and family, 472
Coupling, motion, 100–102, 102t
COX-1, inhibition of, 1974
COX-2 inhibitors, 1974
Cranial tong technique, for acute spinal
cord injury, 1319–1320
cranial tong insertion in, 1319
reduction technique in, 1319–1320
Craniocervical junction, 1286–1287, 1286f
injuries to
atlantoaxial subluxation and
dislocation, 1295–1298, 1300f
atlanto-occipital, 1290–1295,
1291f–1298f
clinical evaluation of, 1287–1288
computed tomography of, 1288
demographics of, 1285–1286
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Craniocervical junction (Continued)
imaging of, 1288–1289
initial stabilization for, 1289
magnetic resonance imaging of, 1288
neurologic evaluation of, 1288
occipital condyle fractures in, 1289–
1290, 1289f–1290f
odontoid fractures, 1301–1303,
1301f–1304f
plain radiography of, 1288
rupture of the transverse ligament,
1298–1301, 1300f
Craniocervical sclerotomes, 11f
Craniospinal pressure dissociation theory, of
syringomyelia, 1710
C-reactive protein (CRP), 1051–1052
in vertebral osteomyelitis, 1530–1532
Crohn disease, 1456
Crossed straight-leg raise, 195
CRP (C-reactive protein), 1051–1052
Cryptococcosis, 1567
Cryptococcus neoformans, 1561, 1567
CSF (cerebrospinal luid), 203–204
low imaging of, 205
CSISS (Cervical Spine Injury Severity
Score), 1315
CT (computed tomography), 202, 202f–203f
angiogram, 1399–1400
of ankylosing spondylitis, 1488
of arachnoiditis, 216, 1937, 1938f
athletic injuries and, 591
of axial neck pain, 718–719
of back pain, 419
cervical arthroplasty and, 776–777
of cervical spine model, conversion to 3D
solid model, 173, 174f
of congenital scoliosis, 437f, 441, 442f
of degenerative spondylolisthesis, 1060
discography and, 308
of epidural abscess, 1544
of lumbar disc disease, 817
of lumbar disc herniations, 849
of ossiication of posterior longitudinal
ligament, 765, 765f–766f
of pediatric trauma, 569–570
of postoperative spinal infection, 1812
reconstruction of sot tissue and hard
tissue geometry, 171
revision spine surgery and, 1869,
1878–1879, 1880f
of spinal cord injury, 1390, 1390f–1391f
of spinal ischemia, 690
of spinal stenosis, 1025, 1025f–1026f
of spinal tumors, 1504
in aneurysmal bone cyst, 1508
in chondrosarcoma, 1513
in eosinophilic granuloma, 1506
in Ewing sarcoma, 1511
in hemangioma, 1506
in metastatic spinal tumors, 1516,
1516f
in multiple myeloma, 1514, 1514f
in osteoblastoma, 1507
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CT (computed tomography) (Continued)
in osteochondroma, 1505
in osteoid osteomas, 1507, 1507f
in osteosarcoma, 1510
of spondylolysis and spondylolisthesis,
552
of thoracic disc disease, 792, 795f
of upper cervical spine injuries, 1288
of vertebral osteomyelitis, 1533–1534
CTOs (cervicothoracic orthoses), 1414–
1416, 1415f–1416f
“Cul-de-sac” system, 9–10, 9f
Cumulative trauma, 92b, 96, 98f
Curves, spinal, 92, 93f
Cutaneous stigmata, in spina biida occulta,
650, 650f
Cyanosis, in spinal implant impingement,
1799
Cycling, 593
Cysts
aneurysmal bone, 1508–1509, 1699–1702,
1701f–1702f
arachnoid, 1631
dermoid and epidermoid, 1633–1634
neurenteric, 654–656, 656f
spinal, 227, 231f
synovial, 214f, 1631, 1631f
syringomyelia and, 1714
Cytokines
inhibitors for treatment of sciatica,
clinical use of, 126
as mediators of nerve dysfunction and
pain, 124–126, 125f
Cytotoxicity, due to spinal cord injury,
1276

D
Damage-associated molecular patterns,
causing chronic inlammation and low
back pain, 814–815
Dark disc disease, 817, 819
DBMs (demineralized bone matrices), 1092,
1125–1126, 1126f
DC (direct current), 1137–1138
Deaferentation procedures, for chronic
pain, 2025–2029
facet rhizotomy in, 2027–2028
rhizotomy and ganglionectomy in,
2025–2027, 2026f
sympathectomy in, 2028–2029
Debridement, surgical, 1817–1818
Decline surgery, in functional restoration,
1998
Decompression, 175
for adult isthmic spondylolisthesis, 1234
for adult scoliosis, 1248
anterior, fusion with posterior
stabilization, for fungal infections,
1564, 1565f
iatrogenic cervical malalignment and
in anterior surgery, 1905–1906,
1905f–1907f
in posterior surgery, 1908–1909, 1911f

Decompression (Continued)
neurologic, for sacral fractures,
1378–1380
posterior
with fusion and instrumentation, for
fungal infections, 1564
without fusion, for fungal infections,
1564
for spinal tumors, 1520
for spondylolysis and spondylolisthesis,
556
in thoracic and lumbar spinal injuries,
surgical principles, 1344
without fusion, degenerative
spondylolisthesis, 1062–1063, 1062t,
1064t
Decompressive laminectomy, 349–351
Deconditioning syndrome, in chronic spinal
pain, 1993, 1996
Deep venous thrombosis (DVT), 1051,
1760–1762
Deep water running and swimming,
592–593
Deformity
correction, degree of, 532–533
and failed total disc arthroplasty,
1894–1895
ixed sagittal imbalance as, 1261–1272,
1262f
cervical/cervicothoracic posterior
osteotomies for, 1267–1268,
1268f
etiology of, 1261, 1262f
evaluation of, 1261–1263
midcervical osteotomy for, 1268
radiographic assessment of, 1263–1264,
1263f–1264f, 1263t
surgical management of, 1264
surgical technique for, 1264–1267,
1265f–1266f
vertebral column resection for,
1268–1270
spinal, ankylosing spondylitis, 1491
of spinal stenosis, 1022
Degeneration
accelerated disc, as discography
complication, 310, 311f–312f
adjacent segment, 771
intervertebral disc, 82–86, 1019
changes in disc structure with aging
and, 811
etiology of, 84–86
facet joints and, 86
herniation and, 840–841, 841f
instability due to, 917
ligaments and, 86
vertebral bodies and, 86, 87f
Degenerative disc disease, 82–83
anterior lumbar interbody fusion for, 873,
874f–875f
biologic treatment of, 828
clinical picture, 816
imaging studies of, 208–210

Degenerative disc disease (Continued)
nonoperative management of, 705–713,
707t
biotechnology and future treatment
strategies for, 710–711
exercise and physical therapy for, 708
immobilization for, 706
injections for, 709–710
manipulations for, 709
passive modalities for, 706
pharmacotherapy for, 707–708
temperature therapy for, 706
traction for, 706–707
pathophysiology of, 812–813
phenotypes of, 147
Degenerative endplate changes, 210–211
Degenerative spondylolisthesis (DS),
1059–1074
clinical features, 1060–1061
epidemiology and biomechanics,
1059–1060
irst description of, 1059
natural history, 1060
radiographic diagnosis, 1061–1062,
1061f
treatment, 1062–1070
alternative surgical strategies, 1069
decompression without fusion,
1062–1063, 1062t, 1064t
noninstrumented posterolateral fusion,
1063–1065, 1063t–1064t, 1065f
posterior fusion with anterior column
support, 1067f, 1068–1069
posterior instrumented fusion,
1065–1068, 1066f
summary of options for, 1070
Degree of deformity correction, 532–533
Delamination, 817
Demineralized bone matrices (DBMs),
1092
as bone substitutes, 1125–1126, 1126f
Demographics, patient, 188–189, 189f
Demyelination, 241
Denis classiication system, 578
of sacral fractures, 1368–1369,
1370f–1371f
Denosumab, 1599
Depression, chronic pain syndromes and,
304, 1962–1963
Deproteinated heterologous bone, 1093
Dermatomal patterns, 194
Dermatome, 5f
Dermoid cysts, 1633–1634
Descending lateral corticospinal (pyramidal)
tracts, 689–690
Design
disc arthroplasty device, 772–773,
773f–775f, 776t–777t
interspinous process decompressive
devices, 995–997
for posterior dynamic stabilization
devices, rationale for, 919, 920f
see also Devices

Index
Development of spine, 3–15
atlantoaxial complex in, 10–12
cartilaginous stage, 6
costal elements in, 9
early embryologic spine precursors, 3–5
fate of the notochord in, 7–8
inluence of fetal movement on, 10
intervertebral disc in, 9–10
occipitocervical complex and, 10
ossiication stage, 6–7, 6f–7f
precartilaginous stage, 5–6
sacrum, 12
from somites to spinal column, 5–7
specialized vertebral regions and, 10
spinal ligament development in, 10
Devices
disc arthroplasty, 772–773, 773f–775f,
776t–777t
for dynamic stabilization, 920
interspinous process, 1049–1050,
1049f–1050f
Diabetes, type 2, in ossiication of posterior
longitudinal ligament, 763
Diagnosis
accuracy in, 271–272, 283–284, 288–289
additional assessment tools for, 191–192
of adult isthmic spondylolisthesis,
1231–1232
analgesic injections as reference standard
in, 266–268
ankylosing spondylitis, 1488
of athletic injuries, 589–591
axial versus radicular pain, 187–188, 188f
description and, of speciic fracture types,
1338–1342
diferential, 183–185, 184f
of lumbar disc herniations, 846–849
of spinal stenosis, 1027–1028
thoracic disc disease, 791–792
discography use in, 301
historical features of, presenting
complaint in, 187
of intradural tumors, 1628
medical history
biomedical factors and, 185–191
family, 190
past, 189–190
predictors of poor outcome in,
190–191, 190b
psychosocial history, 191
in middle compartment, 285–291
of osteoporosis, 1594–1596
of Paget’s disease of bone, 1602
pain drawings and, 191–192, 192f
patient demographics and, 188–189, 189f
in posterior compartment, 268–285
primary, 301
radiographic, degenerative
spondylolisthesis, 1061–1062, 1061f
red lags in, 185–187, 187t
of sacroiliac joint pain, 279–285, 399–400
secondary, 301
tertiary, 301

Diagnosis (Continued)
vertebral artery injury, 1399
yellow lags in, 190–191, 190b
of zygapophyseal joint pain, 268–279
see also Electrodiagnostic examination;
Imaging; Physical examination;
Radiography
Diagnostic and Statistical Manual of Mental
Disorders, 5th edition (DSM-5),
“somatic symptom disorders”,
1963–1964
Diagnostic imaging, lumbar disc disease,
816–821
Diagnostic testing, revision spine surgery,
1868–1870
Diagnostic zygapophyseal joint blocks,
269–270
DIAM system, 927
Diarthroses, 24
Didactic classes, in functional restoration,
2011
Diferential diagnosis, 183–185, 184f
of adult isthmic spondylolisthesis,
1233
of lumbar disc herniations, 846–849
of spinal stenosis, 1027–1028
of thoracic disc disease, 791–792
Difuse idiopathic skeletal hyperostosis
(DISH), 1457, 1457f
ankylosing spondylitis and, 1489
extension-distraction injuries, 1341
Difusion coeicient, 35
Difusion-weighted imaging (DWI), 205
Digital subtraction angiography (DSA),
1399
Direct current (DC) electrical stimulation,
1137–1138
Direct pars repair, for adult isthmic
spondylolisthesis, 1234
Disc arthroplasty, 168–169
Disc degeneration, 716
environmental and behavioral inluences
on, 152
exposure-discordant twin studies of,
152
genetic versus environmental inluences,
147–150, 148f
genetics, 137–139, 138t, 139f
on nerves, efect of, 815–816
Disc herniations, 1339
back pain and, 419–420, 420f
nerve root pain in, 119–131
traumatic, 1350–1351
Disc inlammation, systemic metabolic
syndrome as a driver of, 815–816
Discectomy, 362–363, 363f
alternatives to standard, 861–863
anterior cervical, 731–732, 731f–732f
in children, 859
in elderly patients, 859
endoscopic, 861–862, 862f
for failed total disc arthroplasty,
1890–1891
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Discectomy (Continued)
open simple, 852–856
percutaneous automated, 862–863
posterolateral endoscopic lumbar,
983–993
anatomy of, 985, 985f
clinical outcomes for, 990–991
complications and avoidance of, 991
future considerations for, 991
history of, 983–985
indications and contraindications to,
985–987, 986f
step-by-step operative technique,
987–990
revision, 1874–1875, 1875f
tubular micro-, 945–946, 946f
wrong-level, 1868
see also Surgery, lumbar spine
Discharge disposition, in spinal cord injury
rehabilitation, 1440
Discitis, 1818
back pain due to, 424–425, 424f–425f
vertebral osteomyelitis and, 1527
Discography, 206–208, 301–314
clinical context of, 301–302
complications of, 310, 311f–312f
conclusions regarding, 310–311
criteria for positive test in, 302, 303t
diagnostic injections and modulation of
pain perception in axial pain
syndromes, 303–305, 305t
evidence on outcomes of, 305t, 308–309,
309f
gold standard in, clinical outcome as,
309–310, 310f
lumbar disc disease, 820–821
pain generator concept and, 302–303
positive, speciicity of, 306
in previously operated discs, 307
in primary and secondary diagnosis,
301
in subjects with minimal low back
symptoms, 307
technique, 302
thoracic disc disease, 795–796
use of, 301
validity of, 306–308
concordance report, 307
pressure-sensitive injections and,
307–308, 308f
usefulness and, evidence for, 305–306,
305t
see also Injections
Discs, intervertebral. see Intervertebral discs
Disease-modifying antirheumatic drugs
(DMARDs), 1455t, 1461–1462
for rheumatoid arthritis, 694
Disease-modifying therapies (DMT), for
multiple sclerosis, 693–694
DISH (difuse idiopathic skeletal
hyperostosis), 1457, 1457f
ankylosing spondylitis and, 1489
extension-distraction injuries, 1341
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Dislocations
atlantoaxial subluxation and, 1295–1298,
1300f
facet, 577, 577f
fracture, 1340–1341, 1343f, 1354, 1356f
Distraction test, for sacroiliac joint pain,
401t
Dizygotic twinning, 145
monozygotic vs., 145
DMD (Duchenne muscular dystrophy),
471–472, 498–500, 498f
scoliosis in, 498–499, 499f
treatment options, 499–500
recommendations, 500
surgical management, 500
DNA, 133–134
Dominance, in twins, 146
Dorsal aortae, 5f
Dorsal horn (DH), 1961
Dorsal nerve roots, 1368
Dorsal root avulsion model, 1949–1950
Dorsal root ganglia, 8, 689
Dorsal vertebral arch, 17
Dorsolateral cells, 5
Down syndrome, 189–190
atlantoaxial instability and, 574, 617
Doxycycline, for brucellosis, 1560
Drainage, spinal cord intrinsic venous, 48
Drawings, pain, 191–192, 192f
DRG (sensory cell body), 246, 252
Drosophila, 12–13
Drug therapy, lumbar spinal stenosis, 1034
DS (degenerative spondylolisthesis),
1059–1074
clinical features, 1060–1061
epidemiology and biomechanics,
1059–1060
irst description of, 1059
natural history, 1060
radiographic diagnosis, 1061–1062, 1061f
treatment, 1062–1070
alternative surgical strategies, 1069
decompression without fusion,
1062–1063, 1062t, 1064t
noninstrumented posterolateral fusion,
1063–1065, 1063t–1064t, 1065f
posterior fusion with anterior column
support, 1067f, 1068–1069
posterior instrumented fusion,
1065–1068, 1066f
summary of options for, 1070
DSA (digital subtraction angiography), 1399
DSS-II dynamic stabilization system,
923–924, 924f
Dual-energy x-ray absorptiometry (DEXA),
1594
Duchenne muscular dystrophy (DMD),
471–472, 498–500, 498f
scoliosis in, 498–499, 499f
treatment options, 499–500
recommendations, 500
surgical management, 500
Duloxetine, for back pain, 1975

Dural arteriovenous istula, 691
Dural arteriovenous shunts, 1682–1688,
1684f–1689f
Dural border cells, 1641–1642
Dural tears, 1051, 1739
Dural tension signs, 195
DVT (deep venous thrombosis), 1051,
1760–1762
Dynamic simulation, for inite element
analysis, 167
Dynamic stabilization, 917–931
clinical experience with, 920–925
devices for, 920
classiication of, 921b
pedicle screw-based posterior,
920–921
interspinous process distraction and
devices for, 925–928
posterior
biomechanical goals of, 917–920
design rationales for, 919, 920f
load transmission and, 918–919
motion preservation in, 917–918
pedicle-to-pedicle excursion in,
918–919, 919f
resistance of, to fatigue failure,
918–919, 918f–919f
spinal instability and, 917, 918f
Dynesys dynamic stabilization system,
921–925, 921f–922f
Dynesys implants (Zimmer Biomet),
1205–1206
Dysphagia, cervical myelopathy and, 745
Dysphonia, cervical myelopathy and, 745
Dysplasias, skeletal, 663, 667–671
22q11.2 deletion syndrome, 670
achondroplasia, 667
Camptomelic, 670
chondrodysplasia punctata, 669, 669f
diastrophic, 669–670, 670f
Kniest, 668
Larsen syndrome, 670
metaphyseal chondrodysplasia, 668
metatropic dysplasia, 668–669
mucopolysaccharidoses, 670–671
pseudoachondroplasia, 667–668, 668f
spondyloepiphyseal dysplasia, 668, 669f
Dysplastic spondylolisthesis, 549–550
see also Spondylolisthesis

E
Early spine surgery failure, technical causes
of, 214b
Early-onset scoliosis, 139–140
Eccentric contraction, muscle injury
resulting from, 73
Economic impact, of failed back surgery
syndrome, 1852
Ectoderm, 5f
Ectopic electrogenesis, 2024
Edema, 119–120, 325–326
subchondral marrow, ankylosing
spondylitis and, 1487

Education
in athletic injuries, 593, 593t
for chronic pain, 1967t, 1968
Educational interventions, in functional
restoration, 2008–2011, 2011b
EGFs (epidermal growth factors), 1101
Elderly patients, discectomy in, 859
Electrical stimulation, for spinal fusion,
1137–1141
capacitive coupling (CC), 1138–1139
direct current (DC), 1137–1138
evidence, quality of, 1139–1140
future direction and, 1140
history of, 1137
inductive coupling, 1139
methods of, 1137–1139
pulsed electromagnetic ields (PEMFs),
1139
Electrocautery, 1079
Electrodiagnostic examination, 241–256
cauda equina syndrome, 254, 254f
cervical root avulsion, 255
conceptualized as, 241
indings at speciic root levels, 252–254
general concepts of, 242–246
lumbar canal stenosis, 254
myelopathy, 254–255
needle electrode examination in, 244–251,
248t
nerve conduction studies in, 242–244,
242f, 242t, 246–247
of other spine-related disorders,
254–255
pathophysiology, 241–242
postlaminectomy indings, 255
radiculopathy, 246–252
timing of, appropriate, 251b
see also Diagnosis
Electromyography (EMG)
needle, 247
for spinal stenosis, 1026–1027
Electrophysiologic evaluation, of
syringomyelia, 1715, 1715f
Embolization
for giant cell tumor, 1509
for hemangioma, 1506
Embryologic spine precursors, 3–5
Embryology
congenital anomalies of spinal cord,
641–642
myelomeningocele, 642
Employment, ater spinal cord injury
rehabilitation, 1442
End plate cartilage, 808–809
Endoderm, 5f
Endoscopic anterior approach, to thoracic
spine, 344–345, 345f
Endoscopic anterior discectomy (EAD),
1001–1003
clinical evaluation of, 1002
clinical outcomes of, 1002–1003
indications and contraindications to,
1001–1002

Index
Endoscopic anterior discectomy (EAD)
(Continued)
published studies of, 1002–1003
technique of, 1002, 1002f–1003f
Endoscopic discectomy, 861–862, 862f
posterolateral lumbar, 983–993
anatomy of, 985, 985f
clinical outcomes for, 990–991
complications and avoidance of, 991
future considerations for, 991
history of, 983–985
indications and contraindications to,
985–987, 986f
step-by-step operative technique,
987–990
Endoscopic third ventriculostomy, for
myelomeningocele, 646–647
Endovascular therapy, for vascular
malformations, of spinal cord,
1665–1666, 1666f–1667f
Endplate, 94, 94f
defects, genetic versus environmental
inluences, 150
loading, 96f, 97
preparation, for failed total disc
arthroplasty, 1890–1891
tolerance, 105
Enteropathic arthritis, 1456–1457,
1457f
Enthesitis, 1450
Enthesopathies, ankylosing spondylitis and,
1487
Environmental factors, in intervertebral disc
degeneration, 86
Eosinophilic granuloma, 603, 1506
back pain due to, 427–428, 428f
Ependymomas, 220–221, 223f–224f
of ilum terminale, 1629–1630, 1631f
intramedullary, 1631–1632, 1632f
Ephemeral synchondroses, 23–24
Epiconus syndromes, 1434–1435
Epidemiology
of ankylosing spondylitis, 1449
of axial neck pain, 678–679
of cervical radiculopathy, 680
of degenerative spondylolisthesis,
1059–1060
of epidural abscess, 1542
of idiopathic scoliosis, 451–452
of intradural tumors, 1627, 1628b
of myelomeningocele, 642
of postoperative spinal infection,
1807–1808, 1809f
of rheumatoid arthritis, 1458
of spina biida occulta, 649–650
of spinal cord injury, 1431–1432
of thoracic disc disease, 787–788, 788f
of trauma, pediatric, 565
of vertebral artery injury associated with
cervical spine trauma, 1399–1400
of vertebral osteomyelitis, 1526
Epidermal growth factors (EGFs), 1101
Epidermoid cysts, 1633–1634

Epidural abscess, 1542–1547, 1818
bacteriology of, 1542–1543
clinical presentation of, 1543–1544
diagnostic evaluation of, 1544–1545
epidemiology of, 1542
etiology of, 1542
imaging studies of, 1544–1545, 1545f
management of, 1545–1547
nonoperative treatment of, 1545–1546
pathogenesis/pathology of, 1543
prognosis of, 1547
surgical treatment of, 1546–1547
Epidural arteriovenous shunts, 1682
Epidural corticosteroid injection, lumbar
spinal stenosis, 1035
Epidural ibrosis
disc herniations and, 215–216, 217f
spinal, arachnoiditis and, 1937
Epidural granuloma, tuberculosis and, 1548
Epidural hematomas, 1768–1769, 1770f
Epidural implants, 2029–2031, 2030b, 2031f
Epidural plexus, 43
Epidural space, 1543
Epidural spinal hematomas, 232
Epidural spinal injection, 825
Epidural steroid injection, 2012
caudal, 388–389, 389f
interlaminar
cervical, 385–386, 385f
lumbar, 388, 389f
transforaminal
cervical, 386–387, 386f
lumbar, 390–391, 390f
Epworth Sleepiness Scale, 2006
Erector spinae muscles, 65, 936
Erythrocyte sedimentation rate (ESR), of
vertebral osteomyelitis, 1530
Estrogen, 1592–1593, 1598
Etanercept, 1455t, 1462
Ethambutol, for tuberculosis, 1553
Etiology
of arachnoiditis, 1935–1937, 1936f
of axial neck pain, 715–716
of congenital scoliosis, 436
of epidural abscess, 1542
of ixed sagittal imbalance, 1261, 1262f
of idiopathic scoliosis, 451
of intervertebral disc degeneration, 84–86
of Klippel-Feil syndrome, 625, 625f
of ossiication of posterior longitudinal
ligament, 763–764
of Scheuermann disease, 527
of spinal cord injury, 1432, 1433f
of spinal tuberculosis, 1548
of syringomyelia, 1709–1714
of thoracic disc disease, 788
of vertebral osteomyelitis, 1526
see also Pathophysiology and
pathogenesis
European League Against Rheumatism
(EULAR), 1452
Evidence, for validity and usefulness, of
discography, 305–306, 305t

i17

Evidence-informed approach to
management, lumbar spinal stenosis,
1035–1036
Ewing sarcoma, 1511
Ex vivo gene therapy, for spinal fusion,
1129–1130, 1129f
Examination, physical. see Physical
examination
Excision, hemivertebra, 444, 444f
Excitotoxicity, due to spinal cord injury,
1275–1276
Excitotoxin injection, 1947
Exercise, 1597–1598
for disc and degenerative disorders, 708
isotonic, 2008
role of, in chronic pain, 1968
sport-speciic, 592
Expandable titanium cage, for vertebral
osteomyelitis, 1540, 1541f
Experimental determination of skeletal
muscle architecture, 60
Experimental nerve root compression,
chronic, 120
Experimental-clinical correlation and, spinal
stenosis and, 120–121
Exposure-discordant twin studies, of disc
degeneration, 152
Extension, spine, 50, 106–107, 193
extension-distraction injuries, 1341–1342,
1343f, 1354–1356
External validity, 159, 159t
External venous plexus of vertebral column,
42
Extraarticular SIJ blocks, 400
Extradural lesions, 210f, 226–227
Extradural/intradural arteriovenous shunt,
1691–1693, 1692f–1693f
Extraforaminal herniations, 859–860, 860f
Extramedullary tumors, 1628–1630
arachnoid cysts, 1631
ependymomas of ilum terminale,
1629–1630, 1631f
less common, 1630–1631
lipomas, 1631
meningiomas, 224–225, 1628–1629,
1629f
nerve sheath, 1630f
paragangliomas, 1630–1631
surgical treatment for, 1634–1635
synovial cysts, 1631, 1631f
Extrinsic muscles, linking vertebrae, 70
Extruded disc, 210, 210f
Extrusion, 842

F
F waves, NCS, 244, 247
FABER test (Patrick test), for sacroiliac joint
pain, 401t
Facet arthroplasty systems, 1197–1198
Facet disease, 212
Facet dislocations
bilateral, 1322–1326, 1326f
unilateral, 1322
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Facet fractures, AO Cervical Spine
Classiication, 1316–1317
F1 and F2, 1326
F3, 1327
F4, 1327
Facet fusion, 973–979
Facet joint, 93–94
anatomy of, 1020
intervertebral disc degeneration and, 86
pain, failed back surgery syndrome from,
1857
replacement, 168–169
of thoracic spine, 349
trophism, 1857, 1857f
Facet rhizotomy, for chronic pain, 2026f,
2027–2028
Facet-based stabilization, 1197–1198
Failed back surgery syndrome (FBSS),
176–177, 1851–1863, 1867
arachnoiditis, 1856–1857
causes of, 1853–1854
diagnosis of, 1853–1854
economic impact of, 1852
facet joint pain, 1857
ibrosis, intradural, 1856–1857, 1856f
foraminal recess stenosis, 1853, 1853f
hardware, position of, 1859, 1859f
lateral recess stenosis, 1853
neuropathic pain, 1856–1857
painful disc, 1853–1854, 1854f
pseudarthrosis, 1854, 1855f
recurrent disc herniation, 1855–1856,
1855f
sacroiliac pain, 1857–1858, 1858f
sagittal plane imbalance, 1858–1859,
1858f–1859f
spinal deformity, 1858–1859
symptoms of, 1852–1853
treatments of, 1853–1854
Failed total disc arthroplasty, 1889–1901
bone-implant interface failure in,
1893–1894, 1894f
deformity/instability in, 1894–1895
diagnosis of, 1896–1897
history in, 1896
imaging in, 1896–1897
interventional procedures in, 1897
physical examination in, 1896
host response in, 1894
indications and technique issues in,
1892–1893
infection in, 1895–1896
intrinsic implant failure in, 1893
neurologic failure/neural impingement in,
1895
prevention of, 1889–1892
discectomy and endplate preparation,
1890–1891
implant sizing, placement, and
alignment in, 1892
patient selection in, 1889–1890, 1891f
segmental mobilization in, 1891–1892,
1892f

Failed total disc arthroplasty (Continued)
revision strategies in, 1897–1898
cervical, 1897
lumbar, 1897–1898, 1899f–1900f
Failures
formation in congenital scoliosis, 437,
437f
segmentation in congenital scoliosis,
437–438, 438f
Family history, 190
Far-lateral herniations, 859–860, 860f
Fascial layers, neck, 323–324
Fascicles
length, muscle iber, 60
length changes, with posture, 70f, 71–72
Fasciculation potentials, NEE, 245
FBSS. see Failed back surgery syndrome
Fear-Avoidance Beliefs Questionnaire,
2006–2007
Fear-Avoidance Component Scale,
2006–2007
Fear-avoidance model, 1996
Fear-avoidance questionnaires, in functional
restoration, 2006–2007
Femoral nerve, stretch test, 195
Femoral ring allograt (FRA), 878, 878f
Fenestration, 787, 1046, 1046f
Fentanyl, 1975–1976
Fernström ball, 1215
Fetal spinal movement, 10
Fiber length, muscle, 60, 61f
Fiber type
characteristics, of posterior paraspinal
muscles, 937–938
skeletal muscle, 57–58, 58t
Fibrillar collagen, 1101
Fibrin, 1742
Fibroblast growth factor-23 (FGF-23), 1591
Fibromyalgia, twin study in back pain, 151
Fibronectin fragments, 815
Fibrosis
intradural, failed back surgery syndrome
from, 1856–1857, 1856f
spinal epidural, arachnoiditis and, 1937
Fibular grats
for tuberculosis, 1554
for vertebral osteomyelitis, 1537–1538
Filum terminale ependymomas, 1629–1630,
1631f
Filum terminale syndrome, 652, 654f
Finger-escapee sign, 685
Finite element model, 167–180
analysis in, 167
for cervical spine, 173–175
conversion of CT and MRI scans of, to
3D solid models, 173, 174f
facet joints in, 173–174
inite element analysis in, 173
intervertebral disc and Luschka’s joints
in, 174
ligaments in, 174–175, 175f, 175t
meshing in, 173, 174f
vertebral body and posterior bone in, 173

Finite element model (Continued)
deinition of, 167
for lumbar spine, 169–170, 170f, 170t
for apophyseal (facet) joint, 171, 171f
apophyseal (facet) joint in, 171f
intervertebral disc in, 170–171
ligaments in, 171
low back pain and, 168–169
validation of, 171–173, 172f–173f, 172t
for vertebral body and posterior bone,
170
postprocessing in, 167–168
preprocessing in, 167
solutions for, and mesh reinement, 172
for spine, 168–173
application of, 175–176
clinical application of, 176–178,
177f–178f
steps in, 167, 168f
Fistula, in vertebral osteomyelitis, 1538,
1539f
Fitness maintenance program, 2008
Fixation, atlantoaxial rotatory, 575
Fixed sagittal imbalance, 1261–1272, 1262f
cervical/cervicothoracic posterior
osteotomies for, 1267–1268, 1268f
etiology of, 1261, 1262f
evaluation of, 1261–1263
midcervical osteotomy for, 1268
radiographic assessment of, 1263–1264,
1263f–1264f, 1263t
surgical management of, 1264
surgical technique for, 1264–1267,
1265f–1266f
vertebral column resection for,
1268–1270
Flexible lumbosacral orthoses, 1420–1421,
1421f
Flexible thoracolumbosacral orthoses,
1420–1421, 1421f
Flexion
axial neck pain and, 679
spine, 106–107, 193
Flexion-axial loading injury, 1312
Flexion-distraction injuries, 1340, 1342f,
1353–1354, 1355f
Fluconazole
for blastomycosis, 1566–1567
for coccidioidomycosis, 1565–1566
for fungal infections, 1563
Flucytosine
for candidiasis, 1568
for cryptococcosis, 1567
Fluorodeoxyglucose positron emission
technology (FDG-PET), in multiple
myeloma, 1514
Fluoroscopy, intraoperative, pelvic ixation
with, 1204
Folic acid, and myelomeningocele, 642
Food and Drug Administration (FDA), 995
Foramen magnum stenosis, 667
Foraminal and extraforaminal herniations,
859–860, 860f

Index
Foraminal recess stenosis, failed back
surgery syndrome from, 1853, 1853f
Foraminotomy, posterior cervical, 733–734
Force/movement deinitions, 95–96, 95f–97f
Formation, failures of, 437, 437f
Fourth lumbar arteries, 37f, 40–41, 40f–41f
FRA (femoral ring allograt), 878, 878f
Fracture reduction techniques, for sacral
fractures, 1380, 1380f–1381f
Fracture Risk Assessment Tool (FRAX),
1595
Fracture-dislocations, 1340–1341, 1343f,
1354, 1356f
thoracolumbar, 579
Fractures, 186–187
in ankylosed spines, 1326
apophyseal ring, 599–600
athletic injuries, 601–602
of atlas, 1295, 1298f–1299f
burst, 1321–1322, 1339, 1351–1353
cervical, 600
chance, 1340, 1342f, 1353–1354
classiication systems of, 1337–1338,
1337f–1338f
compression, 1339, 1351
anterior, 1322
concept of spinal stability and its role in
classiication systems for, 1336–1337
description and diagnosis of, speciic
types of, 1338–1342
facet
AO Cervical Spine Classiication,
1316–1317
F1 and F2, 1326
F3, 1327
F4, 1327
minor, 1339, 1350
occipital condyle, 1289–1290,
1289f–1290f
odontoid, 1301–1303, 1301f–1304f
osteoporotic vertebral compression,
1611–1620
instrumentations in, 1615–1617
nonsurgical treatment, 1611–1612
vertebroplasty and kyphoplasty,
1612–1613
pediatric
burst, 578–579, 580f
chance, 579, 580f
classiication systems for, 578–581
compression, 577, 579
facet, dislocations and, 577, 577f
fracture-dislocations, 579
fractures of the atlas, 574–576
hangman’s, 576–577
limbus, 580–581, 581f
odontoid, 576
pediatric halo, 578
vertebral growth plate, 578
sacral, 1365–1387
anatomic and biomechanical
considerations in, 1365–1368,
1366f–1367f

Fractures (Continued)
evaluation for, 1372–1380, 1376f–1377f
fracture reduction techniques for, 1380,
1380f–1382f
general principles on, 1375–1378
history and classiication of, 1368–
1372, 1369f–1374f
neurologic decompression for,
1378–1380
nonoperative treatment for, 1378, 1379f
operative treatment for, 1378
stress, 602
surgical stabilization techniques for,
1382–1384
spinal cord injury and, 1440
subaxial cervical, guidelines for initial
closed reduction of, 1319
of thoracolumbar spine, 601–602, 602f
treatment of, 1321–1322
AO compression injuries type A1 and
A2, 1321
AO compression injuries type A3 and
A4, 1321
AO distractive injuries type B1, 1322
AO distractive injuries type B2, 1322,
1323f–1324f
AO distractive injuries type B3, 1322,
1325f
types of, by Brinkmann and colleagues, 99f
Frontal plane motions, 99
Functional anatomy of the spine, 50–51
intervertebral disc, biomechanics of, 52
regional considerations in, 51
Functional capacity assessment, in
functional restoration, 1999–2003
Functional Independence Measure (FIM)
scale, in spinal cord injury, 1433–1434,
1434b, 1441, 1442f
Functional restoration, 1993–2021
initial physician evaluation, 1998
insurance preauthorization in, 1999
interdisciplinary evaluation, 1998–1999
medical techniques accompanying,
2011–2013
interventional procedures in,
2011–2012
medical psychopharmacology in,
2012–2013
mental health assessment, 2003–2007
clinical interview, 2004–2005
other symptom inventories, 2007
psychiatric assessment, 2007
self-report questionnaires, 2005–2007
patients beneited by, 1995–1997, 1997b
physical and functional capacity
assessment in, 1999–2003
cardiovascular itness assessment, 2001
isolated trunk strength assessment,
2000–2001, 2000f–2001f
range-of-motion assessment, 2000
whole-body task performance
(functional capacity) assessment,
2001–2003, 2002f–2005f
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Functional restoration (Continued)
principles, 1993, 1994b
second physician visit in, 1999
treatment components of, 2007–2011
psychosocial and educational
interventions, 2008–2011
sports medicine concepts and physical
training, 2007–2008, 2009f
treatment outcomes of, 1994f
treatment phases, 2013–2015
initial treatment phases, 2013–2014
intensive phases, 2014
outcome tracking phase, 2014–2015
postprogram long-term care plan, 2014
treatment team, interdisciplinary,
1997–1998
Functional spinal unit, 92, 93f
Function/disability questionnaires, in
functional restoration, 2006
Fungal infections, of spine, 1560–1569
histology of, 1561
imaging studies of, 1561–1563,
1562f–1563f
laboratory studies of, 1561
nonoperative treatment of, 1563
percutaneous techniques for, 1564
surgical treatment of, 1563
treatment of, 1563
Fungal pathogens, 1650–1653
spinal intradural fungal infections,
1650–1653
background, 1650
imaging, 1651–1653, 1652f
laboratory evaluation, 1651
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intramedullary, 1631–1633
astrocytoma, 1632, 1633f
cavernous angiomas, 222, 224f, 1634,
1634f
dermoid and epidermoid cysts,
1633–1634
ependymomas, 1631–1632
hemangioblastoma, 221–222, 1632–
1633, 1633f
less common, 1633–1634
lipomas, 1633
metastasis, 1634
surgical treatment for, 1635–1636
outcomes of, 1636–1637
radiation/chemotherapy/adjuvant
treatments for, 1636
radiologic diagnosis of, 1628
surgical treatment of, 1634–1635
Intramedullary arteriovenous istula, 691
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Intraspinal implants, 2029–2031, 2030b,
2031f
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74f
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47–48
Intrinsic venous drainage of spinal cord, 48
Invasive techniques, minimally, thoracic
disc disease, 800–801, 800f
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imaging of, 628–629, 628f–629f
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Kyphoplasty, 1612–1613, 1612f
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1842–1843
for hemangioma, 1506
techniques in, 1614
vertebroplasty versus, 1613–1615, 1614f
Kyphoscoliosis, 1255f
correction of, 357
Kyphosis
congenital, 537
junctional, 536–537, 536f–537f
myelodysplasia and, 494–495, 494f–497f
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sacral, 92, 93f
Scheuermann, 525–536, 526f
clinical evaluation for, 527
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nonsurgical treatment of, 528–529
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Laminae, 93, 93f
Laminar wires, ribbons, and hooks, for
posterior thoracolumbar
instrumentation, 1198–1199
Laminectomies
surgical treatment of iatrogenic
deformities prior to, 1914,
1914f–1915f
without fusion, postoperative kyphosis
and, 1908–1909, 1911f
Laminectomy, 214–215, 362–363
adjacent-segment disease ater, 1841
cervical myelopathy for, 742–743
dome, 756
decompressive, posterior approach for,
349–351
for epidural abscess, 1546
and fusion, 752–753
laminoplasty versus, 756
outcomes, complications, and other
considerations to, 753
procedure for, 752–753, 752f, 754f
lumbar spinal stenosis, 1039–1044,
1041f–1043f
arthrodesis ater, 1044
outcomes of, 1043–1044
in ossiication of posterior longitudinal
ligament, 767
revision, 1875–1876
for tuberculosis, 1554
for vertebral osteomyelitis, 1537
Laminoforaminotomy, cervical, minimally
invasive, 1005–1007
clinical evaluation of, 1005
clinical outcomes and published studies
of, 1007
indications and contraindications to, 1005
technique of, 1005–1006, 1006f
Laminoplasty, 1046–1047, 1047f, 1909
cervical myelopathy for, 743, 753–757
laminectomy with fusion versus, 756
open-door, 753–754, 755f–756f
outcomes, complications, and other
considerations to, 756
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ligament, 767

Laminotomy, 1045–1046, 1045f
expansive, 1046–1047, 1047f
microendoscopic decompressive,
1047–1048, 1048f
Langerhans cell histiocytosis (LCH)
back pain due to, 427–428, 428f
radiographic indings in, 1506
Larsen syndrome, 670
Laryngeal nerve, 339
recurrent, cervical myelopathy and, 745
Lasègue sign, 195, 591
back pain with, 418
Late responses, NCS, 244, 247
Lateral corpectomies, posterolateral and,
907–916
in lumbar spine, 910–914
historical perspective of, 910–911
indications for, 911
outcomes of, 912–914
technique in, 911–912
in thoracic spine, 907–910
choice of approach, indications and,
908
historical perspective of, 907–908
outcomes of, 910
surgical technique in, 908–910
Lateral extracavitary approach, to thoracic
spine, 352–353, 353f
Lateral lexion, spine, 50, 193
Lateral interbody fusion, in adjacentsegment disease, 1845, 1846f
Lateral lumbar interbody fusion (LLIF),
367–381, 1210
advantages of, 367
anatomic considerations of, 372–376
complications of, 376
contraindications to, 367–368
indications for, 367
outcomes of, 376–378
stand-alone, 1211
technique of, 368–372, 368f–374f
vascular anatomy of, 374–375
Lateral lumbar surgery, neurologic injury
from, 1731–1732
Lateral mass, fracture separation of, 1327
Lateral mass ixation
minimally invasive, 1007–1008
clinical outcomes and published studies
of, 1008
indications and contraindications to,
1007
technique of, 1007–1008, 1008f–1009f
neurologic injury from, 1729
subaxial subluxation, 1480
Lateral mass screws, 1169–1170, 1170f–1171f
Lateral motion, 107
Lateral recess stenosis, failed back surgery
syndrome from, 1853
Lateral sacral arteries, 41
Lateral spinal arteries, of cervical cord, 47
Latex agglutination
for cryptococcosis, 1567
for fungal infections, 1561
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Latissimus dorsi muscle, 71
Lelunomide, 1455t, 1462
Leg pain
in adult scoliosis, 1253f, 1255f
degenerative spondylolisthesis, 1060
revision spine surgery and, 1868, 1868f,
1874–1876
spinal stenosis and, 1023
Leksell rongeur, 747–748
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intradural extramedullary, 224–226
neoplastic vascular, 1694–1697
Leukemia, back pain due to, 428, 428f
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Levels of evidence, in studies, 163
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1432–1434
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Ligamenta lava, 24
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in biomechanics, 94–95, 94f
bone tolerance and, 103, 104t
cervical spine, 319–320, 319f
inite element modeling of, 174–175,
175f, 175t
development of, 10
intervertebral disc degeneration and, 86
lower cervical spine, 1311
lumbar spine, inite element modeling of,
171
posterior longitudinal, 320
sacroiliac joint, 281
spinal, 28–29
anterior longitudinal, 28, 29f
interspinous, 25, 25f
intertransverse, 24–25
ligamenta lava, 24
posterior longitudinal, 28–29, 29f
supraspinous, 25, 25f
thoracic spine, 348–349, 349f
transverse, 319
Ligamentum nuchae, 25
Limb distress, sympathectomy for, 2029
Limbus fractures, pediatric, 580–581, 581f
Lipid signaling, 1951
Lipomas, 1631, 1633
Lipomeningocele, and spina biida occulta,
649–650
Lipomyelomeningocele, 649–650, 652, 653f
LLIF (lateral lumbar interbody fusion),
367–381
advantages of, 367
anatomic considerations of, 372–376
complications of, 376
contraindications to, 367–368
indications for, 367
outcomes of, 376–378
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Local factors, inluencing bone healing, in
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cervical, 92, 93f, 568–569
lumbar, 92, 93f, 527
Low back pain
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bacterial infection of spinal motion
segment causing, 813–814
damage-associated molecular patterns
causing, 814–815, 814f
degenerative changes in spine and, 168
degenerative spondylolisthesis, 1060
epidemiologic data on, 265
inite element modeling of, 168–169
literature on, 265
prevalence of, 265
spinal stenosis and, 1024
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minimal, 307
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of, 815–816
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adverse events in, 1327–1330
loss of reduction as, 1328–1330
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1327–1328
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F3, 1327
F4, 1327
assessment of, 1312–1315
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1326f
central cord syndrome and, 1327, 1329f
classiication of, 1313–1317
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1316–1317, 1316t
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1315
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1327, 1328f
hyperextension subluxation as, 1326
incidence of, 1311
initial evaluation of, 1312
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neurologic examination of, 1313, 1314f
special cases in, 1327
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surgical treatment of, 1320–1321
traumatic disk herniation and, 1327
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treatment for
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general approach to, 1317–1318
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Lower cervical vertebrae, 318
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Lumbar erector spinae, 66–67, 67t
Lumbar extension, 1984f
Lumbar fusion
adjacent-segment disease ater,
1841–1842
posterior minimally invasive, 969–981
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surgery, for spondylolysis and
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lumbar disc disease, 824–825
Pharyngeal vertebral vein, 1527
Phasic nonoperative care model, in chronic
spinal pain, 1995
Phenotype, 134
critical importance of, 147
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Platelet-derived growth factor (PDGF), 1101
Platelia Aspergillus assay, 1561
Plating
cervical
anterior, 1150–1153, 1151f–1152f
indications and rationale in, 1153–1155
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versus transforaminal lumbar interbody
transfusion, 901–903
Pneumonia, spinal cord injury and,
1439
Polyaxial systems, 1200
Polyester bands, 1199
Polyetheretherketone (PEEK), 721
Polyethylene, in intrinsic implant failure,
1893
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307–308, 308f
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Pseudomeningocele, 216f
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1967t, 1968
Psychosocial dysfunction, in chronic spinal
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Psychosocial interventions, in functional
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Pulsed electromagnetic ields (PEMFs),
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RA (rheumatoid arthritis), 694, 1449,
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clinical history of, 1458–1459
clinical presentation, 1468–1469, 1469t
diferential diagnosis of, 1461, 1461t
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laboratory data for, 1460
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natural history, 1468
pathogenesis of, 1458
pathophysiology, 1467–1468
physical examination in, 1459
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complications, 1480
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cervical, 213, 679–683
clinical syndromes of, 680–683
epidemiology of, 680
natural history of, 680
pathophysiology of, 679–680
cervical myelopathy and, 745
disorders confused with compressive,
252t
duration of, 251
electrodiagnostic indings in, 246–252
following anterior cervical spine surgery,
1728
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surgical indications for, 730
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in multiple myeloma, 1514
in osteoblastoma, 1507
in osteoid osteomas, 1507
in osteosarcoma, 1510
in spondylolysis and spondylolisthesis,
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diferential diagnosis of, 1461, 1461t
epidemiology of, 1458
historical perspective in, 1467
laboratory data for, 1460
myelopathy in, 1459
natural history, 1468
pathogenesis of, 1458
pathophysiology, 1467–1468
physical examination in, 1459
prognosis of, 1463
radiographic evaluation for, 1460–1461,
1460f–1461f
radiologic evaluation, 1469–1471,
1470f–1471f
surgical management, 1471–1480
complications, 1480
indications for, 1471
operative procedures, 1473–1480,
1473f–1476f, 1478f–1480f
perioperative management of
rheumatoid medication,
1472–1473
preoperative assessment, 1472
thoracolumbar disease and, 1480–1481
treatment for, 1461–1463
biologic therapies, 1462
cervical spine therapy for, 1463
disease-modifying antirheumatic
drugs, 1461–1462
immunosuppressive agents for,
1462–1463
nonsteroidal antiinlammatory drugs,
1461
nonsurgical, 1471
Rhizotomy, for chronic pain, 2025–2027,
2026f
facet, 2026f, 2027–2028
Rho antagonist, for spinal cord injury, 1280
Rhomboid anastomotic loops, 37, 37f
Rhomboideus, 69t, 71
Rhythmic iring, 2024
RIA (reamer-irrigator-aspirator), 1090–1092
Rib cage, extrinsic muscles linking vertebrae
to, 69f, 70–71
Rib grating, for tuberculosis, 1554
Rib resection, 341, 341f–343f
thoracic disc disease, 797
Ribonucleic acid (RNA), 133
Rifampin
for brucellosis, 1560
for tuberculosis, 1553
Rigid lumbosacral orthoses, 1421–1426,
1421f–1426f
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Rigid thoracolumbosacral orthoses,
1421–1426, 1421f–1426f
Risk factors, for postoperative spinal
infection, 1808–1810
Rituximab, 1455t, 1462
RNA. see Ribonucleic acid (RNA)
Robotic guidance, in posterior
thoracolumbar instrumentation,
1204–1205
Robotics, and minimally invasive spinal
surgery, 1011–1012
Rod placement, instrumentation
complications, 1796, 1796f
Roland Morris Disability Questionnaire,
1985
Rotation
axis of, 92b, 98–100
of spine, 50, 193
Rotator muscles, 68
short, 937
Rotatory subluxation, atlantoaxial, 575–576
Roy-Camille classiication of sacral
fractures, 1369–1370, 1370f
Roy-Camille technique, of laminectomy and
fusion, 752–753
“Rule of twelves,” for cervical spine,
567–568, 568f, 574
Running and swimming, deep water,
592–593

S
Sacral agenesis, 652–653, 654f
Sacral arteries, 41–42
Sacral ixation, in neuromuscular scoliosis,
479–482, 479f–481f
Sacral fractures, 1365–1387
anatomic and biomechanical
considerations in, 1365–1368,
1366f–1367f
burst, 1368–1369
evaluation for, 1372–1380, 1376f–1377f
fracture reduction techniques for, 1380,
1380f–1382f
general principles on, 1375–1378
history and classiication of, 1368–1372,
1369f–1374f
neurologic decompression for,
1378–1380
nonoperative treatment for, 1378, 1379f
operative treatment for, 1378
surgical stabilization techniques for,
1382–1384
Sacral inclination, 553
Sacral kyphosis, 92, 93f
Sacral orthoses, 1420
Sacral promontory, 1367
Sacral rhizotomy, 2025
Sacral slope (SS), 1241–1242, 1241f, 1264
Sacral stress fracture, 602
SACRAL syndrome, and spina biida
occulta, 650
Sacral U insuiciency, 1371–1372, 1372f
Sacral vertebrae, 22–23, 23f, 91–92
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Sacroiliac joint
destruction, ankylosing spondylitis and,
1488
injection, 393, 393f
spinal pain and, 384
Sacroiliac joint pain, 397–403
anatomy, 397–398, 398f
background of, 397
clinical history of, 399–400
diagnosis of, 279–285, 399–400
accuracy in, 282–284
predictive value in, 284
diagnostic injection for, 400, 402f
failed back surgery syndrome from,
1857–1858, 1858f
fusion and, 281
medication management in, 405
modiied Smith-Petersen approach for,
406
pathology of, 398–399, 399f
pathophysiology of, 280–282, 280f,
397–403
physical examination of, 400, 401t
referral patterns of, 282, 282f
role of imaging in, 400
surgical treatment for, 406–410
minimally invasive surgery, 407–409
open surgery, 406–407
test for, 196
Sacroiliac orthoses (SIOs), 1420
Sacroiliitis, ankylosing spondylitis and,
1452, 1452f, 1488
Sacroiliolumbar arterial system, 40–42
functional signiicance, 37f, 42
Sacrum, 12, 398, 1365, 1366f–1367f
Sagittal imbalance
ixed, 1261–1272, 1262f
cervical/cervicothoracic posterior
osteotomies for, 1267–1268, 1268f
etiology of, 1261, 1262f
evaluation of, 1261–1263
midcervical osteotomy for, 1268
radiographic assessment of, 1263–1264,
1263f–1264f, 1263t
surgical management of, 1264
surgical technique for, 1264–1267,
1265f–1266f
vertebral column resection for,
1268–1270
surgery, adjacent-segment disease ater,
1843
Sagittal lumbo-pelvic motion, 2000
Sagittal plane alignment, in cervical
myelopathy, 741–742
Sagittal plane imbalance, failed back surgery
syndrome from, 1858–1859,
1858f–1859f
Sagittal plane motions, 99
Sagittal rotation, 553
Sagittal trunk testing unit, detachable, 2000f
Sagittal vertical axis (SVA), 1241, 1263
Salmonella osteomyelitis, 1526–1527
Sampling bias, 162

Sarcoidosis
transverse myelitis and, 691
tuberculosis and, 1551
Scalene muscles, 71
Scalenus anterior muscle, 69t
Scalenus medius muscle, 69t
Scalenus posterior muscle, 69t
Scapular motion, 193
Scheuermann disease, in pediatric kyphosis,
525–536, 526f
clinical evaluation for, 527
etiology of, 527
imaging studies for, 527–528
indications for surgery for, 529
natural history of, 528
nonsurgical treatment of, 528–529
surgical treatment for, 529–536,
530f–535f
Scheuermann kyphosis, back pain due to,
422–423, 423f
Schmorl’s nodes, genetic versus
environmental inluences, 150
Schwab Clinical Impact Classiication system,
for adult scoliosis, 1244
Schwann cell transplantation, for spinal cord
injury, 1280
Schwannomas, 224
Sciatic nerve injury, 1082, 1083f
Sciatic pain
genetics and, 590
nucleus pulposus and, 122–123, 123f
Sciatica
biologic and biochemical efects on nerve
roots, 121–124
clinical use of cytokine inhibitors for
treatment of, 126
herniation and, 841–842
mechanical efects on nerve roots, 119
Scintigraphy
bone, 591
for vertebral osteomyelitis, 1533
Sclerosis, tuberculosis and, 1551
Sclerotomes, 5f
craniocervical, 11f
Scoliosis
genetics and, 133–144
Klippel-Feil syndrome and, 627, 627f
of lateral lumbar interbody fusion,
375
spondylolisthesis and, 552
surgery, adjacent-segment disease ater,
1842, 1842f
thoracic, 509–511
Scoliosis, adult, 1239–1259
case studies for, 1251, 1252f–1255f
classiication systems for, 1243–1245,
1244f, 1245b
clinical evaluation of, 1245–1246
clinical presentation of, 1245
complications of, 1250–1251
degenerative, 1254f
imaging evaluation of, 1246
nonoperative management for, 1247

Scoliosis, adult (Continued)
operative decision making of, 1248–1249
decompression for, 1248
decompression with limited fusion for,
1248–1249
operative management for, 1247–1248
perioperative considerations for, 1248
surgical approaches in, 1249–1250
treatment of, 1246–1247
Scoliosis, congenital, 435–450
assessment in, 440–441, 441f
associated anomalies, 435–436
classiication of, 437–438
failures of formation, 437, 437f
failures of segmentation, 437–438,
438f
mixed deformity, 438, 438f
embryology, 435–437, 436f
etiology, 436
natural history, 438–440, 439f
treatment, 442–446, 444f–446f
nonoperative, 442
operative, 442–443
Scoliosis, idiopathic, 451–468
adjuncts to correction of, 461–462
direct vertebral rotation for, 461–462
minimally invasive techniques for, 462
osteotomies for, 462, 463f
back pain due to, 423
classiication systems of, 453–454, 454f
three-dimensional, 453–454
complications of, 462–464
epidemiology of, 451–452
etiology of, 451
genetics in, 451–452
evaluation of, 452–453
history and physical examination for,
452–453
radiographic, 453
natural history of, 452
operative intervention of, 455–458
surgical techniques for, 455–458,
456f–459f
postoperative care for, 462
treatment options of, 454–455
bracing and casting in, 455
observation in, 454
upper and lower instrumented vertebra
selection of, 458–461, 460f
selective fusions and, 459–461, 461f
Scoliosis, neuromuscular, 469–507
anterior surgical approaches, 485–486
retroperitoneal lumbar, 485
thoracoabdominal, 485
thoracoscopic, 485
transthoracic, 485
vertical expandable prosthetic titanium
rib, 485–486, 486f
cerebral palsy and, 471, 487–488
treatment options, 488–489
Duchenne muscular dystrophy (DMD)
and, 471–472, 498–500, 498f–499f
treatment options, 499–500
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Scoliosis, neuromuscular (Continued)
general principles, 469–470
classiication, 469
natural history and associated
complications, 469, 470f–471f
treatment, 469–470
history of instrumentation in, 477–479,
478f–479f
intraoperative considerations, 483–485
myelodysplasia and, 489–491, 490f–491f
kyphosis treatment and, 494–495,
494f–497f
treatment options, 491–495
nonoperative treatment, 470–487
bracing, 472–473, 472f–474f
genetic and family counseling, 472
medical treatment, 470–472
operative treatment, 473–475, 474f
anterior spinal release and fusion in
neuromuscular scoliosis, 482–487,
482f–483f
anterior surgical approaches, 485–486
cerebral palsy and, 487–489
complications, 486–487
pelvic and sacral ixation, 479–482,
479f–481f
postoperative care, 486
bracing, 486
intensive care unit, 486
preoperative considerations, 475–477
cardiovascular, 476
gastrointestinal, 476
hematologic, 476–477
neurologic, 475
pulmonary, 476
radiographic assessment, 477
Rett syndrome and, 500–501, 501f
spinal muscular atrophy and, 470–471,
495–496
treatment options, 496–498
types, 495
thoracoabdominal, 485
Scoliosis Research Society (SRS), 1732
Schwab Adult Spinal Deformity
classiication, 1244, 1244f, 1245b
Scott technique, for spondylolysis and
spondylolisthesis, 555
Screw and wire misplacement, 1793–1796,
1794f–1795f
evolving accuracy and means of
detection, 1795
prevention of, 1795–1796
Screws
cannulated, 1194
iliosacral, 1383
Secondary care, 1995
Secondary diagnosis, 301
Secondary progressive phase (SPMS), 692
Secondary resistance, 1553
SED (selective endoscopic discectomy),
984f, 985
Sedation, diagnostic analgesic injections
and, 267

Segment degeneration, cervical spine
adjacent, 1881–1883, 1881f–1882f
Segmental arteries, 1674, 1674f
anterior thoracic vascular complications
of, 1755
Segmental instability, 285
Segmental mobilization, in failed total disc
arthroplasty, 1891–1892, 1892f
Segmental rigidity, 2000, 2011–2012
Segmentation
failures of, 437–438, 438f
genetic control of spinal, 12–14
congenital syndromes and, 13–14
Segmented hemivertebra, 438f, 440
Segments, motion, 30f, 35
Selective dorsal rhizotomy, for spasticity,
2025
Selective endoscopic discectomy (SED),
984f, 985
Selective estrogen receptor modulators
(SERMs), 1598
Selective fusions, 459–461, 461f
Selective nerve root blocks, 285–291
assessment efect of, 288–289
confounding factors in, 291
for disc and degenerative disorders, 709
history of, 286–288
indications for, 285b
predictive value of, 289
radicular pain and, 285–286, 285f–286f
sensitivity of, 289
speciicity of, 289
technical considerations for, 289–291
Selective serotonin reuptake inhibitors
(SSRIs), in functional restoration, 2012
Self-regulation training, in functional
restoration, 2010
Self-report questionnaires, mental health
assessment, in functional restoration,
2005–2007
fear-avoidance questionnaires, 2006–2007
function/disability questionnaires, 2006
mood questionnaires, 2006
pain drawing, 2006
personality questionnaires, 2007
quality-of-life questionnaires, 2007
sleep disturbance questionnaires, 2006
Semisegmented hemivertebra, 437, 438f
Semispinalis capitis muscle, 68, 68f, 69t, 74f
Semispinalis cervicis muscle, 68, 74f
Sensitivity, in test, 271
Sensory cell body (DRG), 246, 252
Sensory nerve conduction studies (SNAP),
243, 243f
cervical radiculopathy, 252
lumbosacral radiculopathy, 253
thoracic radiculopathy, 253
Sensory rhizotomy, for chronic pain, 2025
Sequestered disc, 842
Sequestered (free) disc fragment, 210, 211f
Serotonin norepinephrine reuptake
inhibitors (SNRIs), in functional
restoration, 2012
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Serratus posterior inferior muscle, 71
Serratus posterior superior muscle, 71
Sexually transmitted infections (STIs), 696
Shape, of vertebrae, 92
Shear, biomechanics, 105–106, 106f–107f
Shilla growth guidance technique, 1206
Short rotators muscles, 937
Short-Form 36 questionnaire, 997, 2007
Shoulder, range of motion of, 193
Shoulder blades, axial neck pain and, 715
Shoulder girdle, extrinsic muscles linking
vertebrae to, 68f, 70–71
Shunts
conus medullaris arteriovenous, 1691
dural arteriovenous, 1682–1688,
1684f–1689f
epidural arteriovenous, 1682
extradural/intradural arteriovenous,
1691–1693, 1692f–1693f
malfunction of, in myelomeningocele,
647–648
pial arteriovenous, 1688–1691, 1690f
Sickle cell anemia, back pain due to, 426
Sickle tail (SKT) gene, 139
Sickness Impact Proile, 192
Signaling, lipid, 1951
Signiicant change, term, 257
Silicate-substituted calcium phosphate, for
spinal fusion, 1125
Single nucleotide polymorphisms (SNPs),
136f
Single photon emission computed
tomography (SPECT)
athletic injuries and, 591
for spondylolysis and spondylolisthesis,
552
for vertebral osteomyelitis, 1533
Sinuses, vertebral, 44
Sinuvertebral nerves, 31–32, 33f, 716
SIOs. see Sacroiliac orthoses (SIOs)
Sites, fusion, 1085–1086
Sjögren disease, 695
Sjögren syndrome, transverse myelitis and,
691
Skeletal dysplasias, 663, 667–671, 672t–673t
achondroplasia, 667
camptomelic, 670
chondrodysplasia punctata, 669, 669f
diastrophic, 669–670, 670f
Kniest, 668
Larsen syndrome, 670
metaphyseal chondrodysplasia, 668
metatropic dysplasia, 668–669
mucopolysaccharidoses, 670–671
pseudoachondroplasia, 667–668, 668f
spondyloepiphyseal dysplasia, 668, 669f
22q11.2 deletion syndrome, 670
Skeletal homeostasis, 1588
Skeletal muscle, 57–64
architecture, 59, 59f
cross-bridge cycle, 57
with diferent iber lengths, 61, 61f
dysfunction, 57
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Skeletal muscle (Continued)
experimental determination of
architecture of, 60
iber types, 57–58, 58t
length, 60
mechanical properties of, 61–62
moment arm, 61–62, 62f
paraspinal muscles, 58
PCSA of, 61, 61f
pennation angle, 60
Skin and surface anatomy, 317
Sleep disturbance questionnaires, in
functional restoration, 2006
SLIC (Subaxial Cervical Injury Classiication
System), 1315, 1315t
Slip angle, 553
Slipped vertebral apophysis, back pain and,
420
Small luid collections, 214–215
SMAS (superior mesenteric artery
syndrome), 1769
Smith-Peterson osteotomy (SPO), 1265–
1266, 1266f
Smith-Robinson anterior cervical type
approach, 730, 730f, 743, 1321
Smoking
postoperative spinal infections and, 1810
pseudarthrosis and, 1827
Snif test, 680
Social disincentive, pain perception and, 304
Social functions, in chronic spinal pain,
1993
Social imperatives, pain perception and, 304
Sot collar, for nonoperative subaxial
cervical spine injuries, 1317
Sot tissue
structures afected by spinal implant
impingement, 1800–1801
trauma, neck pain and, 716
Solitary plasmacytoma, 1513–1515
Somatic arteries, 1676–1677, 1677f
Somatic mesoderm, 5f
Somatization, 1963
“Somatoform disorders”, 1963–1964
Somatosensory evoked potentials (SSEPs)
in ankylosing spondylitis, 1491–1492
monitoring, 258, 258f
generators of, 258–259, 258t, 259f–260f
in spinal stenosis, 1026–1027
Somites, 3, 5f, 1673
development into spinal column, 5–7
Sore throat, 331
Spasticity, 1437–1438
Spina biida, 641
Spina biida aperta, 641–642
Spina biida occulta, 641, 649–652
clinical presentation of, 650, 650f
embryology of, 649–650
investigation for, 650–652, 651f
speciic, 652–656
congenital dermal sinus, 653, 655f
ilum terminale syndrome, 652, 654f
lipomyelomeningocele, 652, 653f

Spina biida occulta (Continued)
neurenteric cyst, 654–656, 656f
sacral agenesis and caudal regression,
652–653, 654f
split cord anomalies, 653–654, 655f
Spinal accessory nerves, 1287
Spinal alignment, 1239–1242, 1242t
Spinal angiography, 206, 207f
Spinal artery aneurysms, 1694
Spinal biologics, 1013
Spinal canal, 318
Spinal column
somites development into, 5–7
systematic nature of, 107
Spinal cord, 1641
anatomy of, 689–690
longitudinal orientation, 689
transverse orientation, 689–690
atrophy, due to central canal stenosis,
684f
blood supply of, 44–46, 44f
cervical spine, 321
compression, transient, 601
congenital anomalies of, 641–659
myelomeningocele, 642–649
spina biida occulta, 649–652
infectious myelopathies of, 695
inlammatory disorders of, 691–694
multiple sclerosis, 692–694, 693f
neuromyelitis optica, 694
transverse myelitis as, 691, 692f
intraoperative neurophysiologic
monitoring of, 257–262
intrinsic vascularity of, 47–48
intrinsic venous drainage of, 48
monitoring during surgery, 484
myelopathy due to connective tissue
conditions and diseases, 694–695
Behçet disease, 695
neurosarcoidosis, 695
rheumatoid arthritis, 694
Sjögren disease, 695
systemic lupus erythematosus and
antiphospholipid antibody
syndrome, 694–695
myelopathy of, from bacterial disease,
696–698
spinal epidural abscesses, 697–698,
698f
syphilis, 696
tabes dorsalis and syphilitic
meningomyelitis, 696–697
tuberculosis, 697, 697f
nutritional myelopathies of, 698–699
copper deiciency, 699
vitamin B12 deiciency, 698–699, 699f
perforators, 1675–1676, 1676f
stimulation, 1871
for arachnoiditis, 1938
for chronic pain, 2031–2033, 2033f
stroke of, evaluation of, 690
structures afected by spinal implant
impingement, 1798

Spinal cord (Continued)
tethered, 648
back pain due to, 424
vascular diseases of, 690–691
arteriovenous malformations and
arteriovenous istulas, 691
cavernous hemangiomas as, 691
hemangioblastomas, 691
infarctions as, 690
lesions as, 690, 690b
vascular malformations of, 1659–1671
cavernous malformations, 1667–1668,
1668f
classiication of, 1659, 1660b
endovascular therapy, 1665–1666,
1666f–1667f
pathophysiology and symptomatology
of, 1660–1662, 1664f
radiology in, 1662–1665, 1664f–1665f
spinal arteriovenous istula/
malformation, 1659–1660
surgical therapy, 1665
treatment of, 1665–1668
type I, 1659, 1660f
type II, 1659–1660, 1661f–1663f
type III, 1660, 1664f
type IV, 1660
viral myelitis of, 695–696
herpesviruses, 696
human immunodeiciency virus
infection, 695
human T-cell lymphotropic virus type
1, 696
Spinal cord injury (SCI), 1275–1283,
1599–1600
acute
cranial tong technique for, 1319–1320
fracture-dislocation reduction in, 1319
immediate care of, 1318–1319
MRI in, 1318
neuroprotection in, 1318–1319
surgery for, timing of, 1319
transport in, 1318
treatment of, 1318–1327
hemodynamic support in, 1318
acute treatment for, 1389–1398
hypothermia, 1394, 1394f
neuroprotective strategies, 1393–1394
rehabilitation, 1395, 1395f
ankylosing spondylitis and, 1489
astroglial scar due to, 1276–1277,
1277f–1278f
basic science of cure for, 1277–1281,
1277b
anti-Nogo antibody, 1280
ganglioside GM-1, 1279
genetic modiication strategies, 1281
methylprednisolone, 1277–1279
nimodipine and gacyclidine, 1279
olfactory ensheathing glial cell
transplantation, 1280
peripheral nerve and Schwann cell
transplantation, 1280
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Spinal cord injury (SCI) (Continued)
regeneration strategies, 1280
Rho antagonist, 1280
stem cell strategies, 1280–1281
thyrotropin-releasing hormone, 1279
blood pressure management for,
1390–1392
body systems complications related to,
1394–1395
chronic pain
classiication of, 1943–1944, 1944t
following spinal cord injury, 1943
general mechanism of, 1944–1946
mechanism in humans, 1950
neuropathic spinal cord injury animal
models, 1946–1950
nonneural molecular targets for spinal
cord injury, 1950–1952
classiication of, 1432–1434, 1433t, 1434b
clinical syndromes and, 1434–1435
anterior cord syndrome, 1434
Brown-Séquard syndrome, 1434
central cord syndrome, 1434
conus medullaris, epiconus, and cauda
equina syndromes, 1434–1435
posterior cord syndrome, 1434
deinition of, 1431
epidemiology of, 1389, 1431–1432
incidence, race, age, and gender in,
1431–1432
etiology of, 1432, 1433f
initial evaluation of, 1389–1390,
1390f–1391f
intraoperative, 1727–1737
life expectancy in, 1432–1434
mortality in, 1432, 1432f
pain
acute trauma and, 1947–1948
classiication of, 1943–1944, 1944t
compression injury, 1948–1949, 1948t
mechanism in humans, 1950
neuropathic spinal cord injury animal
models,
1946–1950
nonneural molecular targets for spinal
cord injury,
1950–1952
pathophysiologic response to, 1275–1276,
1276f
excitotoxicity, 1275–1276
hemorrhage and circulatory collapse,
1275
mitochondrial collapse and
cytotoxicity, 1276
neuroimmunologic response, 1276
oxidative damage, 1275
pediatric, 572–573
rehabilitation for, 1431–1445
cardiovascular complications,
1438–1439
and community integration, 1442,
1442f
discharge disposition in, 1440

Spinal cord injury (SCI) (Continued)
and employment, 1442
functional independence in, 1441–
1442, 1442f
gain of motor function in, 1441, 1441f
heterotopic ossiication, 1439–1440
length of stay in, 1440, 1441f
medical management in, 1437–1440
neurogenic bladder dysfunction, 1437
neurogenic bowel dysfunction, 1437
osteoporosis and fractures, 1440
outcomes of, 1440–1443
pain, 1440, 1440t
pressure ulcers, 1439
reintegration into the environment,
1442–1443
respiratory complications, 1439f
spasticity, 1437–1438
surgical timing for, 1392–1393
therapy approaches for, 1435–1437, 1435t
see also Trauma
Spinal cord injury without radiographic
abnormality (SCIWORA), 571, 573
Spinal cord tumors, back pain due to, 429
Spinal curves, 92, 93f
Spinal deformity
ankylosing spondylitis, 1491
failed back surgery syndrome from,
1858–1859
Spinal disorders, outcomes research for,
155–166
Spinal dural arteriovenous istulas, 206
Spinal dural injuries, 1739–1746
anatomy and pathophysiology, 1739,
1740f
diagnosis, 1741, 1742f
incidence, 1739, 1740f
outcomes, 1743–1744
risk factors, 1739–1741, 1741f
treatment, 1741–1743, 1743f–1744f
Spinal dysraphism, 641
Spinal epidural abscesses, 697–698, 698f
Spinal epidural ibrosis, arachnoiditis and,
1937
Spinal fractures, 186–187
ankylosing spondylitis and, 1451, 1489
Spinal fusion, 1599
bone substitute for
allograts as, 1123–1125
autologous platelet concentrate as, 1128
ceramics as, 1125
demineralized bone matrices as,
1125–1126, 1126f
gene therapy as, 1129–1130, 1129f
mesenchymal stem cells as, 1128–1129
osteoinductive growth factors as,
1126–1128
properties of, 1124t
electrical stimulation for, 1137–1141
capacitive coupling (CC), 1138–1139
direct current (DC), 1137–1138
evidence, quality of, 1139–1140
future direction and, 1140
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Spinal fusion (Continued)
history of, 1137
inductive coupling, 1139
methods of, 1137–1139
pulsed electromagnetic ields (PEMFs),
1139
Spinal implant impingement, structures
afected in, 1796–1801, 1797f–1801f
bone, 1800
joint, 1800
sot tissue, 1800–1801
spinal cord, 1798
vascular, 1798–1800
Spinal infection, postoperative, 1807–1825
antibiotic treatment for, 1819
classiication of, 1813
clinical presentation of, 1810–1811
complex wound closure and, 1819
diagnostic modalities for, 1810–1813
discitis in, 1818
epidural abscess and, 1818
imaging for, 1812–1813, 1812f–1814f
incidence/ epidemiology of, 1807–1808,
1809f
laboratory testing for, 1811–1812
management of, 1816–1817, 1816f, 1817t
microbiology of, 1810
prevention of, 1813–1816
risk factors for, 1808–1810
spinal instrumentation and, 1817–1818,
1818f
successful management of, 1807
Spinal instrumentation
anterior, 1149–1160
anterior cervical cages in, 1155–1159
anterior cervical plating in, 1150–1153,
1151f–1152f
cervical disc arthroplasty in,
1159–1160
cervical plating, indications and
rationale in, 1153–1155
upper, anterior screw stabilization of,
1150
pseudarthrosis and, 1828, 1829t
Spinal intradural infections, 1526,
1641–1657
bacterial pathogens, 1641–1643
intramedullary spinal cord abscesses,
1643–1647
spinal subdural abscess, 1641–1643
fungal, 1650–1653
background, 1650
imaging, 1651–1653, 1652f
laboratory evaluation, 1651
pathophysiology, 1650–1651, 1651b
presentation, 1651
treatment and prognosis, 1653
fungal pathogens, 1650–1653
spinal intradural fungal infections,
1650–1653
mycobacterial pathogens, 1647–1650
spinal intradural tuberculosis,
1647–1650
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Spinal intradural tuberculosis, 1647–1650
background, 1647–1648
clinical presentation, 1648–1649
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horacolumbar kyphosis, 663
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contraindications to, 511–512, 511f
indications for, 509–512, 510f
outcomes, 514–515, 517–518
surgical technique, 512–515, 512f–514f
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fusion), 367, 972, 972f
degenerative spondylolisthesis, 1068
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901–903

i53

TLSOs (thoracolumbosacral orthoses),
472–473, 473f, 528
lexible, 1420–1421, 1421f
rigid, 1421–1426, 1421f–1426f
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implant sizing, placement, and
alignment in, 1892
patient selection in, 1889–1890, 1891f
segmental mobilization in, 1891–1892,
1892f
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cervical, 1897
lumbar, 1897–1898, 1899f–1900f
Total disc replacement (TDR), 177–178, 1012
implants and design for, 880–883,
881f–883f, 882t
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Traic-related incidents, 565
Tramadol, for back pain, 1976–1977
Transarticular screw ixation, atlantoaxial
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treatment of, 1350–1351
Traumatic spondylolisthesis, 1326
of axis, 1303, 1304f–1307f
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prognosis of, 1556–1558
relapse rate of, 1557
surgical treatment for, 1553–1556,
1555f
in vertebral osteomyelitis, 425
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radiographic parameters, 664t
Urinary dysfunction, spinal stenosis and,
1024
Urinary system, spinal cord injury and, 1395
Urinary tract infections, 487
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Varicella-zoster virus (VZV), 696
Vascular anatomy, of spine, 1673–1708
arterial supply, 1673–1677
macrocirculation, 1673–1675,
1674f–1675f
microcirculation, 1675–1676, 1676f
somatic arteries, 1676–1677, 1677f
imaging and endovascular intervention,
1677–1704
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36f–37f
Vertebral column resection (VCR), 445,
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vertebroplasty and kyphoplasty,
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420
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indications for, 509, 510f
outcomes, 514–515, 517–518
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human immunodeiciency virus infection,
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human T-cell lymphotropic virus type 1,
696
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Vitamin D, 1590–1591, 1597, 1602
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Vitamin-D receptor (VDR), 137
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Wisconsin method, 1198
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postoperative, 1526
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X-rays. see Radiography
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Y
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